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The formation of ONOOH/ONOOIin water has been studied using the pulse radiolysis of nitrite and nitrate
solutions. The overall rate constant of the reactiorOt with *NO, was determined to be (18 0.2) x 10'°
M~1sL This reaction generates almost equal amounts of ONOOH and M®*. The overall rate constant

of the reaction ofNO, with O*~ was determined to be {34) x 10° M~* s™%. From published thermodynamic
data the equilibrium constant of homolysis of ONO{to *NO, and O~ is calculated to be (5.9 2.9) x

10716 M, and hence the calculated rate constant of homolysis of ONf@® *NO, and O~ is (0.9-3.5) x

10 6 s, The rate constants for ONOQlecomposition at pH 13 and 14 (2&8) were determined to be 1.3

x 1075 and 1.1x 10°® s, respectively, and the yield of NOin this process was found to be ca. 50%. On
the assumption that ca. 1/2 of ONO@ecomposes via homolysis imdO, and O, a limiting rate constant

for the decomposition of ONOOcan be predicted at sufficiently high pHy = (0.36-1.4) x 1075 s,
which is four times as high as the rate constant of homolysis'h@ and O~. Both results are in excellent
agreement with the homolysis model. The activation parameters for the decomposition of GNP 14
were determined to b& = 8 x 10°s ! andE, = 21.7 kcal/mol. The relatively lovhA value suggests a high
degree of solvent organization in the transition state. The mechanisms of homolysis of ONOOH and ONOO
are compared and discussed in detail.

Introduction ONOOH=="NO, + "OH Q)

The importance of the coupling 0RO with O~ to yield
ONOO in biological systems was first suggested by Beckman

et all Using different methods, the rate constant of this reaction L . .
has beer|1 getlermined to be between 28.8C° and 1 9; 1080 I pKa(ONOOH), the contribution to the product yield of reaction

ML 5.2-6 The rate of decomposition of peroxynitrite (ONOOH/ 2 relative to that of reaction 1 increases with pH and becomes

ONOO") is highly pH-dependent, and it has been suggested dominant above pH 8! Therefore, the experimental yields of
that only the acid form, ONOOH ’decomposk(s(: 1.9-13 nitrite and Q increase with pH at the expense of the nitrate in
s1at 25°C)57 wherea’s ONOO i,s essentially stable? The a sigmodial Jash'ion, and the two yields become roughly equal
pKz(ONOOH)= 6.5-6.8 has been determined using kinetics at ca. pH 87 which differs from ‘Ka(ON.OOH)' : .
and absorptioh® measurements. However, it has been reported Koppenol_ and (_:o_-workers a_rgued against _homoly5|s (react_lon
in several earlier studi&s!* that the measured decay rates of 1)p2252¢as, in their interpretation of the data in ref 8, homolysis
ONOO™ at pH> 10 are faster than the calculated ones assuming \t/vou_ldlg)e fqlI?w%thg/C;iEédTrﬁcombmat.lon d:ljoz with .OH i
that only the acidic form decomposes. An exceptional situation 0 yield mainly ’ IS réasoning, NOWEVET, 1S no

arises when C@(added or adventitious) accelerates ONOO correct, because the highly rf_eacti_v ¢ and “”Se'e.mfadica'
decompositioff and gives rise to very reactive intermediates WO_Uld react predominantly with nitrite, peroxynitrite, the buff(_er
during this proces&:17 or impurities, and thus less than ca. 1% of it would recombine

The decomposition of peroxynitrite in acidic solutions mainly with *NO,. Furthermore, we shall show in the present study,
yields nitrate as the final product, but as the pH is raised, O for the first time, that the reaction 6®H with *NO, generates

and nitrite in a 1:2 proportion are formed at the expense of ni- almost equal amounts of ONOOH and NOF H”.
trate, reaching ca, 40%@t pH 91819 The mechanism of the Recently, the Gibbs free energy of formation of ONO@

decomposition of peroxynitrite has been under controvef3y 22 water was determined to be 16460.4 kcal/mok* and from
However, in our opinion, this controversy is now resolv'ed in this value and pther thermodynamm data the equilibrium
. Lo o ’ constant of reaction 3 can be obtained.

its major points, as a scrutiny of ref 23 will reveal. It has been

shown that the pH dependence of the product yield during
peroxynitrite decomposition is explained by the simultaneous
presence of homolysis reactions 1 an&t 2As k, ~ 0.02 st

and the effective rate constant of reaction 1 decreases above A_S aconsequence of reaction 3 the decgy_rate of ONGO
sufficiently high pH must reach a lower limit. Part of these

- results has been presented in ref 27. The present work gives,
* To whom all correspondence should be directed. . L .
t Royal Institute of Technology. among others, a detailed description of the prediction and
*Hebrew University of Jerusalem. determination of this limiting rate constant. Furthermore, the
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ONOO™ ='NO + O,~ )

ONOO ='NO,+ O™~ 3)
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TABLE 1: Reaction Mechanism and Rate Constants for the Nitrite System Where Only Reactions-1, 4-6, and 9-11 Were

Used for Simulating Peroxynitrite Yields

no. reaction k, M1s1 ref
4 *‘OH + NO;~ — OH~ + *NO;, (5.34 0.5) x 10° this work (33)
5 *OH + *OH — H,0, 55x 10° 32
6 *OH + ONOO — ONOO + OH™ (NO + O, + OH") 48x 10° 35

-1 *OH + *NO,— ONOOH (4.5+1.0)x 1 this work
7 *NO; + *NO, = N,O, k; =4.5x 108 36

k7=69x 10®s?!

8 NoO4 + H,O0 — NO,™ + NOs~ + 2H* 18.0 36
9 H* 4+ *NO, — NO,™ + H™ 1 x 10w 8

10 H + *OH— H,O 2 x 100 37

11 H + NO,” —*NO + OH~ 7.1x 108 32

ONOOH==ONOO + H" pKa= 6.6 3,58

a A referee suggested that reaction 6 may instead be an oxygen transfer, yieldingaihNDHQ". Experimentally, these two possibilities are
indistinguishable, since both reaction modes will result in the same final product distribution. However, we feel that electron transfer elynore lik

than oxygen transfer, as the latter reaction is expected to be slower than the former. For instance, even the energetically extremely favorable oxyge

transfer reaction betwee®H and Q has a rate constant as low as® M~

temperature dependence of the decay rate of ON@{ll be
reported and compared to that of ONOOH.

Experimental Section

Chemicals.All chemicals were of analytical grade and were
used as received. Solutions were prepared with distilled water
that was further purified using a Milli-Q water purification sys-
tem. Fresh solutions of peroxynitrite were prepared daily by
reacting nitrite with acidified hydrogen peroxide at room temper-
ature in a quenched-flow system, as was recently desctfbed.
The yield of ONOO was determined from its absorption at
302 nm usinge = 1670 M cm™1.2° The stock solution of
peroxynitrite contained-79% nitrite and practically no residual
H20;.

Apparatus. Stopped-flow kinetic measurements were carried
out using the Bio SX-17MV Sequential Stopped-Flow from
Applied Photophysics with a mixing time of less than 2 ms
and a 1 cmlong mixing cell. The peroxynitrite ion at pH 12
was mixed in a 1:1 ratio with 0.2 M acetate buffer to a final
pH of 4, which was measured at the outlet of the flow system.
The decomposition of ONOOH was followed at 280 nm. The
kinetic measurements were carried out at-348.1°C.

The decomposition of ONOOwas followed at 302 nm in
closed cuvettes to eliminate the absorption of ,(fy the
solution, which may interfere with the measurements. The
kinetic measurements were carried out at-Z% °C using a
HP 8452A diode array spectrophotometer coupled with a
thermostat (HP 89075C Programmable Multicell Transport).

Pulse radiolysis experiments at ambient temperature were
carried out in Stockholm whta 3 MeV linear accelerator using

1g132
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Figure 1. Experimental £10%) and modeled (solid lines) yields of
peroxynitrite measured in irradiated . ®saturated solutions as a
function of nitrite concentration at pH 8, 20 ms after a constant pulse
of 37 Gy. The upper line was obtained wkh; = 4.5 x 1° M1 s
andk_1, = 0; the lower line, withk-1 = 4.5x 1° M1 s} k-1,= 3.5
x 1 M~1st

Results

Reaction of *OH with °*NO,. Previously, the rate constant
of reaction—1 has been determined to be (451.0) x 10°
M~1 s 1using pulse radiolysis of }¥D-saturated nitrite solutions

a pulse length of 6 ns. Doses ranged from 16 to 26 Gy/pulse.at pH 9.5 In the present study additional pulse-radiolysis
The computerized optical detection system has been describedexperiments were performed, where the yield of peroxynitrite
elsewhere? Corresponding experiments in Jerusalem were run was measured as a function of [NQ, at pH 8.0 (2 mM
with a Varian 7715 linear accelerator with 5 MeV electron pulses phosphate buffer) for a pulse of 37 Gy (Figure 1). Under these
of 1.5 us and 200 mA, as previously described in detail. conditions the formation of peroxynitrite via reactienl is
Dosimetry was performed with a)®-saturated 5 mM Kre- affected by other second-order radicghdical reactions as well
(CN)s,%! and doses ranged from 39 to 43 Gy/pulse. Briefly, as by reactions involving the*Hadical, which makes up 10%
irradiation of He-saturated aqueous solutions generates essenef the total radical yield. The reaction mechanism for this system
tially equal amounts ofOH and g4, and the latter is con-  is given in Table 1. The absorption at 302 nm was measured
verted into'OH when He is replaced by 9. In both systems 20 ms after the pulse, where the excestN@d, and NO,, which

the yield of H is ca. 10% of the total radical yield at pH 3, are formed in this system and absorb in the same wavelength
and at pH 14 His converted into g via its reaction with region as ONOO, have already decayed (reactions 7 and 8).
OH—.32 The rate constant of the reaction"@H with N,O, is not known.

Modeling of the experimental results was carried out using
INTKIN, a noncommercial program developed at Brookhaven
National Laboratories by Dr. H. A Schwarz.

However, even if it were to approach the diffusion-controlled
limit, the contribution of this reaction would be minor, and hence
can be ignored. The reported valuekg¥ary in the literature
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TABLE 2: Reaction Mechanism and Rate Constants Used for Simulating Peroxynitrite Yields in the Nitrate System

no. reaction k,M~1s1 ref
12 &q + NO3™— NOs?~ 9.7 x 10 33
13 NOZ~ 4+ H,O — *NO; + 20H- 5.5x 10* 8,39
13a NQ?~ + H,PO;~ — *NO, + HPO2~ + OH- 5x 10° 3r
5 *OH + *OH — H,0, 55x 10° 32
6 *OH+ ONOO —*NO + O, + OH~ 48x 10° 34
-1 *OH + *NO,— ONOOH (4.5+1.0)x 1 this work
—la *OH+ *NO,— NO;~ + H* (45+£1.0)x 10° this work
7 'NOZ + 'NOZ = N204 k7 =45x 1C® 36
k;=6.9x 10°s?
8 N204 + Hgog’ N027 + N037 + 2H* 18.0 36
9 H* +NO,— NO;~ + H* 1x 1010 8
10 H + *OH— H,0 2 x 10w 37
14 H + NOs~ — HNOs;~ 1.0x 107 8
ONOOH=0ONOO + H* pKa= 6.6 3,8,5

aThe rate of conversion of N@ into *NO; is catalyzed by KPO,~, and under our experimental conditions-0 mM phosphate buffer, pH

5.6—-8) the rate constant for this process exceeds 10 s 1,838

from 6.0 x 10° to 1.4 x 109 M~ s7132 Therefore, we
redeterminedk, = (5.3 & 0.5) x 10° M~ s 1 under our
experimental conditions (pH 8.0, 2 mM phosphate buffer) using
competition kinetics with Fe(CN)~.3% Reactions 7 and 8 were
omitted from the simulation, as they have only a minor effect
on the yield. Thus, only reactionsl, 4-6, and 9-11 (Table

1) were used for simulating peroxynitrite yields in the nitrite
system. The best fit to the experimental results was obtained
for kg = (4.5 + 1.0) x 1° M~1 s71 (Figure 1, upper line).
Simulating bothk, andk_; and assumingyy > 5.3 x 10° M1

s 1 results in the best fit foky = 7 x 10° M~ st andk_; =
5.5x 1® M~1 s, where the former value is identical to that
determined recently via competition with Igt.34 The data
could not be well fitted fok, > 7 x 10® M1 s, Logager and
Sehestetidetermined through simulatidn.; = (4.54 1.0) x

10° Mt st andks = (6.0 & 1.0) x 10° M~ s71, although
reactions 6, 10, and 11 were ignored and Hothandk, were
simulated (see ref 38). In the nitrite system the yield of
peroxynitrite perOH radical is less than 10%, as most of the
*OH radicals are consumed in reactions 4 and 5. Since the
product of reaction-1 is measured directly at 302 nik,; can

[peroxynitrite] (uM)

2 1 1
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Figure 2. Experimental £10%) and modeled (solid lines) yields of
peroxynitrite measured in irradiated He-saturated solutions containing

8.0

be determined accurately. In contrast, this system is unsuitable3 MM nitrate as a function of pH, 20 ms after a constant pulse of 43

for the determination ok-1, given that direct observation of
NO;~ is not possible.
"OH + "NO,— NO,” + H" (—1a)

In Figure 1 it is shown that the calculated lines for = 4.5
x 1® M7t st andk-;, = 0 or 3.5x 10°® M7t s fit the
experimental yields almost equally well. We conclude that from
the nitrite system one obtaiks; = (5.04+ 1.0) x 10° M~1s71

For a reliable determination &f 1, we have to study a system
where the yield of ONOOH pe©OH radical is high, i.e., where
reactions—1 and —1a are dominant processes. We therefore
measured the yield of peroxynitrite as a function of pH in He-
saturated solutions containing 3 mM nitrate and1d mM
phosphate buffer for a pulse of 43 Gy. The reaction mechanism
is given in Table 2, where all rate constants are known except

Gy. All lines were calculated wittk-; = 5 x 1® M~! s™* and
k_1a = O (upper), 5x 1® M~ s (middle), and 7x 1(°® M~ st
(lower).

the experimental ones. The important conclusion is that, no
matter what the precise value lof;, the best fit is obtained for
k-1 ~ k-1a Therefore, the reaction e®H with *“NO, generates
about equal amounts of ONOOH and MO+ H*. The overall
rate constant of the recombinatidn,; + k-15 is (1.0+ 0.2)

x 1010 M~1 571,

Previouslys the yields of peroxynitrite were measured in the
nitrate system only in acidic solutions (pH-8.85), and the
modeled yields were reported to be identical to the measured
ones assuming-; = 4.5 x 10° M~ s~ andk_1,= 0 (see our
comments regarding these results in ref 40).

Reaction of O~ with *NO,. The effective rate constant of
the reaction ofOH/O~ with NO,™ at pH 14 was found to be

k-1a In this system one generates essentially equal amounts of(6.7 & 1.0) x 10’ M1 s71 using competition kinetics with ©

*OH and*NO; radicals, and the yield of ONOOH pe®H
radical is substantially higher than in the nitrite system, because

for which k(0= + O) = 3.6 x 10° M~1 57132 This effective
rate constant implies that more than 50% of the reaction is by

the*OH radicals are consumed at comparable rates in reactionsway of *OH reacting with NQ~ to yield *NO,. The formation

—1 and 5. Figure 2 displays the experimental and simulated
yields of peroxynitrite at different pH values far; =5 x 1(°
M-1sTandk_15=0,5x 10° and 7x 10° M~ s™L. As seen
from this figure, exclusion of reaction-1a in the simulation
results in considerably higher calculated peroxynitrite yields than

of °NO- in the latter process was confirmed at pH 12 in irradiated
N,O-saturated solutions containing 2 mM BGand 0.4 mM
methyl viologen (MV#1). If HNOz~ were formed in the reaction
of *OH with NO,™ at pH 12, the deprotonation of HNO by
OH~ would be faster than the expulsion of Olftom HNO;™,
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TABLE 3: Reaction Mechanism and Rate Constants Used
for Simulating the Yields of ONOO~ and O,NOO~ at pH 14

no. reaction k,M~1s1 ref
15 °*OH+ NO;  —OH +°NO; kef=6.7x 10’ this work
16 O +0 — 02 <9 x 108 32
-3 °*NO,+ O~ — ONOO (3—4) x 1 this work
—3a °‘NO,+ O~ — NOs~ <4 x 10° this work
17 O~ +HO, — Oy + OH 55x 108 32
18 °NO; + O = O,NOO~ koo=4.5x 10° 41,42
k-20=1.0 st
19 ONOO — O, + NO,~ 1.0st? 41, 42
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Figure 3. Experimental £5%) and modeled (line) absorption yield
measured at 302 nm in irradiated® nitrite solutions at pH 14 as a
function of nitrite concentration. The absorption was measuretid4
ms after a constant pulse for which*[Q= 22 uM, where both ONOO
and QNOO™ absorb é30{ONOO™) = 1670 M 1cm™1,2% €30(O,NOO")

= 1360 M'cm™1 4143, The optical path length was 12.1. The solid
line was obtained witlk_3 = 3 x 1® M~1standki=9 x 1M1
s7%, and the dashed line, with 3 = k_3,= 4 x 10° M~ st andks =
3x 1M 1sl

and the fast reduction of M¥ by NOz>~ would take placé?
However, the characteristic absorption of M\Vinder these
conditions was not observed. If*Oalso contributes to the
reaction at pH 14, it is likely to oxidize N to *NO; rather
than add to N@ to form NOs?~. This follows from our finding
that in irradiated He-saturated solutions containing 0.1 M,NO
and 1 M NaOH, the characteristic absorption of ROin the
UV regior®® was not observed.

When NO-saturated solutions containing 0-:66.5 mM
nitrite and 1 M NaOH were irradiated, all the primary free
radicals formed by the radiation were converted into,@nd

Merenyi et al.
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Figure 4. Eyring plots obtained for the decomposition of peroxynitrite
at pH 4 and 14.

TABLE 4: Activation Parameters Obtained for the
Decomposition of ONOOH and ONOO at pH 4 and 14,
Respectively

pH AS eu  AH¥ kcal/mol E., kcal/mol A st
4 13 21.2 21.8 x 1016
14 —-11 21.1 21.7 8 10%

x 10° M~1 s71, Keepingkse in the interval (3-9) x 108 M1
s71, we can get a good fit over the whole nitrite concentration
regime (Figure 3). We conclude thiats = (3—4) x 10° M~!

s 1 and that the yield of N@ formed in the reaction of O
with *NO, cannot exceed 50%.

Decay of ONOOH at pH 4. The temperature dependence
of the decomposition rate of ONOOH was measured in the
interval 3.2-48.1°C at pH 4 (0.1 M acetate buffer). The Eyring
plot is given in Figure 4, and the extracted activation parameters
are collected in Table 4.

Decay of ONOO™ at High pH. The decomposition of 01
0.45 mM ONOO at pH >12 obeyed first-order kinetics. The
observed first-order rate constant was found to be independent
of [ONOO], (Figure 5), and hardly affected by the presence
of 0.1 mM DTPA (results not shown). The latter observation
rules out catalysis of ONOOdecomposition by traces of metal
impurities, as suggested earliérThe derived first-order rate
constants at pH 12.2, 13, and 14 are very close,>2.1075,

1.3 x 1075 and 1.1x 107 s71, respectively (Figure 5), and
give the limiting rate constarky ~ 1 x 105 st at 25°C.

During the decomposition of peroxynitrite at pH 14 we
observed the buildup of the characteristic absorption of nitrite

the buildup of the absorption at 302 nm was observed. The (Figure 6). We determined the yield of nitrite between pH 13
dynamics of the system is described by the reactions in Tableand 14 using the Griess method to be ca. 50% at°’@5
3. The absorption at 302 nm as a function of added nitrite was (unpublished results).

measured 410 ms after a constant pulse (Figure 3). At this
wavelength both ONOO and QNOO~ absorb, where the
former is by far the major absorbing species. At high nitrite

concentrations (right-hand side of Figure 3) only reactions 15,

—3, and—3a are important. A good fit could be obtained as
long ask-_3, did not exceed 4« 10° M~1s71, The value ok_3

is insensitive to that ok—z, Varying the latter from O to 4

10° M~1 s71 causedk_3 to increase from 3« 10° merely to 4

The temperature dependence of the decomposition rate of
ONOO™ was measured in the interval 237 °C. The Eyring
plot is given in Figure 4, and the extracted activation parameters
are collected in Table 4.

Discussion

Yield of *OH Radicals during Decomposition of ONOOH.
It has been well established that the major product of ONOOH
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Figure 5. Decomposition at 25C of 0.46 mM ONOO at pH 12.2
(dashed lineky = 2.1 x 10°° s7%), pH 13 (dotted lineky = 1.3 x
10°s™), and pH 14 (solid lineks = 1.1 x 107 s71). Lower solid
line: decomposition of 0.11 mM ONOQGat pH 14,ky= 1.2 x 10°°
sL
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Figure 6. The absorption of 0.485 mM ONOCat pH 14 after 22 h,
where ONOO was allowed to decay at 40°%.

decomposition is Ng 141819 There is also consensus that a
certain fraction of ONOOH forms a reactive intermediate, which
is capable of oxidizing a large variety of substraté$20
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Generally, oxidation of a substrate by this intermediate leads
to the formation of reactive radicals, which undergo further
reactions, especially with peroxynitrite itsé¥. Therefore,
conventional analysis of some end product(s) is rarely a reliable
measure of the initial yield of oxidative intermediates. The
results are least ambiguous if this radical is relatively stable,
and its yield can be measured in situ by some spectroscopic
method. Accordingly, the most reliable values are obtained in
the Fe(CNy*~ and ABTS (2,2azinobis(3-ethylbenzothiazoline-
6-sulfonic acid)) systems where Fe(GN)or ABTS™ are easily
measured, and it is in these systems that the highest oxidation
yields are found, i.e., 3640%2° We believe that the highest
yields give the best values, as any secondary reactions can only
lower the yield of any particular end product. While the ABTS
and Fe(CNy*~ systems are suitable for the determination of
the yield of the intermediate, they are not selective and therefore
cannot reveal the nature of this intermediate. Our experimentally
derived thermokinetic datdsuggest that this reactive intermedi-
ate is the coupleOH and°NO,, and its yield is 36-40%.
Consequently, lesser yields reported can probably be attributed
to further consumption of initially formed radical and nonradical
products by’NO, and/or by secondary radicals formed from
*OH and the substrate.

Comparison of Predicted and Experimentalky Values.The
Gibbs free energy of formation of ONOQnN water has been
determined to beA{G° (ONOO") = 16.6 + 0.4 kcal/moP*
Utilizing AfG°(*NO,) = 15.1 kcal/mat* andA:G°(O* ") = 22.4
kcal/mol#* we obtainKs = (5.9 & 2.9) x 10716 M, and using
k-3 = (3—4) x 10® M1 s71, one calculatek; = (0.9-3.5) x
108sL

The decomposition of ONOOto yield NO,” and G at pH
14 can be described by reactions 2, 3, 3a, and2Z3

O +0,=0"
kyo=3.8x 1M 's ! k

0=2.6x10°s % (20)

0, +"NO—NO, + 0,

kyy,=3.5x 10° M s 14 (21)

"NO + *NO, == N,0,
kpp=1.1x 1M sk ,,=8.4x 10°s % (22)

N,O, + 20H — 2NO,” + H,0

kys =1 x 10F[OH] s+ (23)
As k; is much larger thaks, the equilibrium between ONOO
and *NO + Oy~ (reaction 2) is maintained throughout the
decomposition of ONOGQ, and the equilibrium concentrations
of *NO and Q*~ are in large excess (more than 1000-fold) over
the steady state concentrationsNfD, and Q. Thus,"NO;
and @~ will consume @~ (reactions 18 and 19) artNO
(reactions 2123), and the net result is the consumption of two
ONOO ions for every homolysis via reaction 3. However, as
during the decomposition of ONOGQhe yield of NQ~ is ca.
50%, it follows thatky = 2ks + kza, Ksd(ksa + 2ks) ~ 0.5, and
henceks ~ 0.5z,

ONOO — NO;~ (3a)
Thus,kg = 4ks = (0.36-1.4) x 105 s71, which is in excellent
agreement with the experimental limiting ~ 1 x 1075 s™.
We conclude that the magnitude kf at high pH constitutes
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SCHEME 1 Thermochemistry of ONOOH/ONOO~ and *OH/O*~ in
NOy +H' Aqueous Solution.The activation energy of ONOOH decom-
Ty position is 21.8 kcal/mol. We estimatesH® = 19 kcal/mol
Kee K for reaction 1 assuming ca. 3 kcal/mol for the activation energy
ONOOH - [ NO;"OHlexge - “NO; +"OH of the close to diffusion-controlled reverse reactigiNO, +
e - *OH). An independent estimate AH°; can be made as follows.
SCHEME 2 AH°(ONOO™) = —10 + 1 kcal/moP* andAH® = 4 + 2 kcal/
NO- mol?2were reported for the acidic dissociation of ONOOH. The
Tk’; latter value was confirmed by us, and we obtained4.8.5
- fa kcal/mol. Thus, AiH°(ONOOH) = —14.3 £ 1 kcal/mol.
ONOO' == [NO; O |y ——= NO,+ 0" Furthermore AsH°(*NO,) = 2.9 kcal/mol?2 The enthalpy of
caee kan formation of*OH(aq) can be estimated as follows. Comparing

) the entropies of hydration of gaseous Ne, RO, O, H20O,
another strong evidence, were one more needed, for thegng 10,53 we find that they all lie betweer19 and—25 eu.
homolysis reactions3. _ It is therefore reasonable to assume the corresponding value

Description of Homolysis in Terms of the Radical Cage oy *OH to be—22 + 3 eu. AsS’("OH, gas)= 44 eu, this yields
Model. The homolysis of chemical species into free radicals in < (-OH, ag)= 22 + 3 eu. Thus AH°(*OH, ag)= 0.8 + 1
any liquid solvent does not occur in one step, as in the gas phasegcal/mol is calculated from\G°(*OH, agq)= 6.2 kcal/mot*

at low pressures. Instead, the initial product of homolysis is a ang °(*OH, ag)= 22 + 3 eu. Combining the relevamtH°
short-lived radical-pair cage with an average lifetime shorter yjyes, we obtainAH°; = 18 + 2 kcal/mol, in excellent

than 1 ns'®“The detailed mechanisms of homolysis reactions agreement with the one derived from the activation energy.

1 and 3 are pre_ser_lted in Schemes 1 and _2. The radical-pair in 1o enthalpy of dissociation 0DH into O~ and H" has

the cage can (i) diffuse out of the cage into the bulk of th_e been reported to be 1@ 2 kcal/mol®* The lower limit of 8
solution i), where the radicals are subject to thermodynamiC |5 /mol appears more reasonable than the average value, given

solvation, and becqme what is called “free” radicals; (ii) collapse ot the enthalpy of dissociation of,&; is 7.4 kcal/mol, and
to form ONOOH in Scheme 1 or ONOQOIn Scheme 2 by pKa(H20,) = 11.7 is almost the same a&gOH) = 11.9.

forming an G-O bond k-cagg; (iii) collapse by forming a N-O Therefore, a value of & 2 kcal/mol for the enthalpy ofOH
bond, which results in the production of HN@mmediately dissociation was adopted, which together wiiH°(*OH, aq)
followed by dissociation into N@ + H*) in Scheme 1 and of  _ 0.8 kcallmol yieldsAH°(O*, aq) = 8.8 + 2 kcal/mol.

NOs"in Scheme 2i). Applying the steady state approximation jjizing this value together with\H°(‘NO,) = 2.9 kcal/mol
to the short-lived cage in Scheme 1, one obtains eq 24, WhereandAfH°(ONO(T) = —10 kcal/mol, we obtaim\H®s = 21.7

. + 3 kcal/mol. Within the error limit this value compares
ko= kcag&kdiﬁ + k) (Kgigs + k—ca@Je+ k) (24) favorably to the activation energy of reaction Bp)g = 21.7
. o ) =+ 0.5 kcal/mol. In conclusion, the description of the ONOOH/
kn/kairt ~ 2 (30-40% oxidation yield) and/k-cage™ 1 (the ONOO™ system in terms of radical homolysis and subsequent

combination reaction dNO, + *OH yields approximately equal  5gjcal reactions explains fully the experimental results and is
amounts of ONOOH and NO + H™). Inserting these relation-  gggentially complete.

ships, we obtairk, ~ 0.6kc.age TO @ good approximation, we
can ascribe the activation energy of 21.8 kcal/mol (Table 4) to Acknowledgment. G.M. and J.L. thank the Swedish Natural

Keage and hence the frequency factor lebge would come(;)lgt Science Research Council and S.G. and G.C. the Israel Science
essentially the same as the experime#talalue of 1x 1 Foundation for their financial support.

s 1 (Table 4). The latter value is almost the same asx1 B)'6

s 1,18 and close to 2« 10'° s71, as reported recentRf. This A
value is of the same order of magnitude as those found for the
homolysis of peroxides in the gas phase and in nonpolar organic (1) Beckman, J. S.; Beckman, T. W.; Chen, J.; Marshall, P. A;
solvent§® and is a strong evidence for the validity of the radical- Freeman, B. AProc. Natl. Acad. Sci. U.S.A99Q 87, 1620.

pair cage mechanism. Furthermore, it also reveals that the cage ~ (2) Huie, R. E.; Padmaja, $ree Rad. Res. Commub993 18, 195.
dynamics in water is not different from that in nonpolar solvents, ~ (3) Goldstein, S.; Czapski, Gree Rad. Biol. Med1995 19, 505.

suggesting that hydrogen bonding has little effect on the ratios 199g4)28§305t.)aya5h" K. Miki, M.; Tagawa, Sl. Chem. Soc., Dalton Trans
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