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Laser flash photolysis of ONOOH at 355 nm and a pH of 4.0-5.5 causes homolysis of ONOOH nearly exclusively
at the N-O bond rather than at the O-O bond (HO2

•/HO• > 25:1). All of the NO• and HO2
• radicals formed

by photolysis subsequently recombine with a rate constant of (1.2( 0.2)� 1010 M-1 s-1 via second-order kinetics,
as demonstrated by the return of the UV/vis absorbance to initial levels. Excitation at 266 nm also yields HO2

• and NO•,
but after recombination, the absorbance levels are lower than initial values, possibly because HO• produced by the
photolysis of water reacts with ONOOH. When NO3

-, the product of the ONOOH isomerization, is photolyzed, the
ONOO- formed is rapidly protonated with a second-order rate constant of (1.7( 0.8)� 1010 M-1 s-1. The ONOOH
decays to the starting material, NO3

-, with a first-order rate constant of 1.2 s-1. The quantum yield for the photon-
initiated homolysis is 15% for both ONOOH and ONOO-. We conclude that the ON-OOH and ON-OO- bond
dissociation energies are similar.

Introduction

Peroxynitrous acid, ONOOH,1 a strong oxidant as
well as a nitrating agent, may be formed in vivo2,3 by the
diffusion-limited reaction of O2

•- and the cellular messen-
ger NO•, k= (1.6 ( 0.3)� 1010 M-1 s-1.4 ONOOH and
ONOO- react with a variety of biomolecules5,6 and are
implicated in a variety of diseases and disorders, includ-
ing atherosclerosis, inflammation, and neurodegenera-
tive disorders.5,7

ONOO- is fairly stable in aqueous media at pH values
above 10. In the protonated form, ONOOH decays to NO3

-

with a rate constant of 1.2 s-1 (reaction 1).8 The pKa of
ONOOH is 6.5-6.8 (reaction 2), depending on the ionic
strength of the solution.8

ONOOH ¼ NO3
-þHþ ð1Þ

ONOOH ¼ ONOO-þHþ ð2Þ

ONOO- ¼ NO•þO2
•- ð3Þ

ONOOH ¼ NO2
•þHO• ð4Þ

ONOOH ¼ NO•þHO2
• ð5Þ

HO2
• ¼ O2

•-þHþ ð6Þ
Homolysis of ONOO- at the N-O bond (reaction 3) takes

place with a rate constant of 0.020( 0.001 s-1.9 From this rate
constant and the known rate constant for reaction 3, (1.6( 0.3)
� 1010 M-1 s-1,4 we derived standard Gibbs energies of
formation of ONOO- (þ68 ( 1 kJ mol-1) and ONOOH
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(þ31 ( 1 kJ mol-1), in excellent agreement with other pub-
lished values.10-13 We summarize the published thermody-
namic values in Figure 1. The Gibbs energies of formation of
ONOOH (þ31 ( 1 kJ mol-1),10,12 NO2

• (63 ( 1 kJ mol-1),14

andHO• (26( 1 kJmol-1)15,16 and the published rate constant
for reaction 4 (4.5� 109M-1 s-1)17,18 have been used to predict
a rateofhomolysisofONOOHat theO-Obond (reaction4)of
0.38 ( 0.25 s-1.10,11,19 However, this approach is valid only
when no branching of the reaction coordinate occurs, which is
not the case here: the reaction of HO• with NO2

• yields two
products, namely, ONOOH and NO3

-/Hþ.18 Since we have
searched for, but have been unable to find, evidence of
significant levels of formation of HO• from ONOOH,20-24 we
attempted to stimulate reaction 4 by laser flash photolysis.
A pathway of homolysis of ONOOH, distinct from reaction

4, leads to the formation of NO• and HO2
• (reaction 5). The

energiesof theseproductsof reaction lie 20kJmol-1 above those
of the products of reaction 4 (Figure 1):ΔfG�(NO•)=102( 0.2
kJ mol-1 is calculated from ΔfG�(NO•)g=þ86.57 kJ mol-1 25

and Henry’s constant, 1.92� 10-3 M 0.100MPa-1 26 at 25 �C;
ΔfG�(HO2

•) = 6.4( 1.0 kJ mol-1 is based on E�(O2/O2
•-) =

350( 11 mV27 and pKa,6 = 4.8( 0.1 for HO2
•.28 With k-5 =

3.2 � 109 M-1 s-129 and the Gibbs energies of formation of
ONOOH,NO•,andHO2

•,wecalculatek5=(0.8(1.0)� 10-4s-1,
which is more than 4 orders of magnitude lower than k4.
We report here thatNO• andHO2

•, but notNO2
• andHO•,

are formed by the photolysis of ONOOH. The observed
products recombine rapidly to form ONOOH.

Materials and Methods

Chemicals. (Me4N)ONOOwas prepared fromNO• and
(Me4N)O2 according to the method of Bohle et al.30-32

All reagent gases were obtained from PanGas (Dagmer-
sellen, CH). LiONOO was prepared as previously
described.33 All other chemicals were obtained at the
highest purity available and used as received. A Milli-
pore Milli-Q unit (Molsheim, F) was used to purify
deionized water.

Instrumentation. UV/vis spectra were recorded with a
double-beamAnalytik Jena Specord 200 (Jena,D).Rapid
mixing was achieved by the stopped-flow mixing unit
from Applied Photophysics, SX 17MV (Leatherhead,
Surrey, Great Britain), that was operated in the sym-
metric mixing mode interfaced to an Applied Photo-
physics LKS 50 instrument (Leatherhead, Surrey, Great
Britain). The quartz cell was asymmetric with a 10 mm
optical path length, a 2 mm laser path length, and a total
volume of 0.08 cm3; measurements were performed at
25 �C, maintained with a thermostat. Optical changes
were collected and stored on a WaveRunner 64Xi
digital oscilloscope from Lecroy (Chestnut Ridge, NY).
The bandwidth chosen for these experiments was
20 MHz, and the sampling rate was 200 MHz. The third
(λ=355 nm) or fourth (λ=266 nm) harmonic of aQuantel
Brilliant B Nd:YAG laser (Les Ulis Cedex, F) was used
with a pulse duration of 6 ns and spot size of
9 mm. The laser energies were determined with a PRD-J
peak-reading joulemeter from Gentec Inc. (Sainte-Foy,
Quebec, Canada). The pHwasmeasured with aMetrohm
glass electrode (Herisau, Switzerland) interfaced with a
901 microprocessor analyzer from Orion Research, Inc.
(Cambridge, MA).

Methods. Photolysis of NO3
-. Argon-saturated 1 M

NO3
- solutions were excited at 266 nm at pH 2.9-4.4,

and subsequent reactions were followed at 260 and 330 nm.
Highly concentrated solutions of NO3

- were used because
of the low absorbance of NO3

- at 266 nm (ε266=1.5 M-1

cm-1). ONOO (M= (Me4N)þ, Liþ) solutions were freshly
prepared in 10 mMMOH (M=Kþ, Liþ), kept in the dark
on ice.

Photolysis of ONOO-. Argon-saturated solutions of
ONOO- at ca. 2 mM in 10 mM MOH were mixed by
stopped-flow techniques at 25 �C with either 20 mM
H3PO4 or 100 mM pivalate buffer as a proton source to
final pH values of 2-5.5. After 5 ms of mixing, excitation
of ONOOH was achieved with a laser pulse of 266 or
355 nm with energies of 10-140 mJ/pulse (266 nm) or

Figure 1. The reaction coordinate for the photolysis of NO3
- showing

Gibbs energies of formation of ONOOH, ONOO-, and NO3
- and

possible products of homolysis and experimentally determined activation
energy barriers. Activation energies and the barriers for homolysis of
ONOO- to NO• and O2

•- and isomerization of ONOOH to NO3
- are

shown in red. Gibbs energies of reaction are shown in black.
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10-160 mJ/pulse (355 nm), and reactions were followed
at 260, 330, and 400 nm. The pH was recorded after
mixing. Transient absorbance changes at pH 4.8 were
recorded by changing the wavelength settings of the
monochromator in 5 nm increments from 235-300 nm.
The concentration of HO•, generated in photolysis ex-
periments, was determined by mixing ONOO- in a 1:1
ratio with NaCl at different concentrations in 20 mM
HCl before excitation with detection of the transient
Cl2

•- at 340 nm (ε340 = 8800 M-1 cm-1 34); NaCl
solutions photolyzed in 10 mM HCl served as controls.

Results

Photolysis of NO3
-. We investigated the photolysis of

NO3
-, the product of isomerization of ONOOH, in the

presence of the cations Liþ, Naþ, Kþ, Csþ, and (Me4N)þ.
We did not use RbNO3, because it is not sufficiently
soluble in aqueous solution. All alkalimetal salts ofNO3

-

behave similarly: during excitation at pH 2.9-4.4, an
initial increase in absorbance at 330 nm is observed
that is ascribed to the formation of ONOO-, followed
by a rapid decay that is linearly dependent on the Hþ

concentration and represents protonation of ONOO-.
The protonation takes place with a second-order rate
constant of (1.7 ( 0.8) � 1010 M-1 s-1 (data not shown).
From the absorbance of the initial product and reported
absorptivities forONOO- at 260 nm (ε=500M-1 cm-1)
and 330 nm (ε= 80M-1 cm-1)8 (Table 1), we calculated
that excitation at 266 nm with a laser energy of 100 mJ/
pulse results in the formation of 10 μM ONOOH.
After the protonation step, we observe a first-order
decay to initial absorbance levels at 260 nm with a rate
constant of 1.2 s-1, which we assign to the isomeriza-
tion of ONOOH to NO3

-/Hþ. The behavior of (Me4N)
NO3 was different from that of the alkali metal salts,
with a slower increase in absorbance followed by only a
single decay.

Photolysis of ONOOH. Laser flash photolysis ex-
periments were performed with Liþ as the counterion.
LiONOO (1.76 mM) was rapidly mixed with an equal

amount of 20 mM H3PO4 (final pH 2.1) and irradiated
with laser pulses at 355 nm. Only small changes in
absorbance were detected: the highest laser energy
used (142 mJ/pulse) resulted in an increase of 0.004
absorbance units at 260 nm relative to the preirradiation
level. Importantly, the subsequent decay in absorbance
to the preirradiation absorbance level obeys second-order
kinetics and is complete after 50 μs. The low signal-to-
noise ratio obviated meaningful evaluation of the traces.
We found larger absorbance changes at higher pH,
and Figure 2a shows data collected in a 100 mM pivalate
buffer at pH 4.1-5.4. The increase in absorbance at
260 nm as a function of pH approximates that expected
for HO2

•, the pKa of which is 4.8 (Figure 2b).28 When the
irradiation energy is varied, a strictly linear correlation
between the concentration of HO2

•/O2
•- and laser energy

is found (Figure 2c). Kinetics data obtained in additional
experiments performed with (Me4N)ONOO were similar
to those obtained with LiONOO.
We plotted the absorbance measured at 5 nm intervals

between 235 and 300 nm after excitation (355 nm, 125mJ/
pulse) at pH 4.83 (after mixing) in Figure 3a. At pH 4.8,
the concentrations ofHO2

• andO2
•- are the same, andwe

used molar absorptivities from the literature28,35 to eval-
uate the concentrations and rate constants to generate the
calculated mixed spectrum shown in Figure 3b. That

Figure 2. Photolysis (355 nm) of ONOOH, prepared by mixing
2.06 mM LiONOO in 10 mM LiOH, with a 0.1 M pivalate buffer, at
pH 4.1-5.4 and 25 �C. (a) Absorbance increase at 260 nm upon irradia-
tion and subsequentdecay attributed to second-order recombination. The
signal distortion at 58 μs was also observed in the absence of ONOOH.
(b) Absorbance at 260 nm (red data points) measured directly after
irradiation (140 mJ/pulse), with the species distributions of HO2

• (dashed
line) and O2

•- (solid line) calculated on the basis of pKa = 4.8. (c)
Concentration of HO2

•/O2
•-, based on absorbance at 260 nm, as a

function of laser energy.

Table 1.Molar Absorptivities of Relevant Species, Used to Calculate Yields and
Spectra in Figures 3 and 5

Excitation λ (nm) Observation λ (nm)

266, ε
(M-1

cm-1)

355,
ε (M-1

cm-1)

260,
ε (M-1

cm-1)

330,
ε (M-1

cm-1)

400,
ε (M-1

cm-1)

ONOOH8 450 70 500 80 8
ONOO-8 680 500 475 850 71
HO•45 480
HO•46 430
HO•47 454 135 30
HO2

•-28,35 540
O2

•-28,35 1940
NO• >10 >10 >10
NO2

•48 270 150 200
N2O4

36,49 750 300

(34) Under acidic conditions, Cl- reacts quickly with HO• to form
ultimately the strongly absorbing Cl2

•-. This is shown in the reactions
below. The yield of the transient Cl2

•- is dependent on the Cl- concentration
and the laser energy. HO•þCl-=HOCl•-, HOCl•-þHþ=H2OþCl•, Cl•

þ Cl- = Cl2
•-. Jayson, G. G.; Parsons, B. J.; Swallow, A. J. J. Chem. Soc.,

Faraday Trans. 1 1973, 69, 1597–1607. (35) Bielski, B. H. J. Photochem. Photobiol. 1978, 28, 645–649.
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the absorbancemaximumof the transient species lies near
240-245 nm is evidence for the formation of HO2

•/O2
•-,

which indicates that irradiation causes homolysis of the
N-O bond. The decay of the transient species is expected
to correspond to the reaction of HO2

• with NO• to reform
ONOOH, which should follow second-order kinetics. The
concentration of HO2

•/O2
•- immediately following irra-

diation with a laser energy of 125 mJ/pulse is >25 μM.
The decay rates are plotted as a function of the reciprocal
of the extinction coefficient in Figure 3c, from which we
determine a second-order rate constant of (1.2 ( 0.2) �
1010 M-1s-1 for reaction 5.

To probe for the formation of NO2
•, we analyzed the

kinetics of the reaction at 330 and 400 nm, where the
absorptivity of NO2

• and its dimer N2O4 is higher than
that of ONOOH.8,36 No change in absorbance was
detected at 400 nm, but we observed a transient decrease
in the absorbance at 330 nm that within 5 μs returned to
the initial level (data not shown).
We also attempted to find evidence for the for-

mation of HO• during the photolysis of ONOOH, via
its reaction with Cl- under acidic conditions.34 Solutions
of NaCl at various concentrations at pH 2 (HCl) were
mixed 1:1 with 2.03 mM ONOO- and irradiated. At the
highest Cl- concentration (110 mM) and a laser energy
of 135 mJ/pulse, the concentration of Cl2

•- generated
from HO• is only 0.9 μM. In the absence of Cl-, the
absorbance at 340 nm of a 1.01 mM ONOOH solu-
tion initially decreases, then returns to the initial
level (Figure 4). In the absence of ONOOH, but with
Cl- present, no absorbance changes after excitation at
355 nm were observed.
We also performed photolysis of ONOOH at 266 nm

(100 mJ/pulse) at pH 4.83 (after mixing) and found
corroborating evidence for the formation of HO2

•

(Figure 5), followed by second-order decay. The concen-
tration of HO2

•/O2
•- after irradiation is 125 μM, much

higher than that found after excitation at 355 nm, as
expected since the molar absorptivity of ONOOH
at 266 nm (450 M-1 cm-1) is much higher than at
355 nm, (70 M-1 cm-1).8 While photolysis at 355 nm
is fully reversible, that at 266 nm is not: the absorbance
at 235-310 nm is significantly lower at the end of
the experiment, likely due to a fast reaction of ONOOH
with HO• or H• and eaq

-, which originate from the
two-photon excitation of H2O

37,38 and, to a minor
degree, by HO• formed in reaction 4. By the irradiation
of acidic Cl- solutions, we determined that HO• is formed
in concentrations up to 5 μM.
When experiments were carried out over the

wavelength range 235-300 nm, we observed for both
excitation wavelengths that the rate constants increase
with decreasing molar absorptivities of HO2

• and

Figure 4. Trapping of HO•. Detection of Cl2
•- at 340 nm (ε = 8800

M-1cm-1) formed in the reaction of Cl- with HO• in acidic solution.
Solutions of 1 mM ONOOH (pH 2.1) were irradiated (355 nm, 135 mJ/
pulse) in the presence of 10 mM, 60 mM, and 110 mM chloride (blue
traces). The yields of Cl2

•- increase with [Cl-] to a maximum of 0.9 μM.
Control experiments: photolysis of 1.0 mM ONOOH in the absence of
Cl-, orange trace, and photolysis of 10 mM Cl- in the absence of
ONOOH, green trace.

Figure 3. Spectral changes upon photolysis (355 nm, 125 mJ/
pulse) of 1.1 mM (Me4N)ONOO at pH 4.8 and 25 �C, prepared
from equal volumes of 2.2 mM (Me4N)ONOO in 10 mM KOH
and a 0.1 M pivalate buffer. (a) Spectrum as a function of time after
the pulse, showing apparent second-order decay to initial absorbance
levels via recombinationofHO2

•/O2
•-withNO•, yield ofHO2

•/O2
•->25

μM. (b) Raw spectral data (gray circles) recorded 0.07 μs after photolysis
of ONOOH at pH 4.8. Spectrum of HO2

•/O2
•- (green line) calculated for

pH = pKa,6 = 4.8;28,35 experimental spectrum of ONOOH (red line),
extrapolated to λ < 250 nm based on an assumed symmetric band;
difference spectrum, Δε (gray line) = ε (HO2

•/O2
•-, green line) - ε

(ONOOH, red line). Spectral data corrected for the bleaching of
ONOOH (green points). Data points are derived from the data in a.
Note that the measured absorptivities and, hence, the shape of the
spectra are not dependent on the time elapsed after the flash over the
range of 0.07-5 μs. The data fit a model for exclusive formation of NO•

and HO2
• (reaction 5). (c) The observed rate constant as a function of the

reciprocal effectivemolar absorptivity (the sumof themolar absorptivities
of HO2

•, O2
•-, and ONOOH at 235-300 nm) at pH 4.8: a second-order

rate constant of (1.2( 0.2) � 1010 M-1 s-1 for the reaction of HO2
• and

NO• to form ONOOH is determined from the slope of the line. Rate
constants are derived from the data in a.
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Washinton, DC, 1981.
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O2
•- (for excitation at 355 nm, see Figure 3c, and at

266 nm, not shown).
Quantum Yields. We irradiated solutions of 1.1 mM

ONOO- in 5 mM KOH (final pH 11.7) as described by
Nauser and Koppenol4 and used eq 7 to calculate the
quantum yields (φ) of the reactions:

φ ¼ cproducts

cabsorbedphotons
ð7Þ

where cproducts is the concentration of the product;
furthermore, cabsorbed photons = ctotalphotons (1 - T), or

cabsorbedphotons ¼
Epulse � λ

h� c�NA � Virradiated
ð1-10-½HOONO��ε�llaserÞ ð8Þ

where Epulse is the laser energy, λ is the wavelength of
irradiation, h is the Planck constant, c is the speed of
light, NA is Avogadro’s number, Virradiated is the irra-
diated sample volume, ε is the molar absorptivity at
the irradiation wavelength, and llaser is the laser path
length within the cell. The quantum yields were calcula-
ted at a delay time of 75 ns. We determined a quan-
tum yield of 0.18 ( 0.03 for the generation of NO• and
O2

•- from ONOO-. In addition, we found the same
quantum yield when we re-evaluated the experi-
mental data in the work of Nauser and Koppenol.4

Similarly, we calculated a quantum yield for the in-
duced N-O bond scission of ONOOH of 0.15 ( 0.03 at

355 m and 0.18 ( 0.04 at 266 nm. The quantum yield of
the NO3

- excitation to form ONOOH is 0.007.

Discussion

The main conclusion that we can draw from the work we
present here is that laser flash photolysis of ONOOH at 355
nm causes scission of the N-O and not the O-O bond.

Photolysis of NO3
-. Depending on pH, photolysis of

the NO3
- solutions leads to the formation of ONOO-

and ONOOH.39-44 Upon irradiation of NO3
- solutions

at 266 nm, we observe an immediate increase in absor-
bance, followed by a pH-dependent decay with a second-
order rate constant of (1.7 ( 0.8) � 1010 M-1 s-1, which
we ascribe to the protonation of ONOO- to form
ONOOH, and a subsequent decay of ONOOH (k1 =
1.2 s-1).8 Identical results were obtained for Liþ, Naþ,
Kþ, and Csþ salts of NO3

-; RbNO3 could not be tested
because of its low solubility. Photolysis of (Me4N)NO3

solutions yields qualitatively different results, in whichwe
observe an initial absorbance increase instead of a rapid
decay that we assume is due to the reaction of (Me4N)þ

with products of two-photon processes. It is possible that
irradiation of solutions at 266 nm results in a two-photon
excitation of H2O to generate reactive species such as
HO•. Since alkali metal ions, unlike (Me4N)þ, do not
react with HO•, we decided to use LiONOO for experi-
ments with ONOOH.

Photolysis of ONOOH. At pH 2.1, with excitation at
355 nm, the photolysis of ONOOH triggers a reversible
process: We observe an increase in absorbance at 260 nm
upon photolysis that is pH-dependent between pH 4.1
and 5.4 (Figure 2B), as well as bleaching at 330 nm, both
of which return to preirradiation levels. The increase in
absorption at 260 nm could be explained by the formation
of either NO2

• þ HO• (reaction 4) or HO2
• þ NO•

(reaction 5). However, we favor the reversible formation
of HO2

• andNO• (reaction 5) over reaction 4 as the major
pathway, because (i) at 260 nm, we observe a pH-depen-
dent increase in absorbance around pH = 4.8, the pKa,6

of HO2
• (Figure 2B),28 whereas the sum of absorptivities

of HO• and NO2
• is not pH-dependent, as neither NO2

•

nor HO• has a pKa in that region at 260 nm; (ii) the
bleaching observed at 330-400 nm, rather than the
absorption increase expected for reaction 4, may be
explained by the formation of HO2

• and NO• (reaction
5), because the molar absorbtivities of HO2

• and NO• at
330 nm are lower than that of ONOOH (Table 1); (iii) the
scavenging experiments with Cl- indicate that •OH for-
mation is negligible, and neither HO2

• nor NO• would
oxidize Cl-; (iv) any excess ONOOH is expected to be
oxidized by •OH but not by HO2

• or NO•; thus, the
relaxation of the absorbance signal for ONOOH to the
preirradiation level indicates that no •OH is formed (by
contrast, •OH from the radiolysis of water produced by
irradiation at 266 nm reacts with excess ONOOH, and

Figure 5. Spectral changes upon photolysis (266 nm, 100 mJ/pulse) of
1.1 mM (Me4N)ONOO at pH 4.8 and 25 �C, prepared from equal
volumes of 2.2 mM (Me4N)ONOO in 10 mMKOH and a 0.1M pivalate
buffer. (a) Spectrum as a function of time after the pulse, show-
ing apparent second-order decay via recombination of HO2

•/O2
•- with

NO•, ca. 125 μMyield of HO2
•/O2

•-. In contrast to photolysis at 355 nm
(Figure 3a), the absorbance of the reactionmixture decays to a level lower
than the initial level. (b) Spectral data, corrected for the bleaching of
ONOOH, recorded at 0.07μs (green circles) and5μs (green triangles) after
photolysis ofONOOHatpH4.8 and calculated spectrumofHO2

•/O2
•- at

pH 4.8 (green line), as in Figure 3b. Data points are derived from the data
ina. In contrast tophotolysis at 355nm(Figure 3b), a systematic deviation
from a model for exclusive formation of NO• and HO2

• (reaction 5) is
observed at λ>300nm for 0.07μs timepoints (circles) and at λ<250 nm
for 5 μs points (triangles).
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relaxation of the absorbance signal to preirradiation
levels is not observed); and (v) at both excitation wave-
lengths, the spectra collected at pH 4.83 fit calculated
spectra.

We report here a rate constant k-5 = (1.2( 0.2)� 1010

M-1 s-1 for the recombination of HO2
• with NO• at pH

4.1-5.4. This rate constant is ca. 4-fold higher than the
value obtained bypulse radiolysis, 3.2� 109M-1 s-1,29 and
equivalent to that observed in basic aqueous solutions for
the reaction of O2

•-withNO•, (1.6( 0.3)� 1010M-1 s-1.4

With k-5= (1.2( 0.2)� 1010M-1 s-1, we calculate a rate
constant k5 = 0.0003 s-1 for the homolysis of ONOOH to
HO2

• and NO•. This rate constant indicates that it is not
possible to detect this homolysis reaction becauseONOOH
isomerizes with a rate constant of 1.2 s-1.

The results of our investigations of photolysis of
(Me4N)ONOO solutions (Figure 3) were similar to those
found with LiONOO (Figure 2), probably because the
concentration of (Me4N)ONOO was much lower, 1 mM,
than the 1 M solutions used in the (Me4N)NO3 ex-
periments. The decay in absorbance after photolysis at
266 nm of (Me4N)ONOO solutions ends at levels lower
than the absorbance of the initial mixture (Figure 5),
possibly because two-photon processes lead to the for-
mation of products that react either with the remaining
ONOOH or with the formed HO2

•, O2
•-, and NO•. We

further assume that HO• produced by two-photon excita-
tion of H2O reacts more rapidly with ONOOH than with
(Me4N)þ.

Quantum Yields. For all experimental conditions,
whether acidic (ONOOH) or basic (ONOO-), the quan-
tum yields resulting from excitation at 266 or 355 nm are
essentially identical (15%) within the error, which allows
us to conclude that similar energies are required to break
the N-O bond in both ONOO- and ONOOH. The
activation energy for homolysis of the N-O bond of
ONOO- is 102 kJ mol-1 and that of O2NOO- is 93 kJ
mol-1;9,50 hence, we estimate a N-O bond dissociation
energy of 100 kJ mol-1 for ONOOH. Furthermore, we
assume that the remaining 85% of the quantum yield can
be assigned to an excited state of ONOOH that rapidly
decays to the ground state.

Formation of HO• by Photolysis.To detect yields of O-
O homolysis, we trapped HO• with Cl-. In con-
trast to Br- and I-, Cl- does not react with ONOOH
or its decomposition products.24,51,52 We determined a
yield of 0.9 μMHO• for the homolysis of ONOOH under
conditions that produced more than 25 μM HO2

and NO•. In control experiments in which we irradiated
acidicCl- solutions at 355 nm laser light (135mJ/pulse) in
the absence of ONOOH, we observed no formation
of Cl2

•- at 340 nm. However, with excitation at 266 nm

(108 mJ/pulse), we observed the formation of 5 μMHO•,
which implies that two-photon reactions are relevant
at this excitation wavelength.37 Subsequent reaction of
HO• with ONOOH explains the loss of absorbance after
the recombination of HO2

• and NO•. We assume that
the rate constant for the reaction of HO• with concen-
trated ONOOH is similar to that for the reaction with the
anion, (4.8-5.8) � 109 M-1 s-1.8,53 By implication, then,
two-photon excitation of the solvent at 355 nm is irrele-
vant, and any Cl2

•- formed originates from the HO•

generated by ONOOH photolysis. The reaction of
O2

•- with Cl- is negligible, with a rate constant of
<0.014 M-1 s-1.54 Reactions of HO2

• and O2
•- with HO•,

whichhave rate constantsof (0.7-1.0)� 1010M-1s-1 55,56 and
(0.9-1.0) � 1010 M-1s-1,55,56 respectively, and of NO• with
HO•, with a rate constant of (1.7-2.0)� 1010M-1 s-1,49,57

are also unimportant. Finally, with respect to the reaction
of NO• with HO2

•, we can neglect reactions of HO2
•

with itself (k = 1.0 � 106 M-1 s-1)58 or with O2
•- (k =

9.7 � 107 M-1 s-1).28

Our results obtainedbyphotolysis at 355 nmshow that the
yields of the photolysis products are<5%ofHO• andNO2

•

in comparison to>95%ofHO2
• andNO•. These results are

counterintuitive within the framework of the given thermo-
dynamic data on ONOOH, NO•, HO2

•, NO2
•, and HO•

shown in Figure 1 in that, without regard to activation
energies, these data favor NO2

• and HO• as homolysis
products. An obvious argument is that photochemistry
processes involve excited states and reaction pathways dif-
ferent from those that involve ground-state structures.
In a report combining infrared spectroscopy data with

quantum calculations, it has been suggested that
ONOOH may undergo homolysis, directly and reversi-
bly, to form NO• and HO2

•, and, indirectly, by way of
several intermediates to NO2

• and HO•.59 Additionally,
isomerization to NO3

- and Hþ acts as a sink that
effectively prevents the formation of free NO2

• and
HO•. If this is so, then how canONOOHact as a powerful
oxidant? According to a recent ab initio study, ONOOH
reacts by way of a two-state reactivity paradigm in which
the activated and oxidizing form of ONOOH is a triplet-
state intermediate described as a “hydroxyl radical stabi-
lized by a nitrogen dioxide group”.60 The findings of
Contreras et al.60 support our position that isomerization
of ONOOH takes place via intramolecular reorganiza-
tion rather than by homolysis.
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