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Abstract

The oxidation reaction between cerium(IV) and rhodamine 6G in sulfuric acid medium underwent weak chemiluminescence (CL). The effects
of 53 organic compounds of interest on cerium(IV)-rhodamine 6G chemiluminescence were investigated by a flow injection procedure, and 32
phenolic compounds were found to enhance CL. Phenolic compounds mainly include phenols, polyphenols, phenolic acids, hydroxycinnamic
acids and flavonoids. The correlation between CL and molecular structure was systematically studied. It was noteworthy that phenolic hydroxyls
were the main active groups for the generation of CL. The magnitude of CL was related to the type and position of substituents in the benzene
ring. The maximal emission wavelength of CL spectra for all tested phenolic compounds was at about 555 nm, and luminophors were assigned
to rhodamine 6G. Based on the studies of kinetic process and the spectra of CL, fluorescence and UV—-vis absorption, a CL mechanism has been
proposed to be due to that rhodamine 6G and phenolic compound are oxidized by cerium(IV) to form the excited-state cerium(III), which transfers
energy to rhodamine 6G, resulting in light emission. However, on the other hand, if the oxidation products of some phenolic compounds such
as benzoquinone or ketone could significantly quench the emissive thodamine 6G via energy transfer, no light emission was observed for such

compounds as hydroquinone and catechol.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There are some reports in the literature regarding the use of
cerium(IV)-rhodamine chemiluminescence (CL) system for the
determination of glutathione [1], captoril [2,3], chlorpromazine
hydrochloride [4], flurosemide [5], phenothiazines [6], folic acid
[7], analgin [8], tiopronin [9], hydrochlorothiazide [10], ceph-
based PB-lactam antibiotics [11], phentolamine [12], ascorbic
acid [13] and DNA [14,15]. Most of these analytes are N- or S-
containing compounds, but phenolic compounds (PCs) have not
been systematically studied. In the most cases, including glu-
tathione [1], captoril [2,3], chlorpromazine hydrochloride [4],
flurosemide [5], phenothiazines [6], folic acid [7], analgin [8],

Abbreviations: CL, chemiluminescence; FI, flow injection; PC(s), phenolic
compound(s)
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tiopronin [9], hydrochlorothiazide [10], ceph-based {3-lactam
antibiotics [11] and phentolamine [12], thodamine was used
as a sensitizer, and the possible mechanism can be expressed
as Scheme 1. In Scheme 1 SP represents glutathione, capto-
ril, chlorpromazine hydrochloride, flurosemide, phenothiazines,
folic acid, analgin, tiopronin, hydrochlorothiazide, ceph-based
B-lactam antibiotics and phentolamine; SPox, the oxidized form
of SP; Rho, rhodamine 6G or B.

For ascorbic acid [13], the oxidation product of rhodamine
B was served as luminophor. The pathways can be described
as Scheme 2. In Scheme 2 Rho B is rhodamine B; HyA, the
ascorbic acid; ['Rho Bf]:x, the rhodamine B luminophor with
negative oxygen ion.

For DNA [14], the oxidation product of the complex between
rhodamine B and DNA was luminophor. The reaction scheme
is (Scheme 3).

PCs occur as secondary metabolites in all plants [16]
and embrace a considerable range of substances possessing
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*
Ce(IV)+Sp — Ce(lll) +8Pqy

*

5
Ce(lll) + Rho — Ce(IlI) + Rho

Rho" —= Rho +hv
(A =1555nm)

Scheme 1. The mechanism of the cerium(I'V)-rhodamine—SP CL reaction.

Ce(IV)
RhoB ——= ["RhoB],—['RhoB] +hv

H,80;,
5 (A =420 nm)
Ce(IV
HA ——= HA®
11,80
Ce(1V)

—_— . Tk +
[.Rho B_]ux * HA‘ H,80, [ Rho B ]nx +H +A

Scheme 2. The mechanism of the cerium(IV)-rhodamine B—-H, A CL reaction.

an aromatic ring bearing one or more hydroxy substituents.
These compounds mainly include phenols, polyphenols, phe-
nolic acids, hydroxycinnamic acids and flavonoids. They have
received considered attention as the potentially protective fac-
tors against cancer and heart disease in part because of their
potent antioxidative properties and their ubiquity in a wide range
of commonly consumed foods of plant origin [17,18]. Up to
now, knowledge of the levels of these compounds in plants is of
considerable interest but is limited by the problems of analysis
[19]. Lately, more interest has been shown in PCs due to their
possible additional health benefits. Moreover, PCs are environ-
mentally important compounds. Therefore, it is very important
to develop highly sensitive analytical methods for the analysis of
PCs.

CL techniques have received much attention because high
sensitivity and wide linear range can be reached with simple
instrumentation. However, only limited analytes can be detected
using CL techniques due to fewer CL reactions available. There-
fore, it is a great challenge for chemists to develop new CL
reactions with wide application and expand the applicable scope
of the existent CL reactions. In our previous work, it was
found that the oxidation reaction between cerium(IV) and rho-
damine 6G in sulfuric acid medium generated weak CL, which
could be strongly enhanced by parabens [20]. In this paper, the
effects of 53 organic compounds of interest on the cerium(IV)-
rhodamine 6G CL were examined by a flow injection (FI) pro-
cedure and 32 PCs were found to enhance CL. The correlation
between CL and molecular structure was systematically studied.
The kinetic process and the spectra of CL, fluorescence, and

H,S0,
DNA + Ce(IV) — [Ce(IV)-DNA]

[Ce(1V)-DNA] + Rho B—= [Rho B-DNA-Ce(1V)]

electron-transfer
—

[DNA-Rho B']:x + Ce(1II)

[DNA-Rho Blpy —= [DNA-Rho B, +h?
(A =300 nm)

Scheme 3. The mechanism of the cerium(I'V)-rhodamine B-DNA CL reaction.

UV-vis absorption were analyzed, and a CL mechanism was
proposed.

2. Experimental
2.1. Reagent

All chemicals were of analytical grade, and redistilled water
was used throughout. Cerium(IV) sulphate tetrahydrate was
obtained from Shanghai Yaolong Metal Company (Shang-
hai, China) and prepared in sulfuric acid solution daily. Rho-
damine 6G and 4-hydroxy-3,5-dimethoxybenzoic acid were
obtained from Merck (Darmstadt, Germany). Chlorogenic
acid was purchased from Roth Chem. (Karlsruhe, Germany).
3,5-Dihydroxybenzoic acid, m-hydroxybenzoic acid and 4-
hydroxy-3-methoxybenzyl alcohol were purchased from Fluka
Chemie (Bucks, Switzerland). 2,3-Dihydroxybenzoic acid, 2,5-
dihydroxybenzoic acid and 4-hydroxy-3-methoxybenzoic acid
were purchased from Acros Organics (Fairlawn, NJ, USA). All
tested flavonoids were obtained from Chinese National Insti-
tute for the Control of Pharmaceutical and Biological Products
(Beijing, China). The other chemicals were purchased from
Shanghai Reagents (Shanghai, China). The stock solution of
1.0 x 1073 mol/l thodamine 6G was prepared with redistilled
water. The stock solutions of 1.0 x 10™* g/ml phenolic com-
pounds were prepared with redistilled water or methanol and
standard solutions by diluting with redistilled water. The solu-
tions of phenolic compounds were all stored in the dark at
0—4 °C, which was stable during 1 month.

2.2. Apparatus

CL measurements were made using a flow injection CL
analyzer consisting of a model FIA-2400 flow injection sys-
tem (Xintong, Beijing, China), a model 1P-21 photomulti-
plier tube (Binsong, Beijing, China) biased at —850V and a
model GD-1 luminometer (Ruike, Xi’an, China). The flow cell
was a flat coil placed in front of photomultiplier tube. An
IBM compatible personal computer was used for data acqui-
sition. The CL and the fluorescent spectra were measured by
using a model RF-5301 fluorimeter (Shimadzu, Kyoto, Japan).
The UV-vis spectra were conducted on a model UV-2401PC
spectrophotometer (Shimadzu, Kyoto, Japan). pH measurement
was carried out on a model pHS-3B meter (REX, Shanghai,
China).

Peristaltic pump

Ce(IV
<(IV) Flow cell

| Photomultiplier ‘ ‘ Computer

i i — |
“\T/SV wle ‘ Luminomete H AD/DA l

ample

Rho 6G

Fig. 1. Schematic diagram of FI-CL system.



240 H. Cui et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 238-245

2.3. Procedure

A schematic diagram of the FI-CL system is shown in
Fig. 1. The solutions of 5.0 x 1073 mol/I cerium(IV) contain-
ing 0.5 mol/1H,SO4 and 3.0 x 1073 mol/l thodamine 6G were
pumped continuously at a rate of 3.0 ml/min into flow cell.
The sample solution was introduced using a 100-pL loop
valve injector. The CL emission was monitored by photo-
multiplier tube. Quantitative determination was based on the
net CL intensity Al=Is— Iy, where Is and Iy are the CL
signals in the presence and absence of phenolic compound,
respectively. The assumed detection limit of the system is Af
<0.1.

3. Results and discussion
3.1. CL of cerium(IV)-rhodamine 6G—PC system

The CL of cerium(IV)-rhodamine 6G reaction in the
presence of 53 organic compounds of interest in sulfu-
ric acid medium was explored by a FI-CL procedure. The
structural formulae of some tested phenolic compounds are
shown in Fig. 2. From the data of Table 1, the follow-
ing conclusions can be drawn. There was no CL signal for
the compounds without phenolic hydroxyl, including ben-
zoic acid, phthalic acid, p-benzoquinone, o-phenylenediamine,
m-phenylenediamine, p-phenylenediamine and sulphosalicylic
acid. It implied that phenolic hydroxyls played a major
role in the CL reaction. Altogether 32 PCs were found to
enhance CL. The CL intensities of PCs might depend on their
molecular structure such as electron delocalization and steric
hindrance.

3.1.1. Phenols and polyphenols

Phenol was found to enhance the cerium(IV)-rhodamine 6G
CL. However, CL signal disappeared, when substituent was
an electron-withdrawing group —-NOy, such as o-nitrophenol,
m-nitrophenol, p-nitrophenol and 2,4-dinitrophenol. For some
compounds with the electron-donating groups including —OH,
—OCHs3 and —NHjy, if these substituents were in the ortho- or
para-position, no CL signal was found or CL intensity was
very weak, e.g. eugenol, 4-hydroxy-3-methoxybenzyl alcohol,
catechol, hydroquinone, p-t-butylpyrocatechol and adrenalin;
If they were in the meta-position, CL emission was strong,
e.g. m-aminophenol, resorcinol, pyrogallol and phloroglucin.
Moreover, the CL intensity increased with increasing num-
ber of phenolic hydroxyls and followed the order: phloroglu-
cin > pyrogallol > resorcinol > phenol. Phloroglucin generated
stronger CL emission than pyrogallol because three phenolic
hydroxyls of phloroglucin were in the meta-position. It was
found that the effect of alkyl substituents on the CL emission
of some compounds, such as 1-naphthol, thymol, tyrosine, was
ambiguous.

3.1.2. Phenolic acids
When —COOH and —OH were in the ortho-position or two
—OHs were in the meta-position, CL emission was strong. Thus

2,4-dihydroxybenzoic acid generated the strongest CL emission
and 3,4-dihydroxybenzoic acid no CL emission. The CL inten-
sities of some isomeric phenolic acids decreased in the follow-
ing order: o-hydroxybenzoic acid > p-hydroxybenzoic acid > m-

Table 1

CL signal of some organic compounds?®

Compound Al
Benzoic acid ND
Phthalic acid ND
p-Benzoquinone ND
o-Phenylenediamine ND
m-Phenylenediamine ND
p-Phenylenediamine ND
Sulphosalicylic acid ND
o-Nitrophenol ND
m-Nitrophenol ND
p-Nitrophenol ND
2,4-Dinitrophenol ND

Phenol 61.0£0.9
1-Naphthol 143.6+1.4
o-Aminophenol ND
m-Aminophenol 344+0.6
p-Aminophenol ND
Thymol 186.8 2.6
Tyrosine 45.6£0.7
Eugenol 6.7+0.1
trans-Ferulic acid ND
4-Hydroxy-3-methoxybenzyl alcohol ND
Catechol ND
Resorcinol 148.2+3.1
Hydroquinone ND
p-t-Butylpyrocatechol 3.7+0.1
Chlorogenic acid 17.1£0.5
Adrenalin 13.4+£0.3
trans-Resveratrol 137.9+£24
Pyrogallol 163.6£2.1
Phloroglucin 181.9£22
o-Hydroxybenzoic acid 589.0£8.5
m-Hydroxybenzoic acid 58.6+1.2
p-Hydroxybenzoic acid 1123+£1.7
4-Hydroxy-3,5-dimethoxybenzoic acid 3.7+0.1
4-Hydroxy-3-methoxybenzoic acid ND
2,4-Dihydroxybenzoic acid 1369.6 +24.7
3,4-Dihydroxybenzoic acid ND
3,5-Dihydroxybenzoic acid 244+04
2,3-Dihydroxybenzoic acid 236.8+4.9
2,5-Dihydroxybenzoic acid 22.6+£0.3
Gallic acid 147+£0.2
Tannic acid 7.3£0.1
Hesperidin ND
Alpinetin 10.4+£0.1
Cardamonin 22.0£0.3
Baicalin 244+0.3
Kaempferol 145.3+2.6
Quercetin 44.01+0.5
Rutin 49+£0.1
Isorhamnetin 63.9+0.8
Kaempferol-3-o-glucuronoside 35.0£0.6
Calycosin ND
Puerarin 495.6£3.0

ND: not detected. AZ: net CL intensity, mean £ S.D., n=35.

% The sample concentration is 1.0 x 106 g/ml. CL conditions: Ce(IV),
5.0 x 1073 mol/l (0.5mol/l H,SO4); Rho 6G, 3.0 x 1075 mol/l; Flow rate,
3.0 ml/min.
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Fig. 2. Chemical structure of some tested phenolic compounds.

hydroxybenzoic acid; 2,4-dihydroxybenzoic acid > 2,3-dihydro-
xybenzoic acid > 3,5-dihydroxybenzoic acid>2,5-dihydroxy-
benzoic acid > 3,4-dihydroxybenzoic acid.

emission.

241

chlorogenic acid with glucose as a simple ester generated CL

3.1.3. Hydroxycinnamic acids
No CL signal was found for trans-ferulic acid, which is one
of the most common hydroxycinnamic acid derivatives. But

3.1.4. Flavonoids

First, no CL signal was found for calycosin, but baicalin
was found to generate CL, which demonstrated that the
hydroxyl groups in ring A were more important than the
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Fig. 3. Kinetic profile of the cerium(IV)-rhodamine 6G-phenol CL reac-
tion. (a) Ce(IV)+Rho 6G; (b) Ce(IV) + phenol; (c) Ce(IV) + Rho 6G + phenol.
Conditions: Ce(IV), 3.4 x 1073 mol/l; Rho 6G, 1.4 x 107> mol/l; phenol,
2.9 x 107 g/ml.

ones in ring B. Second, for the flavonoids with hydroxyl
group or glucoside on three positions of ring C, gly-
cosides generated a weaker CL emission than aglycone,
which may be due to steric hindrance. Thus, CL intensities
were in the following order: rutin<quercetin; kaempferol-
3-o0-glucuronoside < kaempferol. Third, the structural types
of flavonoids influence the CL intensity. Puerarin belongs
to isoflavone and generates the strongest CL of all tested
flavonoids.

The kinetic profile of cerium(IV)-rhodamine 6G-PC CL
reaction was investigated with a static system. Herein phenol
was discussed as a model compound. For the oxidation reaction
between cerium(IV) and rhodamine 6G, weak CL was observed.
The maximal peak was obtained at 6 s after mixing two reagents,
and then the signal decreased slowly (Fig. 3a). When cerium(I'V)
and phenol were mixed, a weak light emission was also obtained
(Fig. 3b). However, a strong enhancement of the CL emission
of cerium(I'V)-rhodamine 6G reaction was observed in the pres-
ence of phenol (Fig. 3c). Therefore, the addition of PCs could
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Fig. 4. Fluorescent spectra of rhodamine 6G with (a) and without (b) cerium(IV)
solution. Conditions: (1) Ce(IV): 2.0 x 10~* mol/l, Rho 6G: 1.0 x 10~ mol/l;
(2) Rho 6G: 8.0 x 10~7 mol/l.

facilitate the cerium(I'V)-rhodamine 6G CL reaction and greatly
enhance the light emission.

3.2. CL mechanism of cerium(IV)-rhodamine 6G—PC
system

The CL spectra of the cerium(IV)-rhodamine 6G reaction in
the absence and presence of 32 PCs were recoded. All CL spec-
tra are almost identical with the maximal wavelength at about
555 nm, which is in agreement with that of the fluorescent spec-
trum of rhodamine 6G. Thus, the luminophor could be ascribed
to rhodamine 6G. Here the simplest PC phenol was chosen to
explain the CL mechanism.

The fluorescent spectra of rhodamine 6G with and without
cerium(IV) have been recorded and the maximal fluorescent
wavelength was 530 and 555nm, respectively (Fig. 4). Ma
et al. reported that rhodamine B was oxidized by cerium(IV)
to form a green fluorescent product (Aex/Aem =467/535nm)
[21]. Rhodamine 6G and B have the same skeleton structure
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Fig. 5. Fluorescent spectra of the cerium(IV)-rhodamine 6G reaction. (a) Fluorescence spectrum vs. time profile. From spectra (1-7) the mixing time was 1, 2, 3, 4,
5, 6 and 7 min, respectively. Conditions: Ce(IV), 4.0 x 1073 mol/l; Rho 6G, 5.0 x 10~ mol/l; (b) Fluorescent spectra of cerium(IV) (8.0 x 1073 mol/l) mixed with
different concentrations of rhodamine 6G: (1) 1.3 x 10~% mol/l; (2) 1.0 x 10~® mol/l; (3) 7.5 x 10~7 mol/I; (4) 5.0 x 10~7 mol/l; (5) 2.5 x 10~7 mol/l. The mixing

time was 1 min.
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Fig. 6. Absorption spectra of the cerium(IV)-rhodamine 6G—phenol reaction. Reference solution, water. (a): cerium(IV)-rhodamine 6G reaction. (1) Ce(IV);
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cerium(IV)—phenol reaction. From spectra (1-7) the mixing time was 1, 2, 3, 4, 5, 6 and 7 min, respectively; (d): cerium(IV)-rhodamine 6G—phenol reaction.
(1) Ce(IV); (2) Ce(IV) +Rho 6G + phenol; (3) Rho 6G + phenol; (4) phenol; (5) Rho 6G. Conditions: Ce(IV), 8.0 x 10~* mol/I; Rho 6G, 5.0 x 1076 mol/I; phenol,

2.0 x 1073 g/ml.

except a difference in substituents. Thus, the experimental
data suggested the oxidized product of rhodamine 6G by
cerium(IV) was almost the same as that of rhodamine B. Also,
the cerium(IV)-rhodamine 6G reaction was monitored by the
fluorescent detection. As shown in Fig. 5a, the fluorescent
intensity at 555 nm decreases with an increase in mixing time,
and the maximal wavelength shifts gradually from 550 to
538 nm. This indicated that the reaction between cerium(IV)
and rhodamine 6G was a slow process. In addition, the fluo-
rescent spectra of the cerium(IV)-rhodamine 6G reaction with
different concentrations of rhodamine 6G were also recorded
(Fig. 5b). The fluorescent intensity increased with an increase
in rhodamine 6G concentration, and the maximal wavelength
shifted from 535 to 547 nm. With an increase in rhodamine 6G
concentration, the portion of the oxidized product of rhodamine

HsC,H

slow

6G decreased, and the portion of rhodamine 6G increased. The
above results confirmed that rhodamine 6G was oxidized by
cerium(IV) to a fluorescent product at 530 nm. The UV-vis
absorption of rhodamine 6G at 525 nm decreases after the addi-
tion of cerium(IV), and a new peak at 470 nm emerges (Fig. 6a),
which is consistent with the one obtained by Navaratnam and
Parsons [22]. Navaratnam found that the oxidant Br,®~ reacted
with rhodamine 6G to produce the species with distinctly
maximum absorption at 470 nm by one-electron oxidation of
rhodamine 6G. From these observations, it was concluded that
the cerium(IV)-rhodamine 6G reaction would take place as
Scheme 4.

It has been reported that the reaction of cerium(IV) with
pyrogallol caused weak light emission [23]. In the present sys-
tem, it was also observed that the cerium(IV)-PC reaction could

HsC,HN 0 NHC,Hs

25 (‘e([V), H2804

CH; \CH_:

Scheme 4. The oxidation of rhodamine 6G.
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produce weak CL, and the reactive product of PC was found to
be nonfluorescent. The UV-vis absorption spectra of the reac-
tion between cerium(IV) and phenol were analyzed. Fig. 6b
indicates that the 270 nm peak of phenol disappears in the pres-
ence of cerium(IV), and a new compound is formed with an
absorption band of 395 nm, which is almost identical with that
of o-benzoquinone. It meant that phenol was converted into
o-benzoquinone. Fig. 6¢ shows the absorption spectra of the
cerium(I'V)—phenol reaction at different time. It was found that
the absorption at 395 nm decreased with an increase in mixing
time, which demonstrated o-benzoquinone tends to decompose.
Thus, the reaction is considered to be a rapid process. For
cerium(IV) mediated phenolic oxidations, the mechanism has
been discussed [24-26]. 2,6-Disubstituted phenol derivatives
were oxidized by cerium(IV) perchlorate to the corresponding
1,4-benzoquinones, 4,4’-diphenoquinones, and oligomeric poly
(1,4-phenylene) oxides, and nature and constitution of the oxi-
dation products as a consequence of reaction conditions and
physico-chemical properties of radicals and radical ions were
reported [27].

Fig. 6d indicates the absorption spectra of the cerium(IV)—
rhodamine 6G—phenol CL reaction. The absorption spectrum of
the mixing solution of rhodamine 6G and phenol (curve 3) is
exactly the addition of the spectrum of rhodamine 6G (curve
4) and phenol (curve 5), thus there is no reaction between rho-
damine 6G and phenol. The UV-vis absorption spectrum of
the mixture of cerium(IV), rhodamine 6G and phenol shows
that the absorption of rhodamine 6G at 525 nm decreases and
a new absorption band at 395 nm forms (curve 2). Therefore,
it was evident that rhodamine 6G and phenol were oxidized
by cerium(IV) to the oxidized product of rhodamine 6G and
o-benzoquinone, respectively. On the other hand, the fluores-
cent spectrum taken from the mixture of cerium(IV), rho-
damine 6G and phenol exhibits the characteristic emission of
cerium(III) at 350 nm, indicating that cerium(IV) was reduced to
cerium(III).

The CL emission wavelength of the cerium(IV)-rhodamine
6G reaction was at 555nm, which demonstrated that the
luminophor was not the oxidized product of rhodamine 6G but
rhodamine 6G. Based on the above discussion, rhodamine 6G
and PC are oxidized by cerium(IV) in sulfuric acid medium to
form the excited-state cerium (III). The reaction rate between
cerium(IV) and PC is faster than that of cerium(IV) with
rhodamine 6G. Thus, the presence of PC can accelerate the
generation of the excited-state cerium(III), and then energy is
transferred from cerium (III)* to rhodamine 6G to form the
excited-state rhodamine 6G, which emits its characteristic radi-
ation at 555 nm. The mechanism of the cerium(IV)-rhodamine
6G-PC CL reaction can be summarized as Scheme 5. In
Scheme 5 Rho 6G, PC and PCox are rhodamine 6G, pheno-
lic compound and the oxidized form of PC.

According to the proposed mechanism, the CL emission of
hydroquinone and catechol for the present CL reaction should be
stronger than that of resorcinol because they more readily reacts
with cerium(I'V) to form cerium(III). However, our experimental
data show the opposite results. Thus, it is supposed that this phe-
nomenon is related to the oxidized products of hydroquinone,

Slow *
Ce(1V) + Rho 6G H450b Ce(Ill) + Rho 6G,
2504

*
Ce(lll) +Rho 6G —— Ce(lIl) + Rho 6G

F

ast
——

H,S0, ‘
Ce(“])m +Rho 6G ——» Ce(IIT) + Rho 6G

Ce(IV) + PC Ce(lll)* +PCoy

Rho ()G$ —» Rho 6G + hv

Scheme 5. The mechanism of the cerium(IV)-rhodamine 6G-PC CL reaction.

catechol and resorcinol. The UV-vis data showed that two new
peaks at 245 and 395 nm emerged when hydroquinone and cate-
chol were oxidized by cerium(IV). The resulted products could
be assigned to p-benzoquinone and o-benzoquinone, respec-
tively. In this case, it is very difficult to identify characteristic
peak of the oxidation products of resorcinol and phlorogluci-
nol due to the spectral complexity, though it was reported that
resorcinol and phloroglucinol could be oxidized to keto-enol
tautomer or its dimmers [28,29]. The quenching of Ru(bpy)32+
(bpy = 2,2’-bipyridine) electrogenerated chemiluminescence by
benzoquinone was reported, and the mechanism was believed
to involve energy transfer from the excited-state luminophore
to benzoquinone [30]. We found that more than half of the
fluorescent signal of rhodamine 6G was lost when 1000-fold
p-benzoquinone was added to rhodamine 6G, which demon-
strated that p-benzoquinone could quench the fluorescence of
rhodamine 6G. The quenching mechanism was supposed to
involve energy transfer from the excited-state thodamine 6G
to p-benzoquinone. Unfortunately, we could not obtain the oxi-
dation products of catechol, resorcinol and phloroglucinol at
this moment, thus it is impossible to carry out the studies on
the fluorescent quenching of rhodamine 6G luminescence by
these oxidation products. Based on the above discussion, we
propose that there might be two competitive pathways in the
present CL system. One is that cerium(I'V) reacts with PCs to
form the excited-state cerium (III), leading to strong light emis-
sion; Another one is that the oxidation products of PCs such
as benzoquinone or ketone quench the emissive rhodamine 6G
via energy transfer, as shown in Scheme 6. For hydroquinone
and catechol, the quenching effect might be predominant, thus
no CL signal was observed. For resorcinol and phlorogluci-
nol, the quenching effect was very weak, thus they showed
strong light emission. In Scheme 6 Rho 6G, PC and PCox
are rhodamine 6G, phenolic compound and the oxidized form
of PC.

Slow #
Ce(IV) + Rho 6G —7 55> Ce(ll) +Rho 6Gx
20Uy

*
Ce(lll) +Rho 6G ———= Ce(Ill) + Rho 6G

Fast
—_—

H,S0, ‘
Ce(ll])* +Rho 6G ——» Ce(Ill) + Rho 6G

Ce(IV) +PC Ce(Ill) + PCyy
Rho 6G" + PC,, —— Quenching

Scheme 6. The mechanism of the cerium(IV)-rhodamine 6G-PC reaction for
compounds without CL.
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4. Conclusions

The cerium(IV)-rhodamine 6G—phenolic compound reaction
in sulfuric acid medium underwent strong CL. The magnitude of
CL was related to the type and position of the substituents in the
benzene ring. The maximal emission wavelength of CL spectra
was at about 555 nm, and the luminophor was ascribed to rho-
damine 6G. The CL mechanism was suggested that rhodamine
6G and phenolic compound are oxidized by cerium(IV) in sul-
furic acid medium to form the excited-state cerium (III), and
then energy is transferred from cerium(III)* to rhodamine 6G to
form the excited-state rhodamine 6G, which emits its character-
istic radiation at 555 nm. If the oxidation products of phenolic
compounds could significantly quench the emissive rhodamine
6G via energy transfer, no light emission would occur.

The primary survey shows that the CL system is
capable of responding 32 phenolic compounds, thus this
cerium(IV)-rhodamine 6G-PC CL reaction is ideal for the
design of a CL detector in high-performance liquid chromatog-
raphy (HPLC) and high-performance capillary electrophoresis
(HPCE) to simultaneously detect PCs. The extension of this
work is under way.
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