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The peroxynitrite formation under photolysis of alkali nitrates
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Abstract

The kinetics of peroxynitrite accumulation in UV-irradiated (253.7 nm) alkali nitrates has been studied. The quantum yield of peroxynitrite
and its stationary concentration which can be created in a thin layer of the sample within a lengthy exposure have been calculated. The distance
of the transfer of a low-energy excited state of the nitrate ion annealing peroxynitrite was stated to be 1.2 nm <R0 > 1.5 nm.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

The peroxynitrite anion – oxoperoxonitrate (1−)
ONOO−) – has attracted increasing interest in both the phys-
ological process[1,2] and the photochemistry of an aqueous
olution [3]. The decay of peroxynitrite was examined as
he function of concentration, temperature, and pH[4]. Dur-
ng last 15–20 years there was a growth in interpreting the
hotolysis processes of crystalline nitrates. Peroxynitrite was
tated to contribute much to the formation of final products
f photodecomposition – nitrite and oxygen[5]. Based on

he experimental data and the energy of excited states of the
itrate ion, the mechanism for the photolysis of solid nitrates
ualitatively describing all the available experimental results
as suggested[6]. However, the kinetic values characterizing

he mechanism of peroxynitrite accumulation have not been
etermined so far.

First of all, it is due to a low sensitivity of the potentiomet-
ic method for the determination of peroxynitrite resulting in
large error in calculating the content of peroxynitrite in the

ample after a short exposure for unrepresentative sampling

Then, the inverse kinetics problem of the photolysi
solids in the absence of the diffusion of reaction produc
the sample has been solved only for simple kinetic sche
The attempt to experimentally overcome the difficulties a
ing when quantitatively analyzing the experimental res
obtained for photolyzed potassium nitrate (by intensive m
ing a fine powder under irradiation) turned out to be a fai
because the present authors did not succeed in carryin
actinometry[5].

The goal of the present paper is to determine the k
ics of peroxynitrite accumulation under the photolysis o
kali nitrates followed by its analysis, which enables u
calculate kinetic parameters of the formation and the
cay of peroxynitrite when the diffusion of photoproducts
of “cage” can be neglected as well as their reaction
water.

2. Experimental

Alkali nitrate crystals were grown by slow evaporation

7].
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saturated aqueous solutions. The nitrates used were a.r. grade
(three times crystallized from redistilled water before use).
The samples were prepared by pressing the respective nitrates
into tablets (2 cm2,∼0.5 g). The samples were irradiated with
a low-pressure mercury lamp at room temperature. After the
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irradiation the samples were stored at room temperature for
at least 2 h and then analyzed.

The incident light flux, I0 = 1.6± 0.1× 1015 photons
cm−2 s−1, was measured with potassium ferrioxalate as an
actinometer[8].

The solution prepared by dissolving an irradiated nitrate
tablet in 15 ml of 1 M solution KOH (pH∼ 13) was taken. The
permanganate alkaline solution was made by adding 1 ml of
1 M KOH to 100 ml of∼10−3 M solution of permanganate.
The silver chloride electrode was used as the reference elec-
trode and the platinum electrode as an indicator. It took 2 min
for the potential to become constant after adding every other
portion of the titrant. Peroxynitrite and potassium perman-
ganate in alkali solution reacted with each other according to
[9]

2MnO4
− + OONO− + 2OH−

→ NO2
− + 2MnO4

2− + H2O + O2 (1)

3. Results

The accumulation of peroxynitrite under the photolysis of
crystalline alkali nitrates is represented inFig. 1. The irradi-
ation of the samples by the low-pressure mercury lamp light
p ult in
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Fig. 2. The bar graph of the variation range of sampling of calculated errors
of the peroxynitrite values in UV-irradiated KNO3 samples (D – the dif-
ferences between theoretical values and replicate values,N – the sampling
frequencies) and the fitting curve of normal distribution.

from ∼20 to ∼30. The analysis of the data represented in
Fig. 2in terms of theχ2-criterion confirms that the error dis-
tribution was described by the normal distribution. Thus, all
theD differences could be attributed to the only one parent
population and therefore, the pooled standard deviation was
4.5× 10−8 mol/cm2 for all the grouped data. The value of
the pooled standard deviation for all alkali nitrates was also
4.5× 10−8 mol/cm2.

Taking into account the peroxynitrite content in pho-
tolyzed crystalline alkali nitrates under short UV-exposition
(seeFig. 1), it becomes evident that the value of uncertainty
of the experimental procedure is close to the estimated val-
ues. For the confidence level 0.05 it can be calculated that
a required number ofn observations must be 9–12 with the
accuracyC≤ 10% if peroxynitrite content in the sample is
∼(1.5–2.0)× 10−7 mol/cm2.

The values of peroxynitrite quantum yield were calculated
on an initial linear part of the accumulation curves. The quan-
tum yields are given inTable 1and, as seen, they are less than
those in[10]. This can be easily accounted for by an insuffi-
cient number (2–3) of observations, which, as shown above,
leads to a large error in the determination of peroxynitrite at
short exposures.
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assed through the glass filter (>300 nm) does not res
he photo bleaching of peroxynitrite.

To estimate the uncertainty of the experimental pr
ure, the function of error distribution was determined.

his purpose, the bar graph of the variation range of ca
ated errors as the differences (D) between average valu
nd replicate experimental values of the peroxynitrite

ent in UV-irradiated KNO3 samples was plotted. The b
raph of the variation range is shown inFig. 2. The num
er of observations in every experimental point amou

ig. 1. The curves of peroxynitrite accumulation vs. photolysis time
lkali nitrates (1, 2, 3 and 4 – CsNO3, RbNO3, KNO3 and NaNO3 respec

ively).
. Discussion

The qualitative kinetic curve of the change of content o
nitial substance and the products of its photolysis in the
f a solid sample differs from the qualitative kinetic cu
f the change of its concentration in any thin layer of
ample. If diffusion does not occur and the transfer of m
nto or out of the system has no effect on the chemistry
oncentration profile of the product formed during a one-
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Table 1
Kinetics parameters of the mechanism for peroxynitrite accumulation under the photolysis of alkali nitrates

Substances C∞ (×10−2 mol/l) ϕ(ONOO−) (quantum−1) k3/k5 (×1019 cm−3) R0 (nm)

NaNO3 0.6 0.024± 0.006 7.0 1.5
KNO3 2.4 0.055± 0.005 11.0 1.3
RbNO3 2.3 0.061± 0.006 9.3 1.4
CsNO3 2.5 0.064± 0.002 9.5 1.4

photochemical reaction under lengthy photolysis of the sam-
ple with a large optical density can be described by means of
three areas. In the first area the concentration of the product is
constant; in the second (the reaction area), the concentration
of the product decreases from its value in the first area up
to ∼0 and in the third, the concentration is∼0 [11]. Thus,
the accumulation of the photoproduct in solids is described
by means of two stages. In the first stage the reaction area is
formed, in the second it shifts into the depth of the sample
parallel to the photolyzed surface without changing its shape.

Let us consider the mechanism described by a photochem-
ical reaction of the product formation and fast (not limited)
reactions of its decay. The product (peroxynitrite) does not
absorb photolyzed light (253.7 nm[6]) and the amount of the
initial substance decomposed can be neglected. Hence, based
on formal kinetics (the surface illuminated by a uniform par-
allel beam of monochromatic radiation with the intensityI0,
the exposure time beingt), the stationary concentration of
the productC∞ is observed in the first area with thickness
d. The continuation of irradiation results in the reaction area
moving to a thin layer with thickness�l within �t0. The rate
of light absorption in this layer is

�I = e−Kd(1 − e−K·�l)I0 · �t0 (2)

whereK is the host matrix absorptivity.
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The mechanism for peroxynitrite accumulation under the
photolysis (253.7 nm) of crystalline alkali nitrates can be pre-
sented by the following simplified scheme[6] (Fig. 3), where
NO3

−* (E′) is the high-energy excited state, NO3
−* (A′′

1) is
the low-energy excited state and NO3

− (1A′
1) is the ground

state of the nitrate ion.
Application of the steady-state assumption for excited

states of the nitrate ion gives

dx

dt
= ϕI0k

′
(

1 − k′′x
x + k′′′

)
(6)

which on integration gives

x + k′′k′′′

k′′ − 1
ln

(
1 − k′′ − 1

k′′′ x

)
= −(k′′ − 1)k′ϕ0I0t (7)

wherek′ = k1
k1+k2+k4

, k′′ = k2
k1

, k′′′ = k3
k5

, x is the concentra-
tion of peroxynitrite.

From Eq.(7) it follows that the quantum yield of perox-
ynitrite ϕ(ONOO−) is equal toϕ0k′ andk′′′ = C∞(k′′ − 1).
The quantum yieldϕ0 of high-energy excited states of the
nitrate ion NO3

−* (E′) is equal to 1.
To quantitatively determineC∞, the above procedure and

the data on peroxynitrite accumulation were used. For the
calculations, the host matrix absorptivities of single crystals
of rubidium and cesium nitrates at 253.7 nm (36 and 34 cm−1,
r ity
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Further irradiation results in the reaction area movin
l within �t1. Then, the rate of light absorption in the la

ocated at the distanced+�l from the illuminated surface
qual to the one calculated from Eq.(2):

I = e−K(d+�l)(1 − e−K·�l)I0 · �t1 (3)

The product content in the sample increases by the�N
alue at the exposure time�t1, hence�l =�N/C∞. From
qs.(2) and (3)it follows that

�t1

�t0
= exp

(
−K

�N

C∞

)
(4)

nd

∞ = K · �N

ln(�t1/�t0)
(5)

rom Eq.(5) it follows that after the reaction area is form
very othern-fold increase of exposure time results in�N

ncrease of the product content in the sample. Also, if
echanism of photolysis is described by a photochem

eaction of the product formation and by its first-order kin
cs decay, the inverse kinetics problem can be solved i
nalytical form.
espectively[12]) were taken instead of required absorptiv
or polycrystalline samples.

Absorptivities (Kcalc) for polycrystalline samples o
odium and potassium nitrates at 253.7 nm were calcu
n terms of

calc = 2K⊥ + K‖ (8)

hereK⊥ andK‖ are eigenvalues of absorptivity tensor[13].
he obtained values were 36± 1 and 43± 1 cm−1 for sodium
nd potassium nitrates, respectively.

TheC∞ values are given inTable 1. To compare thes
alues for potassium nitrate with those in[5], the density o

ig. 3. Primary photoprocesses and subsequent reactions during cry
lkali nitrates photolysis.
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its fine powder was estimated. The density of a single crystal
(2.11 g/cm3) turned out to be 2–3 times more than for a fine
powder. Thus, experimental and theoretical values are in a
good agreement.

To estimate thek3/k5 ratio, two extreme cases should be
considered. It is clear thatk2 cannot be less thank4. Let us
consider the case whenk2 ≈ k4. Then the kinetic parameters
areϕ(ONOO−)(1 + 2k′′) = 1 andk′′′ = C∞(k′′ − 1).

Thus, the final equation fork3/k5 is

k3

k5
= C∞

2

[
1

ϕ(ONOO−)
− 3

]
(9)

Thek3/k5 values are represented inTable 1.
When k2 »k4:

k3

k5
= C∞

[
1

ϕ(ONOO−)
− 2

]
(10)

andk3/k5 is approximately twice as large as the one inTable 1.
The k3/k5 ratio is equal to the critical concentration of

peroxynitrite [ONOO−]0:

[ONOO−]0 =
(

4

3
πR3

0

)−1

(11)

whereR0 is the critical distance of energy transfer corre-
sponding to the distance between the donor and the acceptor
w f the
d . The
v i ni-
t
3
√

ce

of the transfer of a low-energy excited state of the nitrate ion
annealing peroxynitrite is 1–2 constants of the lattice.
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