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In this paper studies on chemiluminescence CL systems with
electrogenerated reagents including BrO- ClIO- Br, Cu-

HIO¢ , 5- H,0, Mn’* Co’* and Ag?’* are described.
The analytical applications of the CL system with electrogener-
ated reagents are reviewed.
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Introduction

Although the first chemiluminescence CL  phe-
nomenon was reported more than 100 years ago ' applica-
tion of the CL. method in analysis became possible with ap-
pearance of the highly sensitive photomultiplier tube

PMT in the 1950s. The high sensitivity and the simple
instrumentation of modern CL analysis have attracted much
interest in this field during the last 40 years. CL can easily
be obtained by mixing a variety of redox reagents. Since
Abbortl et al .? reported the CL determination of morphine
and its modification by oxidation with potassium perman-
ganate there have been increasing interest in the applica-
tion of inorganic oxidate-based CL reactions to analytical
chemistry. Inorganic oxidants such as H,0, Brp
KMnO; Ce IV~ Ru bpy 3 ** Fe CN ¢ 3~ 105
ClIO~ BrO~ and BrOs were frequently used in a CL re-
action. However this method can not be employed if the
reagents are not stable within the duration of the experi-
ment. For example the disproportionation of ClO~ or
BrO ™ is very easy in solution so their applications in CL
analysis are limited.

The application of strongly oxidizing agents in quanti-
tative analysis has in general been restricted to those
reagents that are not or only very slowly reduced by water
thus making possible the storage of standard solutions.
Permanganate and cerium IV in acid solution although
thermodynamically unstable  fulfill this requirement.
Stronger oxidants such as cobalt 1II
manganese III  are quickly reduced by water so their

silver II and

applications in quantitative analysis under normal condi-
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tions are not possible.

The success of flow injection analysis FIA can be
attributed to the reproducibility of the operations involved
in the systems such as injection pumping and timing al-
lowing quantitative analysis without the necessity of com-
pleteness of the chemical reaction.?® As a complete chemi-
cal reaction is unnecessary the idea arises that instability
of the reagent also might be no objection as long as the re-
action rate is reproducible. This would open possibilities
for the application in quantitative analysis of these
reagents which are unstable under normal condition * by
generating them in flow systems starting from a stable oxi-
dation state of the same element. In flow system the un-
stable solution generated by chemical oxidation contains
some superfluous oxidants which interfere with the subse-
quent reaction. The electrochemical generation does not
have the drawback mentioned above.

In our laboratories the aim of the research work was
focus on the development of new oxidants in CL analysis to
extend the analytical applications or to improve the analyti-
cal performance of some CL systems relating to unstable
oxidic reagents by combining flow-injection technique.
Some reagents needed for the CL reaction are electrochem-
ically produced and used as soon as they are formed. This
is achieved by the sequential anodic oxidation of suitable
and stable precursors. Therefore these unstable oxidants
such as BrO~ Br, ClO~ Cu HIO¢ , °~ H,0,
Mn**  Ag?* and Co®* have been on-line or in-situ elec-
trogenerated for this purpose. This not only eliminates the
inconvenience of their instability but also obtains some
highly active and nascent reagents .

Electrogenerated chemiluminescence ECL has im-
portant advantages over more conventional CL. In early
1990s Lin et al . ° firstly reported some ECL systems in
China. Nowadays Lin et al.” reported some research
about ECL in China. In this paper the newly proposed
ECL method is discussed in detail and recent progress in
our group on this ECL and its analytical applications are
reviewed .
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On-line electrogenerated BrO~ and ClO~ as
the CL oxidant

Although the unstable CL oxidants such as ClO~
BrO~ have been already used in CL analysis the proce-
dure for the preparation of its solutions often is time-con-
suming complicated and even harmful. Thus the further
applications of these reagents in CL analysis were cum-
bered.

In order to overcome this drawback Teckentrup et
al .® designed a flow-through electrolytic cell to on-line
electrogenerate BrO~ for this purpose in 1981. But their
flow-through electrolytic cell was designed poorly in
which the two electrolytic chambers were at the same
stream and it only provided a low concentration of BrO ™ .
So this technique was not been paid much attention .

Up to 1999 Zhang et al .’ reported a flow-injection
electrogenerated chemiluminescence ECL  analysis. In
this method a novel flow-through electrolytic cell was de-
signed Fig. 1  in which its two electrolytic chambers
were separated each other by the frit glass in order to keep
away from the interference of H, bubbles generated on the
face of the counter electrode. With this flow-through elec-
trolytic cell BrO~ was on-line electrogenerated quantita-
tively. Based on this flow-injection ECL system some of
the CL performance of BrO~ in CL analysis was then ex-
plored. For example since the CL signal of BrO ~ with lu-
minol was very weak and the isoniazid can greatly enhance
this weak CL signal a more sensitive ECL method for the
determination of isoniazid Fig. 2 was developed.’® Fur-
thermore the sulfide ion with more reducing ability can
react selectively with BrO~ to produce sulfide intermedia-
tor which can further reduce the dissolving oxygen to gen-
erate active oxygen thus the sulfide ion presents the en-
hance effects for the weak CL signal arising from the BrO~
with luminol. Based on this observation a sensitive ECL
method for the
proposed . 1

determination of sulfide ion was

Fig. 1 Structure of the flow electrolysis cell W working elec-
trode C counter electrode M frit glass.

Thereafter
with the similar way. ClO~ was on-line electrogenerated

from KCI  0.10 mol L= -PBS 0.01 mol L=!' pH
10.0 . It was found that NHf and some drugs can en-

ClO~ was also electrogenerated on-line

hance or inhibit the CL emission from the luminol-ClO ™~

system. The CL systems with electrogenerated ClIO~ were

+11

applied to the determination of NHf "' and many drugs

such as etamsylate dopamine adrenaline and iso-

preenaline . 1214
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Fig. 2 Schematic diagram of FIA-CL system a luminol b

sample ¢ carrier stream d KBr electrolyte P peri-
staltic pump E electrolytic flow cell JH2C potentio-
stat D detector V six-way valve W waste.

In-situ electrogenerated Br, as the CL oxidant

It is an important aspect of CL analysis to develop the
sensitive CL analytical method for different analytes. For
this purpose many useful schemes such as using the
highly quantum yield fluorphore species to amplify the
weak CL signal based on energy-transfer CL. mechanism
using surfactant to change or to modify the microenviron-
ment of some emitters to improve the analytical perfor-
mance of CL analysis have been proposed.

15

In our previous paper " a novel flow-through CL re-

action cell was designed Fig. 3 in which an electrode
was introduced into the cell to in-situ generate Bry in the
near surface of the electrode by constant current oxidizing

KBr in H; SO4 medium . Then the electrogenerating Br,

w c

: ] Out
— [:l:l—>

Fig. 3  Construction of the flow-through electrolytic cell W
working electrode C  counter electrode .

Electrolyte
—_—

Carrier

could react with analyte isoniazid  which was injected
into the cell in the diffusion layer of the electrode accom-
panying by the fast and stronger CL signal. Because the all
CL reaction procedure including the initial mixing point of
electrogenerated Br, with isoniazid and the zone of making
the subsequent CL reaction not only was located on the
near surface of the electrode but was made in the front of
the window of the photomultiplier tube this novel flow-
through electrolytic cell also can thus afford greater spatial
and temporal control over this fast CL reaction initiation for
analytical purpose. At the same time the result as shown
in Fig. 4 showed that the CL signal of in-situ electro-
generated Br, with isoniazid was nearly twenty times that of
reagent Br, with isoniazid. Among these Br, solutions the
in-situ electrogenerated Br, possessed the highest reaction
activity. This nascent state CL reaction active of the in-
situ electrogenerated Bry was depended upon the electro-

generating time of Br, as shown in Fig. 5 . After 30
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min this nascent state CL reaction active of in-situ elec-
trogenerated Br, decreased dramatically. Based on this ob-
servation one scheme by employing nascent state oxidant
as the CL reagent to improve the sensitivity of CL analysis
was also proposed firstly .

Relative CL intensity

Determination number

Fig. 4 CL contrast of nascent Br, a  on-line electrogenerat-
ed Br, b and reagent Br, ¢ with isoniazid isoni-
azid 3 g mL~' electrolytic current for generating Bry

9 mA reagent Br, 1.5x 1073 mob L~!.
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Fig. 5 Nascent Br, CL activity-time profile.

In addition it was found that the in-situ electrogen-
erated Br; can oxidize H,0, to generate strong CL emission
signals. Based on this observation a new repeatable
rapid and selective FI-based ECL method for the determi-
nation of H,0, was proposed. !¢ Compared with other ECL
the proposed
method presented the followings advantages 1 the Brp
concentration and the zone of CL reaction of Br, with H,0,

methods for the determination of H,0,

can be well adjusted and controlled respectively by ad-
justing both the electrolysis current and flow-rates of elec-
trolyte or carrier stream. Thus the areas of the subsequent
CL reaction was extended and the sensitivity was im-
proved 2 the proposed FIA-based ECL method for the
determination of H,0, is rapid and simple and present the
better selectivity .

In-situ electrogenerated H,O, as the CL oxi-
dant

In recent years the CL flow sensors based on immo-

bilized or solid-state reagents with obvious operational ad-
vantages have received much attention. The immobilization
of reagent is a key problem in the design of these CL sen-
sors. As a CL oxidant H,0, can not be immobilized by
some conventional methods. It was suggested!” that H,0,
could be electrochemically generated at a negatively-based
electrode from dissolved oxygen in the flow cell based on
the following reaction

0, +2H,0 +2e"—> H,0, + 20H "

So H,0, was electrochemically immobilized in-suit. The
flow cell was made of a mini-glass column 20 mm X 3 mm
i.d.  which contained a gold working electrode with an
area of 2 mm X 15 mm exposed to the detector and a
screw-in Ag/AgCl reference electrode. To complete the
electrochemical cell a stainless-steel tube placed at the
exit of the flow cell was used as the counter electrode. For
all experiments the cell potential required to generate hy-
drogen peroxide was held at — 0.5 V vs. Ag/AgCl. Fur-
thermore luminol was immobilized electrostatically on an
anion-exchange column. By passing sodium phosphate
through the column with immobilized luminol luminol was
eluted from the resin and then mixed and reacted with
cobalt IT which was liberated from vitamin B by acidifi-
cation and hydrogen peroxide in the flow cell under basic
condition to produce the CL signal by which vitamin By,
can be sensed. The CL emission was transduced to an
electric signal by a Hamamatsu R456 photomultiplier tuber
placed close to the flow cell. The sensor for vitamin B,
described here Fig. 6'7 offers advantages of simplicity
rapidity as well as high sensitivity for the determination of
vitamin Bi;. The design of the sensor suggests a new ideal
that the reagent can be immobilized by electrochemical
method .

Na;PO,
H,0

N32CO3
HCl1
Sample

M

Pump
Fig. 6 Schematic diagram of the flow sensor for the determina-
tion of vitamin Bj; M mixing coil A anion exchange

column P potentiostat F flow cell D detector R
recorder.

On-line electrogenerated Mn3* as the CL oxi-
dant

In general the CL reaction can be achieved by the
direct CL mechanism or energy-transfer mechanism. Com-
pared with the direct CL analytical method
transfer CL. analytical method presents the better analytical

the energy-

performance such as the better selectivity inherent to fluo-
rescence method and the wider analytical application
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fields. Moreover the investigation of the fluorescence

analysis has provided the wider basic knowledge in this
kind of CL method.

One typical example of these CL systems is the SO3~ -
based weak CL system many fluorphore species such as
riboflavin  quinine and Rhodamine B can amplify the
weak CL signals arisen from the excited state SO; .

As reviewing those analytical results obtained in

S03%~-based CL systems

weak CL precursor SO}~ can be oxidized to generate the

it can be found that the same

excited state by different
0, and
then this weak CL emitter can selectively and
effectively transfer its energy to co-present fluorphore com-
pounds to amplify the weak CL signals.

same weak CL emitter of SO,

oxidants such as MnOj;  hydrogen peroxide

Ce4+ 18-21

Quinine was selected as the testing fluorphore com-
pound and the proposed ECL flow system was used to offer
some unconventional oxidants which might be more suit-
able to chemical-exciting quinine. The Mn®** was then
found to be the most suitable oxidant for chemical excita-
tion of quinine in the SO3~-based CL system. Based on
this observation a sensitive CL-based method for the de-
termination of quinine was proposed >? and a new concept
of improving the sensitivity of some energy-transfer CL
methods by modulating the oxidant used was also pro-
posed .

As one useful CL oxidant MnOj; has been widely
used in CL analysis and many sensitive CL methods for the
determination of many analytes were proposed. For im-
proving the analytical performance of MnOj -based CL sys-
tem many interesting efforts on the CL system have been
made. Mn* was proposed as a key and effective oxidant
in the CL reaction but the CL analytical performance of
Mn?** was not reported. Based on this consideration we
firstly developed the direct CL analytical method based on
CL reactions of Mn®* with isoniazid.?

On-line electrogenerated Co** as the CL oxi-
dant

The Co®*/Co** system has a high redox potential
1.81 V  in mineral acid solution. As a stronger oxidant
Co** can oxidize a large number of organic and inorganic
substances but the application of Co®* in analytical

3+

chemistry is few. The main reason is that Co’* is very un-

stable in solution and is rapidly reduced by water .
4Co** +2H,0 —> 4Co** +4H* + 0, 1

We designed a novel electrolytic flow cell and Co®*
was electrogenerated via a positive Pt-electrode from CoSO4
in H,SO4 medium by constant-current electrolysis.?* Fur-
thermore the condition of electrogeration of Co®* was op-
timized. CoSO, was used as the precursor of Co®* . The
concentration of CoSO,4 was expected to affect that of elec-
trogenerated Co®* and 0.03 mot L~!was chosen as opti-

mum CoSO, concentration. In sulfuric acid medium oxi-
dation with Co®* are often more rapid than with hydrated
Co** .2 So H,S04 was used as the medium of the support-
ing electrolyte. The effect of H;SO4 concentration in the
range of 3.0—10.0 mol L~! was investigated. The Co**
concentration increased with the of increase H,SOy4 concen-
tration. The possible reason is that the reaction 4Co®* +
2H,0>4Co>* + 4H* + 0, 1

creasing the sulfuric acid concentration. That is to say the

can be suppressed by in-

ability to oxidize water decreases with acid concentration
increasing. However because of the durability of the tube
and the occurrence of leakage in the connection sulfuric
acid concentration should be as low as possible for practi-
cal application in a flow system. So 7.0 mol L' H,S0,
was chosen for further work. In this flow system the elec-
trolysis current could control the concentration of electro-
generated Co®* . Too higher electrolysis current would re-
sult in decline of the current efficiency. The flow rate also
affects the generation of Co®* . Because the nascent Co’*
is very unstable and the half-life of Co®* determined is
about 60 s in the flow system the flow rate would not low-
er than 2.0 mL: min~!. But the flow rate more than 4.0
ml: min~! would lead to greater consumption of reagents
and unacceptable reproducibility .

The electrogenerated Co®* can oxidise directly qui-

27 in sulfuric acid

nine 2* pipemidic acid®® and gentamycin
medium to produce strong CL. In order to get an idea
about the reaction generating the CL.  the CL spectrum of
the reaction was examined by a series of interference fil-
ters. The results indicated that there were two lumines-
cence peaks at 480 nm and 580 nm respectively. When
nitrogen or oxygen was bubbled through the solutions the
CL intensity decreased with nitrogen and increased with
oxygen. Furthermore it was found that the CL spectrum of
the reaction between Co®* and pipemidic acid was the
same as that of the reaction of Co®* and quinine. The re-
sults showed that the reaction involved dissolved oxygen.
The CL spectrum coincides with the emitting wavelength
480 and 580 nm of excited double molecular oxygen
0, 2" .? Since Khan and Kasha® reported the CL of
hypochlorite-oxgyen reaction as due to the liberated single
oxygen there have been many CL system® !
with O, QX .
species in this system. In this work
0, , may be two steps one is generating HO;5 free radi-

concerned
It is proposed that 0O, ; is the luminous

the formation of

cals then HO7 can attack each other giving a molecular
pair O, 5 .32

On-line electrogenerated Ag>* as the CL oxi-
dant

In the basic design of the ECL cell * the electrolytic
flow cell lay directly in front of the photomultiplier. Obvi-
ously the electrolytic cell has an optical interference as a
result of scattering reflectance or absorbent by the elec-
trode and the optimum condition of the electrochemical
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reaction would disagree with the optimum of the CL reac-
tion.

An ECL cell was designed Fig. 7  in which the
electrolytic flow cell and the CL cell were separated each
other and placed at different sites in the flow line and the
optical signal was detected in the CL cell. The new design
avoided two main problems the lack of reproducibility and
the fouling of electrodes when CL emission occurred di-
rectly on the surface of the electrode.®® In this novel ECL
cell the unstable Ag?* is on-line electrogenerated via a
positive Pt-electrode from AgNO; in HNO3; media by con-
stant current electrolysis so the Ag>* has the property of

* is a powerful oxidizing

the nascent state. The nascent Ag?
reagent because the Ag*/Ag?* system has a high redox
+1.91V

more it is found that nascent Ag’>* can oxidize sulfite to

potential in nitrate acid solution. Further-
produce strong CL in nitrate acid media.** Based on this
observation an ECL flow system for sulfite was proposed .
Compared with these reported CL systems for sulfite in
which various sensitizers were used such as Riboflavin

Tween-85  Rhodamine 6G  SDBS and 3-cyclohexy-
laminopropanesulfonic acid the present method does not
need any sensitizers and has been proved to be simple

rapid sensitive and suitable for automatic and continuous
analysis. This method has been applied successfully to the
determination of sulfur dioxide in air. Furthermore Ag?>*
can also oxidize captopril to produce CL in HNO3 media .
The CL intensity emission intensity was linear with capto-
pril concentration in the range of 0.02—10 pug mL~! The
detection limit was 6 x 107° g mL~! 3¢ . The pro-
posed method is suitable for automatic and continuous
analysis and has been applied successfully to the analysis
of captopril in pharmaceutical preparation .

Sampl
Pump ample
v F
‘ [ ||
E D l
b — =)
[ | PC
. JH2C
Waste
Fig. 7 Flow-injection manifold for quinine determination a

H,0 carrier stream b CoSO4-H,SOy4 electrolyte  E
flow electrolysis cell JH2C galvanostat F CL reac-
tion cell V valve D detector PC personal com-

5

On-line electrogenerated Cu HIQO¢ , °~ as the

CL oxidant

Cu HIOg 5 3~ as the CL oxidant was reported in
1997 * but the procedure of Cu HIOg , >~ prepared by
chemical oxidation with K;S,0g is time-consumed and very
complicated. We on-line electrogenerated Cu HIOg , 3~
from Cu NO3 , 0.01 mot L' KIO; 0.2 mol L~!
and KOH 1 mol L~!' by constant current electrolysis.
Furthermore its concentration can be on-line controlled
with flow injection analysis technique and regulation of
electrolytic current. It is found that Cu HIOg » 5~ can
oxidize chlorteracyclini hydrochloridum to generate CL sig-
nal. Based this phenomenon the CL method for determi-
nation of chlortercyclini hydrochloridum in the range of 1
x 107%—1 x 107 g= mL~! was presented.*’ The CL
spectrum was obtained A, =420 nm  which coincides
with the fluorescence spectrum of the production of
chlortercyclini  hydrochloridum oxidized by the  Cu-
HIOg , °~. So the CL mechanism of the reaction in its
simplest form may be attributed to the following reactions
Cu HIOg , 6-_e¢—> Cu HIOqg , 5-
on the electrode
Cu HIOg 5 *+CH Red ——
Cu HIOg , - 4+CH Ox *

CH Ox “—>CH Ox +h Apn= 420 nm

where CH is chlortercyclini hydrochloridum Ox is the oxi-
dized form Red is the reduced form and hv is the light

emission .
Conclusion

The unstable and nascent reagents required for the CL
reactions can be easily electrogenerated on-line or in-situ
and lead to the method for many analytical applications.
Table 1 summarizes some applications of CL with electro-
genreated reagents. The electrogenreated strong oxidants
Mn?* Co®* and Ag’* are first used as the CL oxidant.
The methods improve the analytical performance of the CL
systems of Cu HIOg , >~ BrO~ Bry and ClIO~ and
easily immobilized H,0; in flow CL sensor. Further work
on this subject is now in progress aiming at capillary elec-
trophoresis and HPLC applications. On the other hand

puter. . . .. .
this ECL method is promising to be one detection method
for micro total analysis system because of its high sensitivi-
ty and simplify.
Table 1 Application of CL with electrogenerated reagents
Analyte Oxidant system Detection limit Ref.
Isoniazid ClO ™ -luminol-OH ~ 6x107° g mL~! 12
Etamsylate ClO ~ -luminol-OH ~ 6x10710g ml,~! 13
Catecholamines ClO ~ -luminol-OH ~ 8x10710g mL~! 14
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Continued
Analyte Oxidant system Detection limit Ref.
L-Dopamine CIO ™~ -luminol-OH ~ 8x 10710 g ml,~! 36
NH; CIO ~ -luminol-OH ~ 0.4%x 10" mo} L' 11
Isoniazid BrO ~ -luminol-OH ~ 7.0x107°g mL"! 9
s?- BrO ~ -luminol — OH ~ 1.00x 1077 mot L~! 10
Persantin BrO ~ -luminol-OH ~ 0.004 mg 1.~! 37
Hydrazine BrO ™ -luminol-OH ~ 0.003 pg mlL~! 38
Vitamin B, H;0,-luminol-OH ~ 3.5x10 *mg L~! 17
Isoniazid Br,-H™* 1.2x1078 ¢ mL~! 15
H202 Br2-H+ 3.3X10’7m0} L71 16
Isoniazid Mn3*-H* 3.2x1072 pg mL"! 23
Quinine Mn?*-H* 1.0x 1077 mot L~! 24
Gentamycin Co’*-H* 0.5x 1072 g mlL~! 27
Pipemidic acid Co’*-H* 3.3x107% g mL™! 26
Quinine Co®*-H* 3.3x1072 pg mL~! 24
Captopril Ag*-H* 6x107%g mlL~! 35
Sulfite A+ -H* 1.4x 1077 mot L~! 34
Chlortercyclini Cu HIOg , °~-OH" 4.4x1077 g mL~! 40
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