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Abstract—The dependence of the rate of a photochemical reaction of XeO, with H, on the concentrations of H,
and the diluent gases He and CO, is studied at room temperature. The results are compared with the data for the

dark reaction. A mechanism with the elementary energetic branched-chain reaction OH (V) + XeQ, —» OH +

O+ XeO; isproposed to explain the results of the study.

INTRODUCTION

Previoudly [1], we found that the dark reaction of
XeO, with H, occurs via a chain mechanism and that

the reaction of the vibrationally excited radical OH(v)
with the XeO, molecule is a key step in the reaction

mechanism. The addition of efficient OH(v) deactiva
tors (such as CO, and O,) in small amounts to the reac-
tion mixture dramatically decreased the rate of the
reaction of XeO, with H,. In principle, the reaction of

OH(v) with XeO, can occur via the following three
channels:

OH(V) + XeO, —» H + O, + Xe0;,
—— OH + O + XeO,, (b)

— HO, + Xe0;, (c)

where reaction (a) is chain propagation, reaction (b) is
chain branching, and reaction (c) is chain termination

because of the low activity of the HO, radical. Ques-
tions as to which of these reactions occur and in what
proportion are very important because this proportion
governs the reaction mechanism: either a linear chain
reaction or a branched-chain reaction takes place. In
this work, we examined a photochemical reaction of
XeO, with H,. In this case, the rate of generation of
active centers can be much higher than in the dark reac-
tion. A comparison between the rates and paths of the
reaction of XeO, with H, inthesetwo cases can provide
an answer to thisissue.

(a)

EXPERIMENTAL

The experiments were performed using apreviously
described setup [2]. The setup included a quartz reac-
tor, aUV-radiation source (deuterium arc lamp) for ini-
tiating the chemical reaction, a probing radiation

source (low-pressure mercury lamp with an emission
wavelength of 253.6 nm), and agenerator of XeO,. The
reaction was followed by monitoring the consumption
of XeQ,, as determined by changes in the absorption of
probing radiation in the reactor [3]. XeO, was prepared
immediately before each particular experiment by the
reaction of sodium hexaoxoxenonate with concentrated
sulfuric acid. The O, concentration in XeO, was ~30%
with respect to the XeO, formed [1]. The initial pres-
sure of XeO, inthereactor was0.3 or 0.4 torr. The pres-
sure of H, in diluted reactant mixtures was varied from
0.5 to 4 torr. Helium and carbon dioxide were used as
diluent gases. The pressures of He and CO, werevaried
from 4 to 400 torr and from 4 to 60 torr, respectively.
The experiments with undiluted mixtures were per-
formed at three fixed H, pressures of 2.0, 2.5, and
3.8torr.

The rate of XeO, conversion depended on the num-
ber of experiments performed in the reactor. The results
were reproducible after stabilizing the state of reactor
walls by treatment with reaction products [1]. The data
considered below were obtained under these condi-
tions.

RESULTS

In the dark reaction, chains areinitiated in the heter-
ogeneous decomposition of XeO, [1]

XeO, + wall — O + XeO.,. (1a)

In the photochemical reaction, chains are initiated
by the photodissociation of XeO,, which forms O
atoms mostly in the ground state [2]:

XeO, + hv — 40 + Xe. (1b)

The ratio between the specific rate constants (per
one XeO, molecule) of thermal (k,,) and photochemi-
cal (k,,) chain initiation was determined from experi-
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Fig. 1. Specific ratesof (1) dark and (2) photochemical reac-
tions as functions of CO, pressure. The pressures of XeO,
and H, are 0.4 and 3.8 torr, respectively.

ments on the thermal and photochemical degradation of
XeQ,. If experiments were performed under identical
conditions at low pressures (when the decay of O atoms

on the walls and (or) in the reaction O + XeO, —»
O, + XeO, play themainrole), k;, /K, = W;,/w,,, where
w;, and w,,, are the specific rates of thermal and photo-
chemical decomposition of XeO,, respectively. We
found from the results of measurements that w,, =
10*s' andw,, =5 x 107 s°!; that is, the rate of photo-
chemical chaininitiation is higher than the rate of ther-
mal chain initiation by a factor of 50, all other condi-
tions being the same.

The specific rate of the reaction of XeO, with H,,
1 d[XeO,]
© [XeQ,] dt

tial portions of kinetic curves at XeO, conversions

lower than 30%. The rate was characterized by the w
value that provided the best fit to theinitial portion.

was determined from the ini-

Figures 1 and 2 illustrate the typical dependence of
the reaction rate on the pressures of CO, and H,,
respectively. Theratio between the rates of photochem-
ica and dark reactions in experiments with mixtures
containing CO, was ~30 (see Fig. 1). In experiments
without adding diluent gases, the ratio between the
rates of photochemical and dark reactions was strongly
affected by the H, amount: the difference was great at
small amounts of H, (as well as in the mixtures with
CO,), whereas the rates became commensurable at
maximum H, amounts (see Fig. 2). For example, at
Py, = 3.8 torr, the rate of the photochemical reaction
was higher than the rate of the dark reaction by afactor
lessthan two. The addition of helium had aweak effect

on the ratio between the rates of photochemica and
dark reactions.
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Fig. 2. Specific ratesof (1) dark and (2) photochemical reac-
tions as functions of H, pressure. The total pressure was

7.6t0rT; Py oo, = 0.4 torr; and the balance was He.

DISCUSSION

Previoudly [1], we proposed a mechanism for the
dark reaction, which involved the following elementary

steps:
Xe0, + wall — O + XeO;, (Ia)
O+H,— OH+H, k=9x10"8cm¥s, (I

H +XeO,— OH(v) + XeO,,

(I1I)
kg = 2x 107 cm®/s [4],
OH(v) +Xe0,—~ H+0,+ XeO,, (a)
—> OH+0+Xe0,, (b) V)
—~ HO, + Xe0;, (c)
OH(V) +M —» OH +M, V)
OH, OH(v) +H, —= H+H,0, VD)
ke = 6.7x 107 cm®/s,
OH +XeO, — HO, + XeO,, VD)
k, = 6.7x 10 °—6.7 x 107 cm’/s,
HO, + XeO,—» OH + O, + XeO,, (VIID)
ke = 2x107°-2x 10" cm?/s,
O +Xe044> 02+Xe03, (IX)
ke = 4x107° cm®/s [2],
KINETICS AND CATALYSIS Vol.42 No.2 2001



MECHANISM OF THE REACTION OF XENON TETRAOXIDE

O +0,+M —» O+ M,
ko = 4% 10 4x10°% 15x 10% em®s ¢
(respectively M = He, H,, CO,) (see [1]),

X)

O +wall —» decay, (XI)

OH +wal —~ decay, (XII)

HO, +wal —~ decay,
Ky, Kipr Kyg = 1-10s .

(XIII)

In the photochemical reaction, chain isinitiated by
the reaction:

XeO, +hv —= 40 + Xe. (Ib)

At high concentrations of active centers, which can
be attained, for example, in the photochemical or fast
dark reaction, the following reactions between radicals
should be taken into account:

O +OH = 0,+H,

(XIV)
ky, = 3.3x10" cm®fs,
O +HO, —» OH +0,, XV)
ks = 5.7x 10" cm®/s,

OH + H02 - Hzo + 02, (XVI)

kg = 1.1x 107 cm’/s.

The set of reactions (1)—(XVI) was taken as a basis
for our analysis. Data on the reaction rate constants
were taken from [5], unless otherwise indicated in the
scheme. The constants k;, kg, ki, K;,, and k5 were var-
ied within the limits specified in the scheme. For k; and
ks, the values of the rate constants of the corresponding
processes in the reaction of O; with H, weretaken asa
basis.

Using the method of quasi-steady-state concentra-
tions with respect to the species H, OH(v), OH, HO,,

and O, and with reasonable assumptions valid under
experimental conditions, we obtained

ki[XeO,] + ake[H,][OH]
(D

= (A+ k14[OH] + k15[HC)2])[O] ,
2k,[H,][O] = (kys+ 2kig[OH])[HO,], (2

(k/[X€0,] + Bks[H,])[OH]

] . 3
= (e[X€O,] + kis + ki[OD[HO), O
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W = k[O] + kg[HO,] )
+ (Yks[H]/[Xe0,] + k;)[OH],
where
A =K[H,] + k[X€O,] + k;o[O,][M] + ki,
a = Ky, [XeO,)/((Kyp, + Ky)[XEO,] + ks[M]),
B = Ky [XeO/((Kyp, + Kyo) [X€O,] + Ks[M]),
Y = (2K, [XeO,] + ks[M]/((Kyp, + Kio)[XEO,] + ks[M]),

k, is the specific rate of O formation in the course of
initiation ((1a) or (1b)); k, = 10* or 5 x 10 s! for the
dark or photochemical reaction, respectively (see
above).

Initially, we analyzed the experiments with mixtures
containing CO,. In this case, the reaction scheme is

simplified because processes involving OH(v) radicals
should not be taken into account since deactivation by
CO, molecules is rapid. Consequently, a = 3 = 0 and
y= 1. It is evident that at a low rate of generation of
active centers, when quadratic processes (XV) and
(XVI) can be neglected, the reaction rate w is a linear
function of the rate constant of generation k. At a suf-
ficiently high rate of initiation, when the rates of qua-
dratic processes (XV) and (XVI) are higher than the
rates of linear processes (V111) and (XI11), we obtain the
following relations from Egs. (2) and (3):

kz[Hz][O] = le[OH][Hoz]v &)
k7[XeO4][OH] = k15[0][H02]. (6)
It follows from Egs. (5) and (6) that the concentration
of HO, approaches the Ilimit [HO,], =

JKok,[H,][X€0,]/Kqskq. This behavior is a conse-
guence of a rapid increase in the rate of process (XV)
with an increase in the concentration of active centers.
From Eq. (1), taking into account Eg. (5), we obtain

k,[XeO,] = (A +k,,[OH
1l 4l = (A+Kky[OH] )

+ kis[HO,] o) ke[ OH][HO,] o/ ko[ H,].
Therate of reaction, which primarily depends on the
last term in Eq. (4), is proportional to k; at k,[OH] <

A+ k;s[HO,], in Eq. (7) or proportional to j?l with a
further increasein therate of initiation when k;,[OH] >
A + k;s[HO,],. The intermediate dependence of w on k;
was observed experimentally: the reaction rate increased
by afactor of 30 with an increasein therate of initiation
by afactor of 50.

In mixtures without CO,, the rates of photochemical
and dark reactions were little different at a high pres-
sure of H, (P> 2torr, see Fig. 2). This can be explained
assuming that the reaction mixtures occurred in a
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branching region. In this case, externa initiation
weakly affects the concentrations of active species and
hence the rate of reaction. An initia exponential
increase in the concentrations of active species
becomes slower because of the acceleration of the qua
dratic processes of chain termination with an increase
in the concentrations of atoms and radicals and because
of the accumulation of productsthat facilitate chain ter-
mination (water molecules, which are efficient quench-

ers of the OH(v) radicals, are formed in the reaction
[6]). A nonexplosive reaction (with characteristic times
of tens of seconds or longer) isaconsequence of this. A
similar situation was observed in the study of the
branched-chain reaction of F, with H, to form HF asthe
end product. This product, being an efficient deactiva
tor of vibrationally excited species responsible for the
step of branching, dramatically decreased the rate of
reaction [7]. For the fast dark reaction, we ignored the
terms k,[XeO,] in Eq. (1) and k5 in Egs. (2) and (3),
which areinsignificant at high concentrations of active
species. Then, we obtain from Egs. (2) and (3)

[OH] = kg[XeO4][H(')2]/(k7[XeO4] )
+ Bke[ Ha] — kisksgl HOS1 Tko[H]).

It follows from Eq. (8) that the concentration of
HO, cannot be higher than the value [HO,], =
J(k7[X€O,] + Bke[Ho]) ko[ Ho]/kiskye . In this case,
the concentration of OH dramatically increases in the
vicinity of [HO,],. Therefore, we can take [HO,] =
[HO,], for reactions in the branching region, which is

characterized by the high concentration of OH. Then,
we obtain from Egs. (1) and (2) using the above
assumptions

akg[H,] = ks[XeO,] + Bks[H,]

o o)
+ (A + K[ OH])ki6[HO, ] o/ Ko [Ho] .

It follows from Eq. (9) that k,[XeO,]/ks[H,] < a — .

Considering the expressions for a and 3 (see above)
and taking into account that a — 3 < 1, we obtain

k7[X€O,]/ks[H] < (Kap —Kac)
x [XeO,]/((Kap * Koc) [X€O,] + ks[M]) < 1.
It follows from the above inequalities that (1) ky, >
k,; that is, the fraction of reaction (1Vb) is greater than
thefraction of reaction (IVc) and (2) k, < ky[H,]/[XeO,] =

10ks = 7 x 107'* cm¥/s; that is the rate constant of step
(VI1) is lower than the rate constant of an analogous

reaction of the OH radical with O;.

The reaction was analyzed in more detail by com-
puter simulations. To describe quantitatively the exper-
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iments with mixtures containing CO,, we varied the
unknown rate constants of the heterogeneous decay of
active species (reactions (XI)—(X111)) and the rate con-
stants of chain propagation (VII) and (VIII) involving
XeO,. The values of k;,—k;; were varied over the range
1-10 s (thisrange was chosen based on the analysis of
a great body of published data on the heterogeneous

decay of O, OH, and HO,). The values of k; and kg
were varied over the ranges 0.1-1.0 of the rate con-
stants of the corresponding processes in the reaction of
O; with H,. We found that, at a simultaneous tenfold
changein k;,—K;5, the rates of the dark and photochem-
ical reactions changed by a factor of less than two and
by less than 10%, respectively. The low sensitivity of
the rate of the photochemical reaction to changesin the
rate constants of heterogeneous decay results from an
increasing part of quadratic processes. Variations in k;
and kg over the specified range provided that k;/k; > 1
(in the reaction between O; and H,, the corresponding
ratio is equal to 30 [5]) resulted in less than twofold
changes in the rates of dark and photochemica reac-
tions. An analysis demonstrated that preferable values
of the constants k;, kg, and k;,—K;; cannot be chosen
because various combinations of them adequately
describe the experimental data as a consequence of the
weak effect of these constants on the reaction rate. At
the sametime, the strong effect of the rate of generation
of active centers on the reaction rate, which was
observed experimentally, was described by calculated
data.

To quantitatively describe the experiments without
CO,, we additionaly varied the reaction parameters

associated with the participation of OH(v), namely, the
parameter r = k,/ks (M = O,), where ks (M = 0O,) isthe
rate constant of relaxation of OH(v) on O,, and the pro-
portions between variants of reaction (1V) r,, = K../Ki,
Fap = Kip/Ky, and 1. = Ky /K,. IN @ similar reaction system

of O; with H,, OH radicals are formed in the reaction
H + O, primarily onthelevel of v =9 (see[8]). Therate

constant of the reaction OH(v = 9) + O, isequal to 2 x
10712 cm?/s[9], and the rate constant of deactivation of

OH(v =9) by O, moleculesisequal to 1.7 x 10! cm3/s
[10]; that is, the parameter analogoustor is=10. Reac-

tion (111 exhibits the same energetics as the reaction H +
O;. Therefore, we took r = 10 as an upper limit in vari-
ations and the variation range r = 1-10. The relative

constants of OH(v) deactivation in other species were
taken from [6]. Data on the dark and photochemical
reactions were adequately described at r = 3-10 over a
widerange of r,, valuesuptor, = 1. At the sametime,
it followsfrom the calculationsthat r,, cannot be higher
than r,,. Thus, the proportions between channels in
reaction (1V) cannot presently be unambiguously deter-
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Fig. 3. Relative (reduced to the initial) XeO, concentration

(n) as a function of time. Points and curves refer to the
experimental and calculated data, respectively: (1) total

pressure, 7.6 torr; PXeO4 =0.4and PHz = 3.8 torr; and the
balance He; (2) total pressure, 15 torr; PXe04 =04 and
PH2 = 3.8 torr; and the balance CO..

mined because data for a number of processes are
absent. However, we can state the relation ry, > r,, 4.
Taking into account the above relation between the
variants of reaction (IV) and the range of possibler val-
ues, we can estimate the lower limit ky, = ks (M = O,) ~
10~ cm¥/s. Previously [1], analyzing the scheme of the
dark reaction in a linear approximation, we found that
the fraction of reaction (1Va) can be as high as 100%.
Analysis of data on the photochemical reaction with
consideration for nonlinear processes, which was per-
formed in this work, alowed us to determine that the
fraction of reaction (IVa) is at most 50%.

Figure 3 compares the experimental kinetic curves
for two experiments (with and without CO,) to the
curves calculated for a possible set of parameters (d =
0.1, r= 10, I’4a = 0, I’4b = 0.7, r4c = 0.3, and kll = k12 =
k;;=1s"). The presented datarefer to combined exper-
iments in which the dark reaction initially took place.
Then, after turning on the deuterium lamp (bendsin the
curves correspond to theinstant of turning on), the pho-
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tochemical reaction occurred. It can be seen that the
experimental  results are everywhere adequately
described by the calculated data.

CONCLUSIONS

(1) The reaction of XeO, with H, occurs via a
branched-chain mechanism involving an energetic
branched-chain reaction in elementary step (1Vb).

(2) For the variants of reaction (1V), the relation
My > s TaciSTrUE.

(3) Therate constant of reaction (V1) islower than

the rate constant of an analogous reaction of the OH
radical with O;.

(4) The experimentally observed effects associated
with the dependence of the reaction rate on external
conditions (the rate of initiation and composition of
reactant mixtures) are adequately described by the sug-
gested scheme.
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