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Peroxynitrous Acid Decomposes via Homolysis: Evidence from High-Pressure Pulse
Radiolysis
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The effect of pressure on the decomposition rate of peroxynitrous acid was studied using the pulse radiolysis
technique. Peroxynitrous acid was produced at pH 4.1 by irradiation of (i) aerated solution containing 0.15
M formate and 3 mM nitrite and (ii) deaerated solutions containing 3 mM nitrate and 4 mM phosphate. The
volume of activation for the decomposition of ONOOH in these systems was determined to be 1(h3

cm? mol~. The activation volume at pH 5.6 using the second system was found to be-1015cn® mol—?.

The activation volume changes upon increasing the pH as pressure affects, thalyes of ONOOH and
H.PQO,~, which equal 6.6 and 7.2 & 0) at ambient pressure, respectively. We therefore conclude that the
decomposition of ONOOH at pH 4.1 is characterized by a significant positive volume of activalions=

10.3+ 1.5 cn? mol™%, suggesting a bond breakage process that is not accompanied by charge creation,
namely, homolysis of ONOOH intaNO, and *OH. The volume of the ionization of ONOOH has been
determined from the dependence/¥ * on the pH to be-7.24+ 2.1 cnf mol..

Introduction was based on rate constants measured only at one pH and at
two pressures, viz., 0.1 and 150 MPa at pH 4.1, and therefore,
it is less reliable than their value, which they determined by
measuring the rate of peroxynitrite decomposition at both pH
5.6 and pH 6.2 and at several pressures between 0.1 and 150
MPa. They concluded that the small positive volume of
activation is not compatible with homolysig?

These controversial findings have led to speculative discus-
sions in the literature regarding the validity of the dtta¢28
It was therefore our goal to resolve this apparent discrepancy
in the volume of activation data and to find possible reasons
for its origin. This is of major importance, since the correct

ONOOH. Later, the mechanism for the decomposition of value could support or contradict the other observations in favor

i 6—-19,21
peroxynitrite became controversfe:1® In our opinion, this of homolysis of ONOOH.
controversy is now resolved in its major points, and most of Experimental Section

the available data support a homolytic bond cleavage mech- ] . .
anism!416-19 The activation parameters for the decomposition ~ Chemicals All chemicals were of analytical grade and were

of ONOOH were determined to H&, = 21 + 1.0 kcal moft? used as received. Solutions were prepared with water that was
andA = (1.4-18) x 10511823 the atter value being of the ~ Purified using a Milli-Q gradient water purification system.
same order of magnitude as for the homolysis of peroxides in Methods. Pulse radiolysis experiments were carried out with

The rate of decomposition of peroxynitrite (ONOOH/
ONOQ) is highly pH-dependent and compléXPeroxynitrite
ion is rather stable in alkaline solutions, but peroxynitrous acid
isomerizes rapidly into nitrate witk, = 1.2 s at 25°C2 The
pKo(ONOOH)= 6.6+ 0.1 has been determined in the presence
of low concentrations of phosphate buffer using kirfetiand
absorptiod*4 measurements.

During the isomerization of ONOOH into nitrate, a highly
reactive intermediate is formed that oxidizes a large variety of
substrate$§ Initially, 58 this intermediate was believed to be the
hydroxyl radical formed along withNO, via homolysis of

the gas phase and in nonpolar organic solv&hfhe decom- the Varian 7715 linear accelerator delivering 5 MeV electron
position of ONOOH is also characterized by a significantly Pulses of 1.5us and 200 mA. Repetitive pulsing was used to
positive activation volumeAV * = 9.6 + 1.0 cn? mol~2, which increase the yield of the radicals. The high-pressure setup was
we determined using the pu|se radio|ysis technﬁm’)d isin described in detalil elseWhe%%Brieﬂy, a small p|"bOX Optical

favor of a bond breakage process. However, this value wasCell made of Suprasil (optical path length0.8 cm) is placed
criticized by Koppenol and Kissnétwho reported an activation ~ With its flat surface against the thin stainless steel window of
volume of 1.7+ 1.0 cn? mol~! determined using the high- the high-pressure cell so that the high-energy electrons would

pressure stopped-flow techniqti@hey claimed that our value ~ have a minimal path through the surrounding water-pressurizing
medium. A 150 W Xe lamp produced the analyzing light, and

* To whom correspondence should be addressed. Phone: 972-2-6586478appropriate filters were used to minimize photochemistry. The
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Results

Peroxynitrous acid was produced by irradiation of (i) air-
saturated solutions containing 0.15 M formate and 3 mM
nitrite*25and (ii) He-saturated solutions containing 3 mM nitrate
and 4 or 100 mM phosphate buffet? In the first system,
peroxynitrite is formed via reactions—1:
H,O — e 4,(2.6),"0OH (2.7), H (0.6), H,(0.45),

H,0,(0.7), HO" (2.6) (1)
(the numbers in parentheses &ealues, which represent the
number of molecules formed per 100 eV energy absorbed by
pure water),
‘OH/H" + HCO, — H,0/H,+ CO,";
ky('OH)=3.5x 10°M s} ky(H) =
21x 1M st (2)

CO,” +0,—CO,+0,; k;=35x10°M st

®)

6y +0,— 0,7 k,=19x10°M's** (4

6y +NO, —NO; ks=4.1x10°M s % (5)

NO,>” + H,0— 'NO + 20H"; k;=5.5x 10 M‘ls‘t'“))
6
"NO + HO,'/0,"~ — ONOOH/ONOO;
k(0,7) =4.3x 10°M s, k(HO,) =
1.9x 1M tst* (7)

Under these conditions superoxide, which has a pH-dependent

half-life,3% is produced in excess oveMO. Therefore, during
the decomposition of ONOOH, wherBlO, is formed as an
intermediatéf19 peroxynitrate (GNOOH/O,NOO~, pK,
5.9 + 0.1) is formed to some exteft32 Peroxynitric acid
(O2NOOH) is relatively stable in acidic solution, whereas
O,NOO~ decomposes with a rate similar to that of ONOOH
into nitrite and dioxygen. In addition, MOO~ has an absorp-
tion similar to that of ONOO.#31.32Therefore, the formation
of peroxynitrate interferes with the measurements at>pH,
and the formate/nitrite system is suitable only at ghb.

In the second system peroxynitrite is formed via reactions 1
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Figure 1. Pressure dependence of the decomposition rate constant of
ONOOH at pH 4.1, which was generated #l)(aerated solutions
containing 0.15 M formate and 3 mM nitrite at 28 and @) He-
saturated solutions containing 3 mM nitrate at°t®
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Figure 2. Pressure dependence on the rate of peroxynitrite decomposi-
tion generated in He-saturated solutions containing 3 mM nitrate at 18
°C: (a) pH 6.2 and 4 mM phosphate buffer, where the pressure was

and 8-10, and this system can be used for measurements at allincreased from 0.1 to 150 MPx) and then decreased back to ambient

pH’s.

&g +NO; —NOS; ky=9.7x 10°M s+ (8)

NO;~ + H,PO,” —'NO, + OH™ + HPO,;”;
ko=5.0x 1°M s (9)

"OH + 'NO,—~ ONOOH; k;;=4.5x 10°M*s™* 3*(190)
1

The volume of activation for the decomposition of ONOOH
was determined at pH 4.1 upon repetitive pulsing of both
systems i and ii to be 10.Z 1.9 and 10.0+ 0.3 cn? mol™4,

pressure %); (b) (@) pH 6.2, 100 mM phosphate buffer; (&) pH
7.2, 4 mM phosphate.

for the decomposition of ONOOH, since it is far away from
the K(ONOOH) = 6.6, it was decided to measure the effect
of pressure also at pH 5.6 and 6.2, where a value oft1170
cm® mol~! had been reported.

The effect of pressure on the decomposition rate constant of
peroxynitrite at pH> 5 was studied upon repetitive pulsing of
system ii in the presence of 4 or 100 mM phosphate buffer.
The activation volume in the presence of 4 mM phosphate buffer
was found to be 10.5- 1.1 and 15.0+ 1.0 cn? mol~* at pH
5.6 and 6.2 (Figure 2), respectively. However, in the presence
of 100 mM phosphate buffer there was hardly any effect of

respectively (Figure 1). These values are in excellent agreementpressure on the decomposition rate, iAV,* = 1.0+ 0.5 and

with our earlier reported value of 96 1.0 cn¥ mol~1.25 Though
pH 4.1 is ideal for the determination of the volume of activation

2.2+ 0.5 cn? mol~ at pH 5.6 and 6.2 (Figure 2), respectively.
The activation volume was also determined at pH 7.2 in the
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presence of 4 mM phosphate buffer to-68.54 0.6 cn? mol~!
(Figure 2).

Discussion

In general, an increase in pressure favors ionization of weak

acids and bases; i.e., pressure affects the buffer equilibria and

the K, value of ONOOH. The volume of activation for the
dissociation of HPO,~ is AV(Kp) = —26 cn? mol~1.3% Thus,

the pH of the solution will decrease with increasing pressure,
and this will cause an increase in the rate of peroxynitrite
decomposition, since ONOOH is the unstable form. Therefore,
the effect of pressure on the decomposition rate of ONOOH
should be studied in acidic solution, as far as possible away
from pKo(ONOOH)= 6.6, where small changes in the pH will
have no effect on the decomposition rate of ONOOH. This

restriction already excludes the use of phosphate buffer, since

pKp(H2POy™) = 7.2 (1 = 0).34 Since our measurements were
done at pH 4.1 and in two different systems, we conclude that
the decomposition of ONOOH is characterized by a significant
positive volume of activationAV * = 10.34+ 1.5 cn? mol~1.

The direct isomerization of ONOOH to nitrate does not occur
in a single step as it has been well established that many
substrates are oxidized by ONOOH via intermediates that are
formed during its decompositidhin addition, direct isomer-
ization into nitrate is expected to exhibit a significantly negative
AV * as a result of charge creation (ONOGHNO;™ + H™).30
Since the isomerization of ONOOH into nitrate is characterized
by a significantly positiveAV* = 10.3 4 1.5 cn® mol~2, it
must involve the formation of an intermediate that is ac-
companied by a volume increase. Bond breakage could accoun
for the observed\V * value only when it is not accompanied
by charge creation.

SCHEME 1
NO; +H'
Pl
Keage ksise
ONOOH =—== [HO''NOj)eee == "NO»+'OH
Kcage ki

The detailed mechanism for the homolysis of ONOOH has
been suggested previously (Scheme2®¥:1° Applying the
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follows. Consider the equations
H,PO,” =HPQ> +H", pK,=7.2(1=0*" (12)

ONOOH=-0ONOO +H"; pK,=6.6 (13)
ONOOH—NO,” + H" Kk, (14)
Kobs = Ko[H J(K,+ [H]) (15)

At pH 4.1, where [H] > K, one obtains from eq 15 th&g,s
= ko, and thereforeAV *ex, = AV *(k;) = 10.3+ 1.5 cn? mol™.

At pH 6.2 (4 mM phosphatekons is given by eq 15 and
IN Kobs = IN ko — IN(KJ[H'] + 1). Hence AV Fexp = AV #(ko)
+ RT3 In(KJ[H1] + 1)/oP = AV #(ko) — (<AV(Ky) = 15.0
+ 1.0 cn? mol™%, and an upper limit of ca=5 cn¥ mol~ can
be set forAV(Ky).

At pH 7.2 (4 mM phosphate), where fH~ K, < K, one
obtains from eq 15 thdps~ ko[H /K4~ koKy/Ks and hence,
AV *orp = AV ¥(ko) + AV(Kp) — AV(K,) = —8.5 + 0.6 cn?
mol~2. SinceAV(Ky) = —26 cn® mol~ 33andAV *(k,) = 10.3
+ 1.5 cn? mol1, one calculateAV(Ky) = —7.2 + 2.1 cn?
mol~1, which agrees well with the estimated value at pH 6.2.
This value is quite reasonable, since it is of the same magnitude
as those reported for the dissociation of two weak acids, viz.,
AV(Ky) = —6 cn? mol~1 for HCOOH® and AV(K,) = —7.6
cm?® mol~1 for HN3.3°

Kissner et af used the high-pressure stopped-flow technique
and determined in the presence of 100 mM phosphate buffer
activation volumes of 1.8 1.1 and 1.5+ 1.0 cn? mol™! at

pH 5.6 and 6.2, respectively. We repeated their experiments

using the pulse radiolysis technique and found that the activation
volumes at these pH’s decreased from 16.3.1 and 15.0+

1.0 cn? mol~tin 4 mM phosphate buffer to 1.8 0.5 and 2.2

+ 0.5 cn® mol~tin 100 mM phosphate buffer, respectively, as
shown in Figure 2 for pH 6.2. Note that when the pulse
radiolysis procedure is used, relatively low concentrations of
peroxynitrite are formed in situ, and only low concentrations
of phosphate buffer are required. This is not the case with the
stopped-flow procedure, where relatively high concentration of
the buffer is required when peroxynitrite, which is stored in
alkaline solutions, is mixed with the buffer. Kissner et &und

that the apparentify, of ONOOH depends on the type of buffer
used (phosphate, ammonia, and borate) and its concentration,

steady-state approximation to the short-lived cage and assumingand they ascribed this to general acid catalysis. However, this

that the highly reactive and unselecti@H radical would react
predominantly with nitrite, formate, the buffer, or impurities,
i.e., k_qit &~ 0, one obtains eq 11.

ko = kcage(kdiff + kN)/(kd|ff + kfcage—i_ kN)

Sincekn/kqir ~ 2 (ca. 36-40% oxidation yield) andkn/k-cage
~ 1 (the combination reaction o0NO, + *OH yields directly
approximately equal amounts of ONOOH and NG- HT)19
and sincekgir, k-cage and ky are diffusion-controlled rate

11)

has not been proven, since, although ammonia and borate have
the same K, values, borate was found to be a much more
efficient catalyst. They also suggested that the mechanism
involves the formation of an adduct between the peroxo moiety
and the Lewis acid. However, it is difficult to envisage the
formation of such adducts in the case of NHand HPO,~,
and therefore, the mechanism for the accelerated decay of
peroxynitrite by borate may differ from that for ammonia and
phosphate.

At ambient pressure, the decomposition rate constants of

constants that are not affected by pressure in water over theperoxynitrite at pH 4.1, 5.6, and 6.2 are not affected upon

selected pressure range, we concludeat(ky) = AV #(Kcagd
= 10.3£ 1.5 cn? mol~L. This value supports the formation of
*OH and*NO; in a solvent cage without any charge creation,
since many reactions that involve bond breakage or homolysis
have volumes of activation between 5 and 1 cnol—1.33

An increase of ca. 5 cimol~tin AV * was observed when

increasing the concentration of phosphate from 4 to 100 mM.
However, increasing the pressure to 150 MPa in the presence
of 100 mM phosphate, which causes at most a 5-fold increase
in the rate constant, cancels the effect measured in the presence
of 4 mM phosphate. We have no explanation for these
observations, although they must be related to a catalytic effect

the pH was raised to 6.2, and a dramatic decrease to aof H,PO;~ on the decomposition of ONOOH that is accelerated

significantly negative valueAV* = —8.5 4+ 0.6 cn? mol?,

by pressure. This uncertainty, however, has no effect on the

was observed at pH 7.2, both in the presence of 4 mM phosphateconclusion reached in this study, since we determif¥d at
buffer (Figure 2). These observations can be accounted for aspH 4.1 (in two systems and in the absence and presence of 4
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mM phosphate) as well as at pH 5.6 (4 mM phosphate) and  (12) Pryor, W. A;; Jin, X.; Squadrito, G. L1. Am. Chem. Sod996
found the same activation volume for the different experiments, 11?1§;2§6|dstein . Czapski, Gnorg, Chem 1965 34, 4041
— —1 o O , @norg. . ) .
A.V - 10'3:}: 1.5 cn? mol™. The latt?{ Vall.'le IS In agreement (14) Merenyi, G.; Lind, JChem. Res. Toxicol997, 10, 1216.
with our earlier one, 9.6 1.0 cn? mol~1, which was based on (15) Koppenol, W. H.: Kissner, RChem. Res. Toxicol998 11, 87.
rate constants measured only at 0.1 and 150 MPa at pPF4.1. (1) Bartberger, M. D.; Olson, L. P.: Houk, K. IChem. Res. Toxicol
The activation volume of ca. 10 énmol~! and the relatively 1998 11, 710.
high activation entropyA = 1.4 x 10*°t0 1.8 x 106571 AS (17) Lymar, S. V.; Hurst, J. KChem. Res. Toxicol998 11, 714.
= 7.4—-13 eu}® 22 supports a homolytic bond cleavage mech- TO)((%fgl “1"553”1“1' 7612 Lind, G.; Goldstein, S.; Czapski, Ghem. Res.
anism, nam(_ely, homolysis of ONOOH ImNOZ. anQ'OH. The (29) Merenyi,‘ G.; Lind, J.; Goldstein, S.; Czapski, &.Phys. Chem.
results of this study demonstrate the complications caused by;, press.
high buffer concentrations and the selected pH in studying the  (20) Benton, D. J.; Moore, Rl. Chem. Soc. A97q 3179.
effect of pressure on such decomposition reactions. (21) Pfeiffer, S.; Gorren, A. C. F.; Schmidt, K.; Werner, E. R.; Hansert,
B.; Bohle, D. S.; Mayer, BJ. Biol. Chem.1997, 272 3465.
Acknowledgment. This research was supported by the Israel _ (22) Padmaja, S.; Kissner, R.; Bounds, P. L.; Koppenol, WHEl.

; ; Chim. Acta199§ 81, 1201.
Science Foundation (S.G. and G.C.) and the Volkswagen (23) Koppenol and co-workers determindd= 4 x 102 59 but

Foundation (R.v.E.). recently, they revised their value to 1:8 1015 s~1.22
(24) Koenig, T. InFree Radicals Kochi, J. K., Ed.; John Wiley &
References and Notes Sons: New York; Vol. 1, Chapter 3, pp 14255.

. . 25) Goldstein, S.; van Eldik, R.; Meyerstein, D.; Czapski JGPhys.
(1) Pryor, W. A.; Squadrito, G. LAm. J. Physiol.: Lung Cell. Mol. Ch(em). A1997 101, 7114, 4 P y

Physiol 1995 268 L699. . )
y(2) Kissner, R.. Nauser, T.: Bugnon, P.: Lye, P. G. Koppenol, W. H. (26) Koppenol, W. HFree Radical Biol. Med1998 25, 385.

Chem. Res. Toxicol997 10, 87. (27) Richeson, C. E.; Mulder, P.; Bowery, V. W.; Ingold, K. IJ.Am.
(3) Logager, T.; Sehested, K. Phys. Chem1993 97, 6664. Chem. Soc1998 120, 7211.
(4) Goldstein, S.; Czapski, Gree Radical Biol. Med1995 19, 505. (28) Coddington, J. W.; Hurst, J. K.; Lymar, S. ¥. Am. Chem. Soc.
(5) Goldstein, S.; Squadrito, G. L.; Pryor, W. A.; Czapski, Fee 1999 121, 2438.

Radical Biol. Med.1996 21, 965 and references therein. (29) Wishart, J. F.; van Eldik, RRev. Sci. Instrum1992 63, 3224.
(6) Halfpenny, E.; Robinson, P. L. Chem. Soc. A952 928. (30) Mallard, W. G.; Ross, A. B.; Helman, W. MIST Standard
(7) Mahoney, L. RJ. Am. Chem. Sod.97Q 92, 4244. References Database 4éersion 3.0; NIST: Gaithersburg, MD, 1998.

(8) Beckman, J. S.; Beckman, T. W.; Chen, J.; Marshall, P. A, (31) | ggager, T.; Sehested, B. Phys. Chem1993 97, 10047.

Freeman, B. AProc. Natl. Acad. Sci. U.S.A.99Q 87, 1620. . . AR ) )
(9) Koppenol, W. H. J.; Moreno, J. J.: Pr;?or, W. A. Ischiropoulos, (32) Goldstein, S.; Czapski, G.; Lind, J.; Merenyi,l@org. Chem1998

: 37, 3943.
H.; Beckman, J. SChem. Res. Toxicol992 4, 834. ’ )
(10) Yang, G.; Candy, T. E. G.; Boaroz, M.: Wilkin, H. E.: Jones, P.: (33) van Eldik, R.; Assano, T.; le Noble, W. Ghem. Re. 1989 89,
Nazhat, N. B.; Saadalla-Nazhat, R. A.; Blake,ee Radical Biol. Med. 549.
1992 12, 327. (34) Smith, R. M.; Martell, A. EInorganic Complexe<Critical Stability
(11) Crow, J. P.; Spruell, C.; Chen, J.; Gunn, C.; Ischiropoulos, H.; Tsai, Constants 4; Plenum Press: New York, 1976.
M.; Smith, C. D.; Radi, R.; Koppenol, W. H.; Beckman, SFdee Radical (35) Shalders, R. D. Ph.D. Thesis, University of Melbourne, Australia,

Biol. Med.1994 16, 331. 1992; p 197.



