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Kinetics of O,('X) formation in the reaction
0,('A) + 0,('A) = 0,('2) + 0,(°%)

M.V. Zagidullin, N.A. Khvatov, A.Yu. Nyagashkin

Abstract. The dependence of the ratio of specific powers of dimole
radiation of singlet oxygen in the 634 nm band and in the b—X band
of the O,('Z) molecule in the O5(X)—0,('A)-0,('Z)-H,0-CO,
mixture on the CO, concentration is measured. As a result, the rate
constant of the reaction O,('A) + O,('A) = 0,('Z) + 0,(°2) at the
temperature ~ 330 K is found to equal (4.5 + 1.1)x107"7 em3 s,

Keywords: oxygen—iodine laser, dimole radiation, singlet oxygen,
pulling reaction.

1. Introduction

Gas phase reactions involving singlet oxygen O,(a'A) are of
interest in the studies of atmosphere physics [1], electric dis-
charge in oxygen [2], and kinetics of chemical oxygen—iodine
laser [3]. In particular, attention is attracted by the process of
collision of two molecules O,(a) that yields oxygen molecules
in the ground (X?%) and the second excited electron (b'Y) states
(pulling reaction):

O5(a) + Ox(a) = Oy(b) + 0x(X). (0

In the chemical oxygen—iodine laser the source of the
O,(a) molecules is a chemical gas singlet oxygen generator
(SOG), based on the reaction between chlorine and alkaline
solution of hydrogen peroxide. The gain in the active medium
of the oxygen—iodine laser is implemented using the transi-
tion 2P ,—2P;, in the iodine atom that appears when mixing
the molecular iodine with singlet oxygen. In correspondence
with some kinetic models, the process of atomic iodine forma-
tion in the active medium of the oxygen—iodine laser starts
with the reaction O,(b) + I, —= O,(X) + 2I [4,5], the rate of
which is proportional to the concentration of O,(b) molecules.
On reaching a certain critical concentration of the iodine atoms
in this reaction [5] and, possibly, in other initiating reactions
[4], a chain process of molecular iodine dissociation begins, in
which the iodine atoms play an active role. The steady-state
concentration of O,(b) molecules at the SOG output is

ny = kll”lg/Kb, (2)
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where k; is the rate constant of reaction (1); Ky, is the total
probability of O,(b) loss as a result of homogeneous and het-
erogeneous processes; n1,, 1y, is the concentration of the oxy-
gen molecules O,(a) and O,(b). The values of k| obtained ear-
lier at room temperature were ~2x 10717 cm? s! [2,6] and
(2.7£0.4)x 1077 cm? s7! [7]. The temperature dependence of
ki was studied in [8,9]. According to theoretical estimations,
ky =101 cm3 s [10] and 107'7 cm?s~! [11]. Under the condi-
tions when (2) is valid, the determination of k; is reduced to
the measurements of Ky, n,, and ny, [2, 6, 7]. Systematic errors
of these measurements affect the accuracy of the determina-
tion of k.

In the present paper we measure the ratio of specific powers
of the dimole radiation of the molecule O,(a) and the b—X
band radiation of the molecule O,(b) in the mixture O,(X)—
05,(a)—04(b)—H,0-CO,, proportional to the ratio n2/ny.
Under the conditions, when the CO, molecule is a predomi-
nant quencher of the O,(b) molecule, the value of & is deter-
mined using (2). In the experiments we used the gas mixture
0,(X)—05(a)—0,(b)-H,O-CO, with large enough concen-
tration of O,(a), small content of H,O and controlled con-
centration of CO,.

2. Experiment and measurements

A schematic diagram of the experimental setup is presented in
Fig. 1. The gas mixture O,(X)—0,(a)—H,O was created as a
result of the reaction of chlorine flow with streams of alkaline
solution of the hydrogen peroxide in a stream SOG [12]. Then
the gas flow of O,(X)-0,(a)-H,0 passed through a water
vapour trap (WVT), having the temperature of about —90 °C,
and entered the optical diagnostic unit (ODU). The gas trans-
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Figure 1. Schematic diagram of the experimental setup:

(1)SOG:; (2) WVT; (3) a bath with ethanol at the temperature —90°C;
(4) ODU; (5) carriage; (6) AvaSpec-3648 spectrometer; (7) germanium
detector; (8) choke orifice; (9) forepump.
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port of the ODU was a rectangular channel 25 mm high, 8
mm wide and 120 mm long. The side walls of the ODU were
made of fluoroplastic, the top and bottom walls were made
of 2.5-mm-thick quartz. Between the WVT and the ODU the
carbon dioxide gas was admixed to the O,(X)—0,(a)-—H,O
flow. The radiation of the gas mixture O,(X)—0,(a)-H,0—- CO,
from ODU in the wavelength range 600—800 nm was registered
by means of the AvaSpec-3648 optical fibre spectrometer
(Avantes, Holland) with a CCD detector array. The input end
of the optical fibre was placed closely to the quartz wall in the
middle between the fluoroplastic walls and was mounted on a
carriage that could move along the ODU. The optical fibre
spectrometer system captured the radiation of only those mole-
cules that were located in the ODU within the cone with the
angle 15° and the vertex at the input end of the fibre. The spec-
tra of dimole radiation (DR) (0,0—0,0) O,(a,0) + O,(a,0) —
0,(X,0) + O5(X,0) + v (A = 634 nm) and radiation in the
b—X(0-0) band (A = 762 nm) of O,(b) molecules were regis-
tered simultaneously. The absolute spectral sensitivity R(4) of
the spectrometer was certified by its manufacturer to 9.5%
within the whole spectral region 600—800 nm. In addition
to the absolute calibration, the relative spectral sensitivity
r(4) of the optical fibre—spectrometer—CCD array system
was measured using the radiation of a tungsten lamp with the
colour temperature 2850 K. The ratio R(1)/r(A) appeared to
be constant in the wavelength range 600—-800 nm to 2%.
Therefore, we assume that for any wavelengths 4, 4, in the
region 600800 nm the ratio r(4,)/r(4,) is known to not worse
than 4%.

The specific spectral radiation power from the gas volume
was determined using the formula i (1)[phot. cm> s nm '] =
4t 'Le 'C(A)R(A), where C(A) is the number of counts of a
CCD array pixel; L =2.5 cm is the ODU height; ¢ = 0.93 is the
quartz wall transmission; ¢ is the spectra exposure time. The
specific powers in the b—X(0—0) and DR(0,0-0,0) bands were
found using the expressions

Iy = Apny = fb_xi(i)d/l, Ip = kpn? = fDEi(/l)d/l, 3)

where Ay, is the Einstein coefficient for the transition b—X(0-0);
kp is the rate constant of the DR. The integrals in (3) are
taken over the corresponding spectral band. The gas tempera-
ture in the ODU was determined using the partially resolved
rotational structure of the spectrum of the b—X(0-0) band,
or the width of the dimole radiation spectrum, as described,
e.g., in [13]. A germanium photodetector, placed at 5 cm from
the point of CO, admixture, registered the radiation of the
a—X band of oxygen O,(a) molecules.

The gas evacuation from the ODU was implemented
through the delivery outlet using a forepump with volumetric
capacity 5 L s™!, independent of the gas pressure in the limits
of the present experiment. Before entering the pump the gas
temperature was equal to that of the walls of the gas-flow
tract, namely, ~295 K. Therefore, the pressure at the pump
input was directly proportional to the molar flow rate of the
gas through the ODU. The pressure values in the ODU an at
the pump input were measured with the error of 1.5%.

3. Experimental results and discussion

The chlorine flow rate in the experiments was ~0.8 mmol s,
the efficiency of its utilisation exceeding 97%. A few seconds
after the start of the SOG, when the steady-state values were

achieved by the gas pressure over the whole gas-flow tract and
by the response of the germanium photodetector, CO, was
admixed to the flow of O,(X)— O,(a)—H,O. After the second-
ary stabilisation of the flow parameters the scanning of the
radiation spectra was started during the exposure time equal to
t = 5 s. After that the chlorine supply to the SOG was termi-
nated and the pressure in the flow of pure CO, was measured
before the forepump. The CO, concentration in the mixture
0,(X)—-05(a)-H,0-CO, was found using the formula

Pco, Pobs
P kT’

nco, =

where p, pco, are the pressure values in the flow of O,(X)-
0,(a)-H,O0-CO, and in the flow of pure CO, before the
entrance of the forepump; pops and 7 are the pressure and
the temperature in the flow of O,(X)—0,(a)-H,O—-CO, in the
ODU; kg is the Boltzmann constant. The present calculation
of ncg, is valid under the condition of complete mixing of the
CO, flow with the flow of O5(X)—05(a)-H,O.

Figure 2 presents typical spectra, obtained in the case when
the carriage is at the distance of 11 cm from the CO, admix-
ture point, the concentration of nco, is 3.8x10'¢ cm? s, the
total gas pressure is 15 Torr, and its temperature is ~ 320 K.
Using kp = 6x102 ecm? s [14], 4, = 8.8x102s ! [15] and (3)
in the present experiment, the following concentration values
were obtained: n, = 10'7 cm 3, n, = 2.5x10'3 cm 3.
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Figure 2. Emission spectra of specific power of the gas mixture Oy(a)—
0,(b)—0,(X)-CO, in the band of dimole radiation (0,0-0,0) (a) and
in the band b—X(0-0) at 7, = 107 cm=, n, = 2.5x10" em, nco, =
3.8x10'% ¢cm3, the total gas pressure 15 Torr and the temperature
320+ 5 K.

According to (2) and (3),

I_D _ anf kD

LI~ Avny kA

Ky, 4)

where Ky, = K + kco,ncoy kco, 1s the rate constant of the
quenching reaction O,(b) + CO, —= O,(X) + CO,; K is the
total probability of O,(b) deactivation at the wall and other
molecules (O,, H,O, Cl,). It was found, that both Iy and
I, decrease with the growth of the distance from the CO,
admixture point in the range 5—11 cm; however, at fixed con-
sumption of CO, the ratio (4) remains constant within ~ 6%.
Variation in the CO, concentration in the flow O,(X)—0,(a)—
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H,0-CO, was implemented via changing its flow rate or the
cross section of the choke orifice at the ODU output. The
dependence of Ip/1, on nco, is illustrated in Fig. 3, where only
those experiments are presented, in which the gas temperature
at the distance 11 cm from the CO, admixture point was
within the limits of 320—340 K. The independence of the ratio
Ip/I, of the carriage position and its linear dependence on
nco, evidence in favour of practically complete mixing of the
CO, flow with the flow O,(X)—-0,(a)—H,O at the distance of
11 cm from the CO, admixture point in the chosen experi-
ments. At ¢, = 0 the ratio I/l = 0.05. The linear approxi-
mation of the I/I(nco,) dependence, presented in Fig. 3, yields

kpkco,
k1 Ay

=(7.8+0.2)x10 ¥ cm?.
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Figure 3. The ratio of specific powers of dimole radiation and radiation
in the b—X(0—0) band versus the concentration of the carbon dioxide
gas. The distance between the point of CO, admixture and the point of
spectra recording is 11 cm.

Taking into account the errors in measuring temperature
(£10K), pressure (1.5%), and ratio of spectral sensitivities
(4%), we get

kpkco,
ki1 Ay

= (7.8+0.8)x10 ¥ cm?. (5)

The estimate of k| depends on the choice of the numerical
values of the radiation constants 4y, kp and the rate constant
kco, of quenching O,(b) by the CO, molecules. The most reli-
able value of kp, equal to (6.1+0.3)x1023 cm3 s7!, is derived
from the value of the integral dimole absorption of oxygen
[16,17]. The largest disagreement in the literature data
relates the rate constant kco,, namely, (3+1)x1071* cm? 57!
[18], (3.48+0.47)x 103 ecm3s7' [19], (5%0.3)x 1013 cm? s~ [20],
(4.620.5)x10713 cm? s [21], (4.53%£0.29)x10"13 cm? 57! [22],
(6.1+0.5)x 10713 cm? s7! [23]. In our opinion, the most reliable
are the values of ko, obtained in [20—23], where it was deter-
mined by directs measurement of the probability of O,(b) loss
in the process O,(b) + CO, —= O,(X) + CO,. According to the
latest data, 4, = (8.69%0.03)x 102 s~! [24], which differs only
slightly from the value 8.8x1072 s!, given in the HITRAN
database [15]. Therefore, substituting kp = (6.1£0.3)x 1023
em? s, 4y = (8.69+0.03)x1072 57! and kco, = (5+0.5)x10712
cm’ sl into (5), we get ky = (4.521.1)x107'7 cm? s7! for the tem-

perature ~330 K. Using the temperature dependence of ki,
described in [8], we have k; = (4.0=1)x107'7 cm? s7! at the
temperature 300 K. This is about two times greater than the
ky values, obtained in [2,6]. Within the error this estimate
of k, is close to (2.7£0.4)x 1077 cm?® s! from [7].

Only the ratio of relative spectral sensitivities of the spec-
trometer and the calculation of the CO, concentration in the
0,(X)—05(a)-H,0O-CO, flow were used for calculating the
numerical value of (5). We see no reasons why they could be
determined with systematic error of ~100%, which could
explain the discrepancy with the results of [2,6]. It seems to
us, that the smaller values of k; = 2x107!7 cm? s7!, obtained
in these papers, are due to systematic errors in the deter-
mination of the absolute concentration of the O,(a) and O,(b)
molecules and to insufficient account for the deactivation of
0O,(b) at a wall, as pointed out in [25].

Reaction (1) followed by the reaction O,(b) + M — O,(a)
or O,(X) + M, together with the reactions O,(a) + O,(a) —=
0O,(a) + O5(X) and O,(a) + O,(a) = Ox(X) + O,(X), leads
to the loss of O,(a) molecules. From the analysis of the data
on the content of O,(a) at the output of the SOG, the authors
of [25] obtained the total effective rate constant of all these
three reactions, equal to ~ 10'® cm?, which is close to the value
8.2x107'7 cm?s! of [26]. Hence, in correspondence with these
data, the channel (1) contributes nearly a half of the total loss of
the singlet oxygen in the reaction O,(a) + O,(a) — products.

Thus, we obtained the dependence of the ratio of specific
powers of the dimole radiation and the radiation in the band
b-X of the singlet oxygen in the gas flow O(X)—O,('A)—
0,('%)~H,0-CO, on the concentration of CO,. This allowed us
to determine the rate constant for the reaction O,(a) + O,(a)
—= O,(b) + O5(X) in the temperature range 320—340 K, that
appeared to equal (4.5+1.1)x107'7 cm?® s~!. The rate constant
obtained is nearly two times larger than those known from
the literature [2, 6].
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