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The redox chemistry of nitrogen oxides is complex, involving
both radicals and radical ions. Knowledge of their kinetics and

reaction mechanisms is fundamental to understanding theseexoergic AG®
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O~ to oxygen, CN, SCN).* Whereas the reaction of oxide
radicals with nitrite ions has been studied before, it was suggested
to proceed via electron transfer. The transfer off@m CGO;~
radicals to nitrite ions (and many other possible acceptors,
including NQ) was investigated earlié?. However, this reaction
is too slow to allow detection of the intermediate and N@as
suggested to be the product.

In this report we provide evidence that @t least partially
adds to nitrite ions.

NO,” + O — NO* (4)

We also find indications for the reaction oOwith NO,, the
reverse reaction-2. There are several reports in the literature
that organic radicals undergo an analogous addition reaction with
nitrite to yield nitroanion$.We estimate that reaction 4 is highly
—20 kcal/mol)®

reactions in general and especially those relevant to understanding  p;|se radiolysis was utilized to generate the radicals and time-

of atmospheric NQchemistry. Renewed interest in radiolytically

resolved ESR to unequivocally identify them and study their

induced processes of these species results from their frequenginetics? Experiments were initially done to determine if the ESR
presence in nuclear materials in various storage facilities. As partjines of NO, and NQ2- could be seen in solution. The detection

of a study to understand the radiation effects in nitrate and nitrite NO

solutions, the nitrate dianion, N®, in water has been reinves-
tigated recently. The one-electron reduction potential of nitrate

2~ from the reaction of g~ with nitrate was tried first.
Lines attributable to N~ were found in neutral to basic (1 M
OH") solutions of nitrate. The ESR parameters are 43.4 G

in water (eq 1) was determined and the mechanism of its 5nqg = 2.00458 with a line width of 0.20 G. These parameters

decomposition in water elucidated (reaction 2).
NO, +e — NO;” (E°=—0.89V)
NO,”” + H,0 < 20H + NO,

@)
)

resemble those of N@  in solids, where there is some variability
depending on the particular matfiXhese lines disappeared when
N,O was added (to convert,£ to additional OH) so the
identification is not in doubt. The oxidation of nitrite by OH in
N-,O saturated solutions was then studielo lines attributable
to NGO, were found in solutions containing=1L0 mM nitrite at

Many acids catalyze the decomposition reaction 3. Protonation near neutral pH. On this basis, the ESR line width of ,N©®

NO,”” + HA — OH + A™ + NO, (3)

of the radical dianion may proceed via the acid form HN®ut

its formation was questioned in this study. Analysis of the kinetics
of reaction 3 suggested that the proton transfer from the HA is
concerted with scission of the;@—0?" bond. Mezyk and Bartels

water must be larger thar3 G.

Next, experiments were done with solutions of nitrite saturated
with N>,O but looking at the expected lines of NO. Figure 1
shows the time dependence of the central ESR line offN@r
various concentrations of OH Other than the two reactions
described above, reactior® and 4, it is difficult to suggest any
other pathway for the generation of MO in this system. In

proposed a similar mechanism based on analysis of the activationsolutions containing=0.1 M OH-, formation of the radical

parameters of the reaction of the H atom with nitfafeccord-
ingly, the reaction may be viewed as af Q@ransfer reaction to
the acid (or water).
From the redox potential of eq 1 and of NE°(NO,/NO,")
= 1.04 V; all redox potentials are vs NHEnd nitrate E°(NO;~/
NO,") = 0.01 V) one calculatek, ~ 1 x 1072 M for the equi-
librium constant of reaction 2. Combined with the rate constant
k, = 10° M~1s7%, the rate constant of the back-reactiorkis ~
1 x 10° M2 sL Thus it is conceivable that at molar concentra-
tions of OH" the oxide ion, @, may react with N@to produce
NOs?". Such a finding is entirely novel; it predicts that conditions
may be accessible for hydroxide to add to Nereby converting
a strongly oxidizing species to a strongly reducing one.
Another novel route to the production of NO may exist at
highly basic solutions. The conjugated base of hydroxyl radicals,
O™ (pKa=11.9), rarely adds to organic molecules but its addition
to small inorganic molecules and ions is known (e.g., addition of
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dianion can be seern<g us after the pulse) and then it decays
via an apparent first-order process ¥ 10 us). At the higher
base concentrations this decay leads to a nonzero pseudoequi-
librium level that decays at a slower time scale. The maximum
observed concentration increases with [QHbut is less than the
total initial yield of OH and e,, The rate of decay appears to
decrease upon increasing [OH Furthermore, the rate of ap-
pearance of the radical is slower than the time resolution of the
ESR spectrometer. The center-field ESR line was used in all
kinetic analyses to minimize polarization effects. The observed
kinetic features could not be fit with the known reactions for the
system (Table 1), nor could it be fit even by allowing eq 2 to be
reversible, regardless of the value selecteddgrWe suggest
that reaction 4 at least partially generatessNO
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Table 1. Kinetic Model for Simulating the Pulse Radiolysis of Alkaline Nitrite Solutions

no. reaction forward (back) rate constants refs
1 €aqt N2O— Nz + O~ 9.1x 1®M1st (a) ref 4c

2 € aqt NO;~ (+ H20) — NO + OH~ 35x 1M 1s?t ref 15a

3 OH+ NO;” — NO,; + OH~ 1x10°M~ts? ref 4c

4 OH+OH <= 0O +H0 1.3x 101°M1s1(9.4x 10°s™) ref 15b

5 H+ OH™ — e 3+ H0 20x 10'M1tst ref 15¢

6 O™ + NO; (+ Hz0) — NO, + 20H" 47x 10 Mtsta (b)

7 O™ + NOz;~ — NOz>~ 1.8x 100M~ts? b

8 NGs?~ + H,O0 = NO, + 20H~ 1x 106 M1s1 (500 M2s7) (b) forward rate: refs 1, 4a
9 2NG; < N0y 5 x 1 M~1s71(6800 s for hydrolysis) ref 15d

10 NyO4 (+ H20) — NO3~ + NO,~ +2H* 1000 s* ref 15d

11 NO+ NO; (+ 20H") — 2NO;~ 1x 1M 1tst ref 4a and 15d

aN,O concentrations were estimated to be 0.11, 0.16, 0.22, and 0.23 M for 2, 1, 0.3, and 0.1 M NaOH, respectively, using Henry’s constant for
watef%2 and the modified Sechenov equafi#hto correct for effects of ionic strengthRate constants for reactions 6 arn@® of Table 1 were
adjusted to give the best fit to the curves in Figure 1.

8.0 We do not know the details of the faster component that leads
“directly” to NO,. Because nitrite ion is ambivalent, the possibility
that the ET path might occur via attack at the O termini of nitrite
was considered. This mode of attack might also produce an
adduct, e.g., peroxynitrite dianiddNo resonances assignable to
such an adduct were detected in the ESR spectra. To assess the
potential for forming ONO® from addition of O to NO,™, the
free energy of such a reaction was calculated using ab initio and
self-consistent reaction field solvation methé#ihe calculations
show that N@&~ is more stable than ONCO by 34 kcal/mol.
Interestingly, the free energy for reaction 2 was calculated to be
4 kcal/mol by the same methodology, some 25 kcal/mol more
positive than the experimental value. Evidently, the parametriza-
tion of the solvation model is inaccurate for these dianions. None-
theless, even if the energies of the dianions are scaled downward
by 25 kcal/mol, the peroxynitrite dianion is too high in energy to
be formed. Thus, ONOD is not a plausible intermediate.
Finally, we come back to reaction2. Even though thermo-
dynamically the reaction is feasible, experimental evidence is
weak. Adjustments to several rate constants from their reported
values could eliminate it from the scheme. For example, the sim-
ulated rate of decay is sensitive to the rates of radical termination,
Time, ys but except for reaction 11 in Table 1, the constants are not well
Figure 1. Effect of [OH] on the time-dependent ESR signal for KO established in strongly alkaline solutions. Nonetheless, because
(central line) following pulse radiolysis of 6 mM KNGolutions saturated the simulations following the scheme in Table 1 do predict the
with N,O: (®) 0.1, @) 0.3, @) 1.0, and ©) 2.0 M NaOH. Lines are observed second-order dependence on{Pe kept it in our
calculated from simulations using the kinetic model in Table 1. computation. From the “fitted” rate constants for eq 2 we obtain
K, = 2 M, which is reflected in a more negative redox potential
than experimentally measureet1.0 V rather than-0.89 V).
In conclusion, we provide experimental results showing that
~ radicals add, at least partially, to NO Thus, a strongly
oxidizing environment, dominated by OH/Qadicals, is tran-
siently transformed into a strongly reducing environment domi-
nated by the Ng#~ in the presence of high concentrations of base.

Intensity

Simulations showed that such a reaction is consistent with the
observed dependence of the yields and kinetics on JOHn
acceptable match to the data of Figure 1 is obtained on reacting
O~ with NO,™ to give NO;?~ with a rate constant of 1.8& 107
and to give NQ with rate constant of 4. % 10/ M1 s1, i.e.,
approximately 25% of the attack yields NO. These values
reproduce well the dependence of the maximum observed
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