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Abstract

Peroxynitrous acid (ONOOH) was formed by the on-line rapid reaction of acidified hydrogen peroxide with nitrite in a simple flow system.
A weak chemiluminescent (CL) signal was observed due to the production of singlet oXyg¢mwhen ONOOH reacted with NaOH,
whereas the replacement of NaOH by,R&; markedly enhanced the CL intensity. The predominant CL-enhanced pathway was achieved by
the carbonate-catalyzed decomposition of peroxynitrite (ONJOOarbonate species was regenerated in the process, that is, carbonate acts
as a catalyst. Based on the studies of CL and fluorescence spectra, a possible CL mechanism from the reaction of carbonate with ONOOH was
proposed. In brief, ONOOH was an unstable compound in acidic solution and could be quenched into @KN&X media. It was suggested
that ONOO reaction with excess HCO proceeded via one-electron transfer to yield bicarbonate ion radicals{HiGMe recombination
of HCO;* may directly generate excited triplet dimers of two O@olecules (CO,)3]. With the decomposition of this unstable intermediate
to CO,, the energy was released by CL emission. The addition of uranine into carbonate solution caused enhancement of the CL signal, which
was due to a part of excited triplet dimers of two £®@olecules energy to transfer to uranine, resulting in two CL peaks.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction reported a way of synthesizing ONOGnvolving the mix-

ing of acidified hydrogen peroxide with nitrite in a simple

Peroxynitrite (ONOQO) and its conjugate peroxynitrous flow system, and converting ONOOH to ONO@nder al-

acid (ONOOH) are powerful oxidants and capable of oxi- kaline condition, but the synthesized ONO®@eed be kept
dizing a variety of biomoleculed—3], which are receiving  at —20°C for subsequent experiments. Based on the above
increasing attention as potential pathogenic agents in humarstudy, we here synthesized ONOOH on-line and simultane-
diseasg4,5]. ONOO™ is a relatively stable compound in  ously investigated its chemiluminescence (CL) decomposi-
alkaline solution (Ka of 6.8); however, once protonated to tion mechanism with carbonate solution by a flow method.

form ONOOH, it rapidly isomerizes to form nitric acid or It is well known that carbonate is a major constituent in
decomposes along the weak O-O bond, with a half-life of the physiological environment, and its total concentration is
less than 1s at physiological pH and&7[6,7]. approximately 25 mmoH! [9]. ONOO™ is unstable in the

There are many reported methods for the synthesis of presence of carbonate solutifi®,11] However, the mech-
ONOO™ [8]. However, ONOO produced in the literature  anism of the reaction of ONOOwith carbonate solution
may contain decomposition products due to the off-line pro- remains to be a controversial subj§t2—16] For example,
cedure, which makes the research results more complicatedRadi et al[12] proposed that the reaction of bicarbonate with
and difficult to interpret. Therefore, it is of great importance  ONOO™-enhanced luminol CL, possibly via the formation
to be able to synthesize ONOCon-line. Saha et al[8] a ONOOCGQ ™ intermediate. Whereas Hurst and co-worker

[15] suggested that ONOOGO is formed as a result of the
mspon ding author. Tek:86-10-62841953; reaction of.ON_OO with COg, rather thap the r_eaction (_Jf
fax: +86-10-62841952. ONOOH with bicarbonate. Therefore, it is crucial to clarify

E-mail addressjinming1998@yahoo.com (J.-M. Lin). the reaction mechanism of ONOQuvith carbonate solution.
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In this study, we found, for the first time, a strong CL
emitted from the reaction of on-line produced ONOOH with

carbonate without any special CL reagents, such as luminol
and lucigenin. It was demonstrated that carbonate was re-Experiment
generated during the ONOOH carbonate reaction, i.e., car-;
bonate species acts as a true catalyst. Based on the studies
of CL and fluorescence spectra, a reasonable mechanism re3
sponsible for the CL phenomenon was discussed in detalil.

2. Experimental
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Table 1
Relative CL intensity of HO,—HCI-NO,~ system under different CL
systems

CL systefh Relative CL intensit}
H,O 0
NaOH 0.01+ 0.003
N&CO3 9.6+ 05

4 NaCO3 + uranine 230+ 4.1

aThe concentrations of 0., HCI, NO,~, NaOH and NaCOs were
0.02, 0.1, 0.1, 0.15 and 0.4 M, respectively. The flow injection method was
used. The flow rates of HD,/HCIl and NG~ solution were 3.0 ml/min.
The NaCOs solution flow rate was 3.5 ml/min.

bEach CL intensity represented the mean of five measuremdents

A flow system was designed for the CL spectra study. It giangard deviation (S.D.).

consisted of two peristaltic pumps (SJ-1211; Atto, Tokyo,
Japan), a F-2500 fluorescence spectrophotometer (Hitachi,

Tokyo, Japan). In brief, 0.02mott H>O, in 0.1 mol 1
HCI, 0.1 mol 1 NO,~ and 0.4 molt! Na,COs solutions
or 0.4molF! NayCO3-5x10~"molI~1 uranine were fed

through separate lines into a cell placed inside the cell holder
of the fluorescence spectrophotometer. The flow rates for

H>0,—HCI, NO;~ and NaCO;3 solutions were 3.0, 3.0 and

3.5ml/min, respectively. The excitation lamp was off and the

emission slit width was opened maximally to 20 nm during
the CL spectra recording. A Shimadzu UV-2401 UV-Vis

recording spectrophotometer (Shimadzu, Kyoto, Japan) was

used for measuring optical spectra.

All reagents were of analytical grade and used withou
further purification. Water was obtained from Milli-Q purifi-
cation system (Barstad Thermoyne, USA). A 0.1 mélhi-
trite solution was prepared by dissolving 0.69 g Nal{Bei-

jing Chemical Reagent Company, Beijing, China), pre-dried

at 110°C for 4h, in 100 ml of water. A small amount of

sion (Experiment 2). It was due to the productiont@b (a
well-known CL emitter). When comparing Experiments 2
and 3, the addition of N& O3 led to a significant increase

in the CL intensity. The injection of N&COz—uranine mix-

ing solution into FHO>,—HCI-NO, ™~ solution (Experiment 4)
provided the strongest CL emission. Therefore, the effect of
carbonate on the CL signal was obvious. It was well known
that a number of CL analyses were carried out in the pres-
ence of carbonate solutigi7,18], not only based on its
buffer function but also its CL enhancement effect. To clar-
ify the CL mechanism of the present system, the following

t experiments were carried out.

3.2. Effects on @and CQ in solution on CL

In aqueous solutions containing carbonate, small amounts
of aqueous C@and G are usually produced at the mixing

sodium hydroxide (NaOH) was added to the above solution boundary. To investigate the effects of €@nd G on CL

to prevent its decomposition and 1.0 ml of chloroform to in-
hibit bacterial growth. A mixing working solution of 0.02 M
hydrogen peroxide ($)02) and 0.1 M HCI was freshly pre-
pared by volumetric dilution of commercial 30% (v/v»E,
and 36% (v/v) HCI with ultrapure water, respectively (Bei-
jing Chemical Reagent Company, Beijing, China). A 0.4 M
NaxCOs working solution was prepared by dissolving ap-
propriate amounts of N&Os (Beijing Chemical Factory,
Beijing, China) in ultrapure water. A 0.01 mot} stock so-
lution of uranine (Tokyo Kasei Kogyo) was prepared with
water and diluted to low concentration before use.

3. Results and discussion
3.1. A batch method

In order to obtain the highest CL signal, the various mix-

signal, all solutions were prepared with fresh, ultrapure wa-
ter and these solutions were degassed with bubblingds

for 10 min. When NaCQOs solution was bubbled with ©

for 10 min, the CL intensity stayed relatively constant, indi-
cating that @ played no role in the CL reaction. Whereas
CO, was bubbled into the degassed,8&3 solution from

1 to 10 min, the CL intensity was gradually decreased. This
phenomenon indicated that G@id not increase but caused

a decrease of the CL intensity due to a decrease of pH val-
ues (12.2-9.9), which was pivotal in the present CL system,
with bubbling CG.

3.3. CL and fluorescent spectra

In order to identify the emitting species in this system,
CL and fluorescent spectra were also measured. The CL
spectrum from the reaction of the,8,—HCI-NO,~ and
NapxCOs is shown inFig. 13 and it can be seen that the

ing orders of reagents were measured by a batch methodmaximum of the CL spectrum is located at 443nm. There

In Table 1 Experiment 1 showed that there was no CL
generation by the injection of 1Qd of H,O solution into

H20,—HCI-NO;~ solution. On the other hand, the replace-
ment of HO by NaOH solution gave a weak CL emis-

are many reports about the decomposition of peroxyni-
trite to form singlet oxygen'Q,) [6,19,20] which is the
light-emitting species. Itis known that there are several max-
ima in the emission spectra 8D, i.e., 1269, 762, 634, 476,
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Fig. 1. CL spectra of pHO,—HCI-NO,~ reaction in NaCO;z (a) and NaCOz—uranine (b) solutions. The concentrations ofCd, HCI, NO,~, N&COs
and uranine were 0.02, 0.1, 0.1, 0.4 angt 50~" moll~1, respectively. The flow injection method was used. The flow rates,@,HHCI solution and
NO,~ solution were 3.0 ml/min. The N&O; solution flow rate was 3.5 ml/min. The excitation lamp was off and the emission slit width was set at 20 nm.

and 381 nm[21]. Two quenchers otO,, 1,4-diazabicyclo located at 534 nm, which was the same as CL emission max-
[2,2,2,2]octane (DABCO), and NaN[22] were used in imum of uranine. When adding uranine—-; solution

the present experiment. The results showed that DABCO into HoO,—HCI-NQG,™ solution, the fluorescent maximum
and NaN did not quench the CL intensity, which provided Was situated at 534 nnirig. 2), and the fluorescent intensity
strong evidence th&O, did not contribute to the observed  Of uranine remained constant, which indicated that uranine
CL. A number of investigationgl7,18] have demonstrated ~ Wwas not destroyed during the CL reaction, &@,); was

that carbonate was a luminous species when present with & CL emitter and uranine was only a sensitizer.

strong oxidant in basic solution. In our previous w§2i],

the CL emission band at 436—446 nm was also recorded (as3.4. UV spectrum

shown inFig. 19, which was found to result from the de-

composition of excited triplet dimers of two G@nolecules The UV absorption of peroxynitrous acid from the reac-
[(CO)5] to carbon dioxide. Therefore, the CL observed tion of nitrite and HO/HCI was given inFig. 3 The ab-

in the present system was likely also due to the formation sorption peak at 301 nm was due to the formation of nitrate
of (COy)%. As shown inFig. 1b when uranine solution by the isomerization of peroxynitrous acid (solid line). How-
was added into b0,—HCI-NO,—N&,COs flow system, the ever, after rapid mixing of HOONO with carbonate solution
CL spectrum had two peaks with maximum located at 443

and 534 nm, respectively. Importantly, the first CL peak 534nm

(443 nm) was the same as that obtained from the reactions
of the HLO,—HCI-NO,—N&CO;3 solutions Fig. 19.

The CL intensity at 443 nm, however, was significantly
lowered after the addition of uranine. This phenomenon
can be attributed to the transfer of energy from the excited
triplet dimers of two CQ molecules to uranine. In order
to record simultaneously two CL peaks with maximum lo-
cated at 443 and 534 nm, respectively, the concentration of
uranine was diluted to % 10~ moll~! with 0.4 mol -1
carbonate solution. The CL peak at 534 nm was found to ]
arise from uranine, likely as a result of the chemical exci- — T
tation of uranine by the triplet dimersCO)5. The fluo- 500 550 600 650
rescence spectra of uranine in A3 solution with and Wavelength (nm)
without the addition of HO,~HCI-NG,™ solutions have Fig. 2. Fluorescent spectrum of uranine in®—HCI-NO,"—N&CO;s
also been recorded. The results showed that the fluoresceniy|ution. The concentration of uranine was<1.0-5molI-L. All other
maximum wavelength of uranine in D@03 solution was conditions were the same as fig. 1

—_
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Fig. 3. Absorption spectra of peroxynitrous acid from the reaction of nitrite ag@,+HHCI in the absence (solid line) and presence (dashed line) of
Na,CO;z solution. The concentrations of NO, H>0,, HCI and NaCOsz were 0.6, 0.7, 0.6 and 1.0 motl, respectively. The volume of each solution

was 1.0ml.

(dashed line), a new band appeared at 354 nm resulted fromPNO, + *NO, + H,0 — NO,~ + NO3~ + 2H*

the recombination betweetNO, radicals to form nitrite,

(5)

whereas the characteristic band of nitrate at 301 nm did not The recombination of HC® could generate excited triplet

disappear. This suggested that nitf&@&] is the only prod-

uct in the spontaneous decomposition of peroxynitrous acid pHc o, — (CO,)54+H20;

(solid line) and both nitrite and nitrafd,16] were formed
simultaneously in the reaction from peroxynitrous acid with
carbonate solution (dashed line).

3.5. CL mechanism from carbonate-catalyzed peroxynitrite

decomposition

The mechanism of carbonate-catalyzed ONGBemilu-

dimmers of two CQ@ molecules (CO;)3] directly [24]:
(6)

With the decomposition of this unstable intermediate ta CO
the energy is releasdd3,25}

In alkaline solution dissolved COs in fast equilibrium with
carbonate and therefore carbonate was regenerated during
the ONOOH-carbonate reaction, i.e., carbonate species acts

minescence decomposition can be deduced from our aboveas a true catalyst.

observations as follows.

HOONO is formed from the reaction of nitrite with acid-
ified H,O> (Reaction (1)), and it is an unstable compound
in acidic solution and can be converted into ONOID ba-
sic solution as a function of the protonation of €0 to
HCOsz~according to Reactions (2) and (3):

H,05 4+ HNO, — HOONO+ H,0 1)
CO3%>™ 4+ Hp0 = HCO3™ + OH™ 2)
ONOOH+ OH™ — ONOO™ + H,0 (3)

It is well-known that ONOO /*NO; and HCQ*/HCO;~

The decomposition energy ¢€O,); was calculated by
the extended Hickel molecular orbital (EHMO) method and
found to be 132 kcal/mgR6], which is high enough to excite
uranine (55.5 kcal/mol]21]:

(COp)5 + uranine— 2CO; + uraniné (8)

(9)

The CL wavelength at 534 nririg. 1b) can be considered as

a result of intermolecular energy transfer in that the part of
energy from the excited triplet dimers of two g@olecules

is transferred to uranine. Therefore, the CL spectrum of
H>O,—HCI-NO,"—-N&CO3~ uranine solutions shows two

uraniné — uranine+ v (Amax = 534 nm

couples have similar one-electron standard redox potentialshans.

(Eo(HCO3*/HCO37) = +1.5V, Eo(ONOO /*NOy) =
+1.5V) [12]. Therefore, when ONOOreacts with excess
HCO3™, one-electron oxidation of HG§ by ONOO™ is

thermodynamically favorable to yield bicarbonate radicals

(HCOz3°®) according to Reaction (4p,12]:
ONOO™ +HCO3™ + Ht — HCO3* + *NO» + OH™ (4)

4, Conclusion

We have demonstrated that the decomposition of perox-
ynitrite in the presence of carbonate generates excited triplet
dimmers of two CQ@ molecules (CO)3] and the energy is

As spectrophotometrically experimental data were shown released by CL with the decomposition of this unstable in-

in Fig. 3 the recombination betweetNO, radicals can
generate nitrite and nitrate in agueous soluf®i6]:

termediate to C@ In alkaline solution produced CQs in
fast equilibrium with carbonate and therefore carbonate was
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regenerated from the reaction of ONOOH with carbonate [7] L.R. Mahoney, J. Am. Chem. Soc. 92 (1970) 5262.

reaction, i.e., carbonate species acts as a catalyst.
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