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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 10.3( 1.5
cm3 mol-1. The activation volume at pH 5.6 using the second system was found to be 10.5( 1.1 cm3 mol-1.
The activation volume changes upon increasing the pH as pressure affects the pKa values of ONOOH and
H2PO4

-, which equal 6.6 and 7.2 (I ) 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 activation,∆V q )
10.3 ( 1.5 cm3 mol-1, suggesting a bond breakage process that is not accompanied by charge creation,
namely, homolysis of ONOOH into•NO2 and •OH. The volume of the ionization of ONOOH has been
determined from the dependence of∆V q on the pH to be-7.2 ( 2.1 cm3 mol-1.

Introduction

The rate of decomposition of peroxynitrite (ONOOH/
ONOO-) is highly pH-dependent and complex.1,2 Peroxynitrite
ion is rather stable in alkaline solutions, but peroxynitrous acid
isomerizes rapidly into nitrate withko ) 1.2 s-1 at 25°C.2 The
pKa(ONOOH)) 6.6( 0.1 has been determined in the presence
of low concentrations of phosphate buffer using kinetic2,3 and
absorption3,4 measurements.

During the isomerization of ONOOH into nitrate, a highly
reactive intermediate is formed that oxidizes a large variety of
substrates.5 Initially,6-8 this intermediate was believed to be the
hydroxyl radical formed along with•NO2 via homolysis of
ONOOH. Later, the mechanism for the decomposition of
peroxynitrite became controversial.5,9-15 In our opinion, this
controversy is now resolved in its major points, and most of
the available data support a homolytic bond cleavage mech-
anism.14,16-19 The activation parameters for the decomposition
of ONOOH were determined to beEa ) 21 ( 1.0 kcal mol-1

andA ) (1.4-18)× 1015 s-1,18-23 the latter value being of the
same order of magnitude as for the homolysis of peroxides in
the gas phase and in nonpolar organic solvents.24 The decom-
position of ONOOH is also characterized by a significantly
positive activation volume,∆V q ) 9.6( 1.0 cm3 mol-1, which
we determined using the pulse radiolysis technique,25 and is in
favor of a bond breakage process. However, this value was
criticized by Koppenol and Kissner,15 who reported an activation
volume of 1.7( 1.0 cm3 mol-1 determined using the high-
pressure stopped-flow technique.2 They claimed that our value

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 homolysis.2,15

These controversial findings have led to speculative discus-
sions in the literature regarding the validity of the data.15,26-28

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
value could support or contradict the other observations in favor
of homolysis of ONOOH.16-19,21

Experimental Section

Chemicals. All chemicals were of analytical grade and were
used as received. Solutions were prepared with water that was
purified using a Milli-Q gradient water purification system.

Methods. Pulse radiolysis experiments were carried out with
the Varian 7715 linear accelerator delivering 5 MeV electron
pulses of 1.5µs and 200 mA. Repetitive pulsing was used to
increase the yield of the radicals. The high-pressure setup was
described in detail elsewhere.29 Briefly, a small pillbox optical
cell made of Suprasil (optical path length) 0.8 cm) is placed
with its flat surface against the thin stainless steel window of
the high-pressure cell so that the high-energy electrons would
have a minimal path through the surrounding water-pressurizing
medium. A 150 W Xe lamp produced the analyzing light, and
appropriate filters were used to minimize photochemistry. The
decomposition of ONOOH at pH 4.1 was followed at 280 nm
and that of ONOOH/ONOO- at higher pH’s at 302 nm. The
pressure experiments were performed up to 150 MPa at room
temperature (18-19 °C).
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Results

Peroxynitrous acid was produced by irradiation of (i) air-
saturated solutions containing 0.15 M formate and 3 mM
nitrite4,25and (ii) He-saturated solutions containing 3 mM nitrate
and 4 or 100 mM phosphate buffer.3,19 In the first system,
peroxynitrite is formed via reactions 1-7:

(the numbers in parentheses areG values, which represent the
number of molecules formed per 100 eV energy absorbed by
pure water),

Under these conditions superoxide, which has a pH-dependent
half-life,30 is produced in excess over•NO. Therefore, during
the decomposition of ONOOH, where•NO2 is formed as an
intermediate,16-19 peroxynitrate (O2NOOH/O2NOO-, pKa )
5.9 ( 0.1) is formed to some extent.31,32 Peroxynitric acid
(O2NOOH) is relatively stable in acidic solution, whereas
O2NOO- decomposes with a rate similar to that of ONOOH
into nitrite and dioxygen. In addition, O2NOO- has an absorp-
tion similar to that of ONOO-.4,31,32Therefore, the formation
of peroxynitrate interferes with the measurements at pH> 5,
and the formate/nitrite system is suitable only at pH< 5.

In the second system peroxynitrite is formed via reactions 1
and 8-10, and this system can be used for measurements at all
pH’s.

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 10.7( 1.9 and 10.0( 0.3 cm3 mol-1,
respectively (Figure 1). These values are in excellent agreement
with our earlier reported value of 9.6( 1.0 cm3 mol-1.25 Though
pH 4.1 is ideal for the determination of the volume of activation

for the decomposition of ONOOH, since it is far away from
the pKa(ONOOH) ) 6.6, it was decided to measure the effect
of pressure also at pH 5.6 and 6.2, where a value of 1.7( 1.0
cm3 mol-1 had been reported.2

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 cm3 mol-1 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
pressure on the decomposition rate, i.e.,∆V q ) 1.0 ( 0.5 and
2.2( 0.5 cm3 mol-1 at pH 5.6 and 6.2 (Figure 2), respectively.
The activation volume was also determined at pH 7.2 in the

H2O f e-
aq (2.6), •OH (2.7), H• (0.6), H2 (0.45),

H2O2 (0.7), H3O
+ (2.6) (1)

•OH/H• + HCO2
- f H2O/H2 + CO2

•-;

k2(
•OH) ) 3.5× 109 M-1 s-1, k2(H

•) )

2.1× 108 M-1 s-1 30 (2)

CO2
•- + O2 f CO2 + O2

•-; k3 ) 3.5× 109 M-1 s-1 30

(3)

eaq
- + O2 f O2

•-; k4 ) 1.9× 1010 M-1 s-1 30 (4)

eaq
- + NO2

- f NO2
2-; k5 ) 4.1× 109 M-1 s-1 30 (5)

NO2
2- + H2O f •NO + 2OH-; k6 ) 5.5× 104 M-1 s-1 30

(6)

•NO + HO2
•/O2

•- f ONOOH/ONOO-;

k7(O2
•-) ) 4.3× 109 M-1 s-1, k7(HO2

•) )

1.9× 109 M-1 s-1 4 (7)

eaq
- + NO3

- f NO3
2-; k8 ) 9.7× 109 M-1 s-1 30 (8)

NO3
2- + H2PO4

- f •NO2 + OH- + HPO4
2-;

k9 ) 5.0× 108 M-1 s-1 30 (9)

•OH + •NO2 f ONOOH; k10 ) 4.5× 109 M-1 s-1 3,19

(10)

Figure 1. Pressure dependence of the decomposition rate constant of
ONOOH at pH 4.1, which was generated in (9) aerated solutions
containing 0.15 M formate and 3 mM nitrite at 18°C and (b) He-
saturated solutions containing 3 mM nitrate at 19°C.

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
increased from 0.1 to 150 MPa (1) and then decreased back to ambient
pressure (f); (b) (9) pH 6.2, 100 mM phosphate buffer; (c) (b) pH
7.2, 4 mM phosphate.
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presence of 4 mM phosphate buffer to be-8.5( 0.6 cm3 mol-1

(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 pKa value of ONOOH. The volume of activation for the
dissociation of H2PO4

- is ∆V(Kb) ) -26 cm3 mol-1.33 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 pKa(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
pKb(H2PO4

-) ) 7.2 (I ) 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 activation,∆V q ) 10.3 ( 1.5 cm3 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 decomposition.5 In addition, direct isomer-
ization into nitrate is expected to exhibit a significantly negative
∆V q as a result of charge creation (ONOOHf NO3

- + H+).30

Since the isomerization of ONOOH into nitrate is characterized
by a significantly positive∆V q ) 10.3 ( 1.5 cm3 mol-1, it
must involve the formation of an intermediate that is ac-
companied by a volume increase. Bond breakage could account
for the observed∆V q value only when it is not accompanied
by charge creation.

The detailed mechanism for the homolysis of ONOOH has
been suggested previously (Scheme 1).12,14,19 Applying the
steady-state approximation to the short-lived cage and assuming
that the highly reactive and unselective•OH radical would react
predominantly with nitrite, formate, the buffer, or impurities,
i.e., k-diff ≈ 0, one obtains eq 11.

SincekN/kdiff ≈ 2 (ca. 30-40% oxidation yield)5 andkN/k-cage

≈ 1 (the combination reaction of•NO2 + •OH yields directly
approximately equal amounts of ONOOH and NO3

- + H+)19

and sincekdiff , k-cage, and kN are diffusion-controlled rate
constants that are not affected by pressure in water over the
selected pressure range, we conclude that∆V q(ko) ) ∆V q(kcage)
) 10.3( 1.5 cm3 mol-1. This value supports the formation of
•OH and•NO2 in a solvent cage without any charge creation,
since many reactions that involve bond breakage or homolysis
have volumes of activation between 5 and 10 cm3 mol-1.33

An increase of ca. 5 cm3 mol-1 in ∆V q was observed when
the pH was raised to 6.2, and a dramatic decrease to a
significantly negative value,∆V q ) -8.5 ( 0.6 cm3 mol-1,
was observed at pH 7.2, both in the presence of 4 mM phosphate
buffer (Figure 2). These observations can be accounted for as

follows. Consider the equations

At pH 4.1, where [H+] . Ka, one obtains from eq 15 thatkobs

) ko, and therefore,∆V q
exp ) ∆V q(ko) ) 10.3( 1.5 cm3 mol-1.

At pH 6.2 (4 mM phosphate),kobs is given by eq 15 and
ln kobs ) ln ko - ln(Ka/[H+] + 1). Hence,∆V q

exp ) ∆V q(ko)
+ RT ∂ ln(Ka/[H+] + 1)/∂P ) ∆V q(ko) - (<∆V(Ka)) ) 15.0
( 1.0 cm3 mol-1, and an upper limit of ca.-5 cm3 mol-1 can
be set for∆V(Ka).

At pH 7.2 (4 mM phosphate), where [H+] ≈ Kb < Ka, one
obtains from eq 15 thatkobs≈ ko[H+]/Ka ≈ koKb/Ka, and hence,
∆V q

exp ) ∆V q(ko) + ∆V(Kb) - ∆V(Ka) ) -8.5 ( 0.6 cm3

mol-1. Since∆V(Kb) ) -26 cm3 mol-1 33 and∆V q(ko) ) 10.3
( 1.5 cm3 mol-1, one calculates∆V(Ka) ) -7.2 ( 2.1 cm3

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.,
∆V(Ka) ) -6 cm3 mol-1 for HCOOH30 and ∆V(Ka) ) -7.6
cm3 mol-1 for HN3.35

Kissner et al.2 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 cm3 mol-1 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 10.5( 1.1 and 15.0(
1.0 cm3 mol-1 in 4 mM phosphate buffer to 1.0( 0.5 and 2.2
( 0.5 cm3 mol-1 in 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 al.2 found
that the apparent pKa of ONOOH depends on the type of buffer
used (phosphate, ammonia, and borate) and its concentration,
and they ascribed this to general acid catalysis. However, this
has not been proven, since, although ammonia and borate have
the same pKa 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 NH4

+ and H2PO4
-,

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
peroxynitrite at pH 4.1, 5.6, and 6.2 are not affected upon
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
of H2PO4

- on the decomposition of ONOOH that is accelerated
by pressure. This uncertainty, however, has no effect on the
conclusion reached in this study, since we determined∆V q at
pH 4.1 (in two systems and in the absence and presence of 4

SCHEME 1

ko ) kcage(kdiff + kN)/(kdiff + k-cage+ kN) (11)

H2PO4
- h HPO4

2- + H+; pKb ) 7.2 (I ) 0)34 (12)

ONOOHh ONOO- + H+; pKa ) 6.6 (13)

ONOOHf NO3
- + H+ ko (14)

kobs) ko[H
+]/(Ka + [H+]) (15)
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mM phosphate) as well as at pH 5.6 (4 mM phosphate) and
found the same activation volume for the different experiments,
∆V q ) 10.3( 1.5 cm3 mol-1. The latter value is in agreement
with our earlier one, 9.6( 1.0 cm3 mol-1, which was based on
rate constants measured only at 0.1 and 150 MPa at pH 4.1.22

The activation volume of ca. 10 cm3 mol-1 and the relatively
high activation entropy (A ) 1.4× 1015 to 1.8× 1016 s-1, ∆Sq

) 7.4-13 eu)18-22 supports a homolytic bond cleavage mech-
anism, namely, homolysis of ONOOH into•NO2 and•OH. The
results of this study demonstrate the complications caused by
high buffer concentrations and the selected pH in studying the
effect of pressure on such decomposition reactions.
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