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Formation of HO, from OH and C,H, in the presence of O,

Birger Bohnt and Cornelius Zetzsch*
Fraunhofer-Institut fiir Toxikologie und Aerosolforschung, Nikolai-Fuchs-Strasse 1, D-30625
Hannover, Germany

Pulsed production of OH in a gas-phase system containing acetylene, O, and NO resulted in biexponential OH-decay curves,
indicating formation of HO, in secondary reactions. Production and detection of OH were performed by 248 nm photolysis of
H,0, and cw-laser long-path absorption at 308 nm, respectively. Measurements were made at room temperature in O, or
N,-O, mixtures containing 5% O, at total pressures between 10 and 100 kPa. Analysis of the decay curves resulted in effective
rate constants for the removal of OH and the formation of HO, by acetylene in the presence of O, in the range (1.4-3.5) x 10713
cm?® s™1, dependent on total pressure and O, concentration. HO, is thought to be formed from HCO and O,, with HCO
originating in a reaction of an intermediate acetylene—-OH adduct with O,. HO, yields were found to vary between 1.13 and 1.01
and tending to higher values at lower total pressures. These yields are higher than the expected value of 1, which can be explained
by a dissociation of a small fraction of vibrationally excited glyoxal formed, together with OH in a second channel of the
acetylene-OH adduct + O, reaction. In order to check whether the increased HO, yields are real, CO was used instead of
acetylene. In this case, an HO, yield of 0.99 was found, in good agreement with expectations, and a rate constant of
(1.66 4+ 0.25) x 10713 cm® s~ ! for the OH + CO reaction in 20 kPa O, was determined. In addition, a rate constant for the
HO, + NO reaction of (9.5 + 1.5) x 10712 cm3 s~ !, rate constants for the OH + NO reaction in the range (1.3-7.4) x 10~ 1% ¢cm?
s~1, depending on total pressure, and upper limits for the rate constants of possible reactions HO, + C,H, (k <5 x 107 1% cm?
s~ 1) and HO, + CO (k < 3 x 107 !% cm? s~ !) were derived. Error limits include statistical (2¢) and possible systematic errors.

Reaction with OH radicals is the dominant process determin-
ing the tropospheric lifetime of many natural and anthropo-
genic trace gases. Often, this primary oxidation step leads to a
formation of HO, in secondary reactions and OH can be
recovered by reaction of HO, with NO. This cycle is essential
for the self-cleaning capacity of the atmosphere. In some cases
HO, formation occurs almost instantaneously in secondary
reactions with atmospheric oxygen, for example that of H
atoms from the reaction of OH with CO. However, HO, is
often a product of reaction sequences via organic peroxyl rad-
icals, RO,, involving O, and NO. In these cases the HO,
formation is delayed, and competitive channels leading to
losses in the radical chain are possible.

Acetylene oxidation is initiated by pressure-dependent addi-
tion of OH (1a),"~'* which, at low pressure, competes with a

bimolecular channel (1b) forming ketene,!4—16
M
OH + C,H, — C,H,OH (1a)
L, CH,CO+H (1b)

while abstraction of H atoms is unimportant at room tem-
perature.>® In the presence of oxygen, part of the OH con-
sumed in reaction (1a) can be regenerated directly (i.e. not via
HO,) by a reaction of the adduct, C,H,OH, with O,.513
Recently, we have shown that the OH yield of this reaction
depends strongly on the O, mixing ratio but not on the total
pressure.!®> Smog chamber investigations by Hatakeyama et
al,'” performed in synthetic air at atmospheric pressure,
showed that glyoxal, (CHO),, and formic acid, HCO,H, are
the major stable products formed following acetylene reaction
with OH. On the other hand, ketene could not be detected,!”
indicating that reaction (1b) is negligible at atmospheric pres-
sure. The reported glyoxal yield of 0.7 + 0.3 '7 is similar to
our OH yield observed under the same conditions,'3
0.70 + 0.04, supporting the reaction paths proposed for the
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acetylene-OH adduct + O, reaction:!’
C,H,OH + O, — (CHO), + OH (2a)
~ HCO,H + HCO (2b)

However, a change in the yields of the stable products (CHO),
and HCO,H as a function of the O, mixing ratio, as expected
from our work on the OH yield, has not yet been investigated.
In this work, in addition to looking for OH formed in reac-
tion (2a), we detect HCO formed in reaction (2b) by convert-
ing it into HO,,

HCO + O, - HO, + CO (3)
and finally OH:
HO, + NO - OH + NO, 4)

In this way it is possible to check whether the observed
change in the OH yield from reaction (2) with the O, mixing
ratio corresponds to a matching change in the yield of HCO
i.e. whether the total amount of radicals formed in reaction (2)
stays constant while the total pressure or O, mixing ratio are
changed.

The basic idea of extracting quantitative information on the
HCO yield from OH-decay curves is that, with high levels of
O,, steady-state conditions can be maintained for both
C,H,0OH and HCO. As a consequence, a pulsed production
of OH results in an OH time-behaviour similar to that
observed if HO, were formed directly in the initiating OH
+ C,H, reaction. Such a system has recently been examined
in our laboratory,'® namely the reaction of OH with H,0,,

OH + H,0, - H,0 + HO, (5)

followed by reaction (4) to recover OH, while the radical chain
was terminated by reaction of OH with NO:

M

OH + NO —— HONO (6)

In this work we have extended this former reaction scheme
(4)—(6) by addition of acetylene and O,. From an analysis of
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the resulting biexponential OH-decay curves, the yield of HO,
(i.e. of HCO in the presence of O,) formed for each OH effec-
tively consumed in reactions (1) and (2) can be determined.

Additional measurements were performed with CO instead
of C,H,, in order to test this scheme. In this case, reaction
with OH leads to formation of H atoms,

OH + CO - H + CO, (7

which are also rapidly converted into HO, under the experi-
mental conditions employed.

H+O0,

HO, ®)

Thus, steady-state conditions can be assumed for the H atoms,
which qualitatively leads to the same time-behaviour for OH.
However, an HO, yield of one is strictly expected in this
simpler reaction chain.

Experimental

Measurements were made in a 20 1 glass tube designed for
time-resolved detection of OH by cw-laser long-path absorp-
tion at 308 nm. An excimer laser was used for pulsed pro-
duction of OH by 248 nm photolysis of H,O,. This
experimental set-up is described in more detail else-
Where.8’9’13’18

Gas mixtures of known composition were slowly flowing
(ca. 31 min~—! STP) through the reaction cell at room tem-
perature (296 + 2 K). H,O, concentrations were varied in the
range 0.8-2.7 Pa, leading to OH starting concentrations of,
typically, 5 x 10'° ¢cm™~3. This is more than three orders of
magnitude less than the lowest reactant concentrations used.
Thus, pseudo-first-order conditions are assumed to be valid
for OH. H,0, concentrations are maintained by purging a
concentrated liquid solution with a constant flow of N, or
0, .13 Since H,0, decomposes to some extent by wall reac-
tions in the cell,!® actual concentrations were calculated by
recording OH-decay curves before and after addition of other
reactants. The measured decay rates (z, !) can be converted to
H,O, concentrations using literature data on the rate con-
stant of the OH + H,0, reaction.!® The OH-decay rate coef-
ficient in the absence of reactants is estimated'® to be below
10 s~ 1. Total pressures of 10, 20, 50 and 100 kPa, using either
O, or an O,-N, mixture containing 5% O, as matrix gases,
were applied. However, owing to the use of diluted NO, 1-3%
of rare gases (Ar or He) were always present. Reactant concen-
trations were calculated from the gas-flow rates, maintained
by calibrated flow controllers, and total pressures.

The gases used had the following minimum purities (Messer
Griesheim): N, 99.999%, O, 99.995%, NO 99.5%, C,H,
99.6%, CO 99.998%. NO was diluted in Ar (2000 ppm) or He
(500 ppm) with concentrations precise to within 2% (Messer
Griesheim). Before entering the cell, NO, traces were removed
using a converter filled with solid iron(u) sulfate. C,H, was
available from Messer Griesheim in pure form (>99.6%) and
diluted in He (5%). Since the diluted C,H, was found to be
contaminated with 4-6% of acetone (not stated by the
manufacturer) such runs were discarded. On the other hand,
we checked that the pure C,H, contained less than 0.5% of
acetone by means of gas chromatography.

Since the reaction chain initiated by OH is very effective, it
may cause a decrease in reactant concentrations, especially of
NO (see below). To prevent this, OH-decay curves were ini-
tially accumulated over no more than three laser shots. After
this, 5-20 min were allowed to elapse to ensure an exchange
of the largest part of the gas volume (=95%, assuming the
reaction cell to behave like an ideal stirred reactor!®) until the
next measurement was started. To obtain reasonable OH-
decay curves the absorption signals of 20-30 single laser shots
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Fig. 1 Typical OH-decay curves obtained with different concentra-
tions, [C,H,]/10'% cm~3: (a) 1.3, (b) 2.5, (c) 3.7. The measured absorp-
tance, i.e. the ratio of absorbed and incident laser flux on the Q,(2)
line of the OH (A—X) transition, is taken as a direct measure of the
[OH]/[OH], . Experimental parameters as given in Table 1 (312).

were finally averaged. Fig. 1 shows a set of typical OH-decay
curves obtained with different C,H, concentrations. The time
profiles are biexponential (a sum of two monoexponential
decays) as will be discussed in more detail below. Decay-curve
parameters were derived in non-linear least-squares fits, con-
sidering the amplitudes and time constants of the two expo-
nentials and the background signal. However, the decay
curves are affected by the time constant of the detection
system, which causes a delayed increase in the absorption
signal at very short times. As a consequence, data points col-
lected at t < 0.2 ms were not considered in the fits, and the
relative amplitudes of the two exponentials were corrected as
outlined elsewhere.!®

Table 1 gives a summary of experimental parameters
employed in the experiments. Decay curves were recorded for
five—nine different C,H, or CO concentrations. For a given
total pressure and O, level, these sets were performed with at

Table 1 Experimental parameters employed in the different sets of
measurements: total pressures, C,H, concentration ranges, and con-
centrations of NO and H,0, (reflected in 74 *)

[C,H,]/* [NOY/ 10 1/
Pi/kPa 10'° cm™3 N 10'* cm™3 10% 57!

matrix gas: 5% O, in N, ¢

1 19.7 3.7 6 0.79 3.56
2 19.7 3.7 6 0.78 6.05
3 19.3 5.8 8 1.27 3.64
4 199 3.7 6 1.30 6.11
5 473 3.9 6 0.74 6.10
6 50.3 6.2 5 1.39 6.56
7 98.4 8.2 6 0.99 7.34
8 98.8 8.1 6 1.54 11.44
matrix gas: O, ¢
9 10.1 2.5 5 1.09 3.22
10 10.1 2.4 6 1.68 5.29
11 19.8 3.7 6 0.80 3.65
12 20.0 3.7 9 0.80 5.95
13 19.8 3.7 9 1.32 3.52
14 20.0 3.7 6 1.32 6.13
15 50.6 6.3 5 0.88 6.84
16 50.9 6.3 6 1.53 6.68
matrix gas: O, % CO instead of C,H,
17 21.5 18 8 1.12 6.31
18 20.0 17 6 1.80 6.01

¢ Maximum value of concentration range. ® Total number of data
points (i.e. of different C,H, concentrations). ¢ Measured before and
after addition of NO and C,H, (CO). ¢ 1-3% of He or Ar are always
present owing to the use of diluted NO.
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least two different NO concentrations and, in some cases, dif-
ferent H,O, concentrations, the latter being reflected in the
different 75 ! values.

Results
Evaluation of rate constants and HO, yields

Production of OH in the present system is assumed to initiate
a reaction chain as described in the introduction and shown in
Fig. 2, neglecting reaction (1b), possibly leading to an HO,
production via H + O, (see below). The concentrations of the
radical species C,H,OH and HCO are presumed to be in a
steady state,

d[C,H,0H] _d[HCO] _
dt Todr

0 )

which is justified considering the high concentrations of O,
employed (>10'7 cm~3) and the rate constants of the corre-
sponding reactions with O, (k,~k;~5x 107!* cm?
s 1).12:1% For the loss and formation of OH and HO, the
following system of differential equations remains:

d[OH

Fol o LLOH] + 'k ou[HO1 (D
d[HO
D) _ gt [OH] — ko (HO1 ()

The four coefficients are pseudo-first-order rate constants
(indicated by the index 1 and considered as effective on
account of our simplifications). For the loss of OH we obtain:

k2
lkle,f{)H = {k1a<1 - k_z) + k1b}[CzH2]
2
+ ks[H,0,] + k¢[NO]

= k'[C,H,] + €1, 0H Iv)

Additional loss terms due to diffusion or impurities in the
system are small (<10 s~ 1), as stated above, and not con-
sidered here. Assuming an OH yield of one for the HO,
+ NO reaction,'® and that reaction with NO is the only loss
process for HO,, for which experimental evidence will be

+0, - HCOOH
CH,OH |—— | HCO

+0, +C,H, +0,
-(CHO), l M) l -CO
+H,0, -H,0
+NO -NO,
+NO
M)

HONO

Fig. 2 Proposed reaction model*3:17-18
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given below, the rate coefficients for formation of OH and loss
of HO, are similar.

1kf, OH = 1kl, HO, = k4[NO] V)

Finally, according to the reaction model, the effective rate
coefficient for formation of HO, is expected to be given by the
following equation.

k
ko, = {kla % + klb}[CZHZJ + ks[H,0,]
2

= k*'[C,H,] + Ct, HO, (VD)

Whether or not this equation describes the kinetics of HO,
formation in the present system correctly will be examined
below.

Integration?® of eqn. (IT) and (III) leads to the biexponential
time dependence for OH that has been observed experimen-
tally.

OH](t
[[TH]](O) = ¢, exp(—1t/tq) + ¢, exp(—t/1,) (VII)
The decay curves in Fig. 1 demonstrate the contrasting influ-
ence of the C,H, concentration on the time profiles. With
increasing concentration the first (faster) time constant
decreases while the second (slower) increases.

The parameters characterising the decays are related to the
rate coefficients by the following equations (assuming
[HO,], = 0).'%:2¢

15t /e,

1k = VIII

ohoy = (v

lkle,fg)H = "71_1 + 'L'z_1 - 1kl, HO, IX)
lk?.fiioz 1kf. OH = lkf,fBH 1kl. HO, — 11—112—1 X)

The coefficients for formation of OH and HO, appear as a
product in eqn. (X). However, they can be separated using the
assumptions described above [i.e. eqn. (V)] which leads to:

-1 -1
et apert _ T1 T2
f.H0; = K1 oM T T

(XD)
1, HOz

With eqn. (VIII), (IX) and (XI), HO, yields can be derived
from the experimentally determined decay-curve parameters
by comparing the corresponding rate coefficients for OH loss
and HO, formation. Table 2 gives examples of typical biex-
ponential curve parameters and their dependences on C,H,
concentrations, as well as the corresponding rate coefficients.
No deviation from a biexponential time behaviour was notice-
able for the experimental conditions listed in Table 1.
However, measurements were also performed at a total pres-
sure of 10 kPa with 5% O,. Under these conditions,
unusually high residuals were observed in the fits, especially at
short reaction times, and HO, loss rate coefficients, signifi-
cantly lower (ca. 70%) than for all other series, were derived.
This inconsistency was only observed in the presence of
C,H,. The proposed reaction model and/or the simplifica-
tions may, therefore, not be valid under these conditions, and
the data will not be further considered in the Results section.

Table 2 Biexponential curve parameters and resulting rate coefficients as a function of C,H, concentration obtained within a typical set of

measurements (#11)

[C,H,]/10'° cm ™3 T /103 78 L cy/c, Ky, ho,/10% 871 HefTon/103 571 Tkg0,/10% 571
0.66 1.40 82 0.97 0.75 0.73 0.58
1.29 1.61 65 1.24 0.76 0.92 0.78
191 1.80 55 1.48 0.76 1.10 0.97
2.53 1.95 41 1.77 0.73 1.26 1.15
3.13 2.16 34 1.97 0.75 1.44 1.35
3.72 2.30 26 2.16 0.75 1.58 1.50

Additional experimental parameters are given in Table 1. A further analysis of the data can be found in Table 3.
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Measurements with CO were carried out at a total pressure
of 20 kPa of O,, where the rate constant of the H + O, reac-
tion is high enough (kg ~ 2.5 x 10713 cm?® s™1)!° to assume
steady-state conditions for H-atoms. Hence, replacing
k*f[C,H,] by k,[CO] in eqn. (IV) and (VI) leads to the same
expressions as derived above.

Rate constants of HO, reactions

Loss rate coefficients of HO, were obtained using eqn. (VIII).
Since no noticeable dependence on C,H, (or CO) concentra-
tions was found, the results were averaged for the different
sets, i.e. over five-nine single measurements. These averages
are given in Table 3 with error limits indicating the largest
deviations found within the sets. Hence, they reflect repro-
ducibility rather than accuracy. Moreover, since no depen-
dence on total pressure was apparent, the averaged data were
combined in a plot vs. NO concentrations, to determine the
HO, + NO rate constant. A linear regression gave k, = (9.5
4+ 0.5) x 1072 cm3 s~ ! (4+20) and an intercept close to zero
(=15 + 65 s 1). These results are in good agreement with our
recent study,'® also showing the absence of any pressure effect
on the rate constant. Moreover, the assumption that reaction
with NO is the only loss process for HO, in the system
appears to be justified. Possible systematic errors affecting the
rate constant are estimated to be below 10%!8 leading to a
total relative error of 15%.

In order to derive upper limits for rate constants of the pos-
sible reactions HO, + C,H, and HO, + CO the averaged
HO, loss rate coefficients from Table 3 were subtracted from
the single values and the differences plotted vs. C,H, and CO
concentration, respectively. From a linear regression to these
data (a total of 101 and 14 data points, respectively) slightly
negative slopes of (—0.5 + 2.1) and (—1.5 + 3.8) x 10> cm?
s~ were obtained, corresponding to upper limits (+20) for
the rate constants of 1.6 and 2.3 x 1075 cm3 s™?!, respec-
tively. These reactions obviously have no importance.
However, the fact that the fitted slopes are negative, hints
towards a small loss of NO in the radical chain. The same
applies for the fitted intercept in the case of HO, + NO, as
has been noticed in earlier work.!®
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The amount of NO consumed can be calculated by inte-
grating by equation,

dD:tO] = —[NOJ(ks[OH] + k,[HO,]) (XII)
with [OH] given by eqn. (VII) and [HO,] by eqn. (XIII),

[HO,]J®)

“[oH], ca{exp(—t/t,) — exp(—t/ty)} (XIII)

where c; can be expressed in terms of the parameters given
above:

£, HO, (XIV)

Taking the experimental set from Table 2 as an example, the
decrease in NO concentration caused by the initial production
of 5 x 10'° cm ™3 of OH was calculated to be 0.3% and 1.3%
for the lowest and highest concentrations of C,H,, respec-
tively. Averaging over three laser shots, as described above,
this corresponds to an NO decrease of ca. 1.5% within the set,
caused by the increase in C,H,. Considering the HO, + NO
rate constant, this is expected to lead to a decrease in the HO,
loss rate coefficient of the order of 10 s™'. Plotted vs. C,H,
concentration this will result in a slope of ca. —3 x 10713
cm?® s1, of the same order as the slopes determined experi-
mentally. Considering this systematic deviation, the upper
limit of the rate constant of a possible reaction HO, + C,H,
is estimated to be 5 x 1075 cm® s~ 1. In the case of CO this
perturbation is less, since the amount of NO consumed is con-
siderably less compared with C,H, (see below). Hence, an
upper limit of 3 x 10715 cm3 s~ ! is estimated for the rate
constant of a possible HO, + CO reaction.

Effective rate constants of OH + C,H, and rate constants of
OH + CO

Effective OH-loss rate coefficients were determined using eqn.
(IX). Fig. 3 shows an example of a plot of these coefficients vs.
C,H, concentration, from which effective rate constants k°ff
for the OH + C,H, reaction in the presence of O, were

Table 3 Summary of results: HO,-loss rate coefficients, effective rate constants of the OH + C,H, reaction, slope (m) and intercept (b) of a
correlation of effective OH loss and HO, formation rate coefficients, difference (d) of fitted HO, formation rate coefficient intercepts ((C,H,] = 0)

and 1, ', and rate constant (k¢) of the OH + NO reaction

'Ky w0, /10% 571 k10713 ¢cm3 s~ 1 —b/102 571 dbpst ke/10712 cm3 571
matrix gas: 5% O, in N, ¢

1 0.70 + 0.03 1.44 + 0.13 1.131 + 0.046 2.65 £+ 0.40 —1+52

2 0.71 + 0.02 1.60 + 0.16 1.112 + 0.023 2.85+ 0.27 —11+ 38 2.39 + 0.22

3 1.13 + 0.03 1.54 + 0.07 1.153 + 0.020 416 +0.23 —20+23

4 1.17 + 0.04 1.55+0.18 1.113 £ 0.041 4.20 + 0.52 -84+ 37

5 0.72 + 0.02 1.79 + 0.13 1.022 + 0.048 3.76 £+ 0.65 6+ 19 4.62 4+ 0.32¢

6 1.27 + 0.02 1.83 + 0.20 1.041 + 0.017 6.86 + 0.35 -9+283

7 0.97 + 0.02 211 +0.14 1.008 + 0.033 7.59 + 0.81 74155 742 +0.29¢

8 1.43 + 0.05 2.13+0.20 1.004 + 0.045 1145+ 143 54 + 108

matrix gas: O, ¢

9 1.04 + 0.02 273 £ 041 1.098 + 0.029 1.81 +0.25 —28 + 62 1.26 + 0.07¢
10 1.58 + 0.04 249 + 045 1.099 + 0.035 2.73 +£ 033 —-2470
11 0.75 £ 0.02 2.80 £ 0.12 1.084 + 0.017 217+ 021 19+ 25
12 0.72 £ 0.02 3.00 £ 0.19 1.061 + 0.011 212+ 0.15 —10+43 2.06 £+ 0.18
13 1.26 + 0.03 290 + 0.19 1.080 + 0.010 327+ 0.15 —23+49
14 1.23 + 0.02 274 + 0.11 1.079 + 0.016 3.51+0.25 13+ 22
15 0.76 + 0.02 3.53 £ 0.09 1.048 + 0.004 3.88 + 0.09 —-7445 4.14 4+ 0.48¢
16 1.45 + 0.02 347 £ 0.25 1.062 + 0.013 7.33 + 0.36 75 + 101

matrix gas: O, ¢, CO instead of C,H,, k, instead of k*f

17 1.06 £+ 0.05 1.66 + 0.06 0.992 + 0.007 2.46 + 0.10 33+ 75 2.09 + 0.31¢
18 1.69 + 0.01 1.67 + 0.11 0.983 + 0.009 3.50 + 0.10 44122

Error limits are 20 (statistical) if not stated otherwise. * Averaged value over N (Table 1) values, error limits reflect the largest deviation within the
sets. ® Error limits of fitted HO,-formation rate coefficient intercepts ([C,H,] = 0). © 1-3% He or Ar are always present owing to the use of
diluted NO. ¢ Only two data points available, linear regression was forced through the origin.
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[CO1/105¢cm™3

[C,H,]/10'5cm

Fig. 3 OH-loss rate coefficients (effective in case of C,H,) as a func-
tion of C,H, (O) and CO ([J) concentrations at a total pressure of 20
kPa of O,. The results of four sets with C,H, (#11-14) and all data
obtained with CO are shown. Fitted intercepts, resulting from differ-
ent NO and H,O, concentrations, were subtracted to allow a com-
parison of data from different sets.

derived [eqn. (IV)]. The results are listed in Table 3. The inter-
cepts, ¢y, on, dependent on NO and H,O, concentrations, as
well as on total pressure, will be examined below. They were
subtracted in Fig. 3 to allow a comparison of data from differ-
ent sets. No effect of NO and H,O, concentrations on the rate
constants is noticeable. In Fig. 4 k°f is plotted vs. total pres-
sure. A slight pressure dependence is noticeable, while the
effect of the O, mixing ratio on the rate constant is much
more pronounced. This result is consistent with recent work
on the C,H, + OH reaction in the presence of O,.!3

By using CO instead of C,H,, rate constants k, for the
reaction OH + CO were derived. Fig. 3 shows the corre-
sponding plots in comparison with the data obtained for
C,H,. The results are in good agreement with recent
recommendations!®?! and given in Table 3. An additional
relative error of 10% on account of possible systematic errors
is estimated for both k°f and k..

HO, yields

The independence of HO,-loss rate coefficients on C,H, con-
centrations justifies the use of eqn. (XI) to obtain effective
HO,-formation rate coefficients. Plots vs. C,H, concentra-

(V]
—
L

k710 Bem3s!

o
T

1 ! 1 L | L | 1
0 02 04 06 08 1

Piot/10° Pa

Fig. 4 Effective rate constants of the OH + C,H, reaction as a func-
tion of total pressure and O, concentration: (@) 5% of O, inN,, (O)
O, . Error bars indicate error limits from Table 3. The full lines show
the pressure dependence of the rate constant of the OH + C,H, reac-
tion in N,*3 scaled by factors of 0.25 (5% of O,) and 0.45 (O,).
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tions also show linear dependences, as expected from eqn.
(VI), with intercepts depending on H,O, concentrations. The
results of the corresponding linear regressions, i.e. effective
rate constants of HO, formation, are not given separately.
Instead, slopes (m) and intercepts (b) from a direct correlation
of effective HO,-formation and OH-loss rate coefficients are
given,

Yk, =m ki + b (XV)

with the intercepts b related to the rate coefficients in the
absence of C,H, (CO):

b = ¢ 5o, — My, on (XVD)

m corresponds to the ratio of effective rate constants for HO,
formation and OH loss i.e. the yield of HO, formed for each
OH effectively consumed in reactions (1) and (2). In all cases,
m is close to unity which, at a first glance, is in agreement with
the proposed model [Fig. 2 and eqn. (VI)]. On the other hand,
considering the small statistical error limits, most of the values
obtained with C,H, are significantly higher than one, while
measurements with CO gave m-values very close to unity, in
agreement with expectations. Fig. 5 shows examples of corre-
lation plots, demonstrating the low scatter of the data and the
significance of the differences between C,H, and CO.

In Fig. 6, the HO, yield is plotted as a function of total
pressure. There appears to be a slight pressure dependence,
which is more pronounced at the lower O, concentration. At
100 kPa, m approaches the expected value of one. Hence, devi-
ations from the proposed reaction model are significant only
at low pressures. A possible explanation for this behaviour
will be given below.

HO, formation in the absence of C,H, (CO), and OH loss
in the absence of C,H, (CO) and NO are expected to be due
to the OH + H,O, reaction. Hence, the fitted intercepts ¢; yo,
and the directly measured values of 7, * should be similar.

¢, mo, = ks[H,0,] = Tgl (XVII)
The differences,
d = ¢t g0, — To 1 (XVIII)

are given in Table 3 with the 20 error limits of the intercepts.
In all cases, d is zero within these error limits, which again is
in accordance with expectations. Measurements without C,H,
were made in roughly half the series. In all cases these mea-
sured values of the HO, formation rate coefficients at

25

Kepo, 110%1

05 1 15 2 25
Uy o 110%s!

Fig. 5 Correlation of HO,-formation and OH-loss rate coefficients
(both effective in case of C,H,) at a total pressure of 20 kPa of O,:
C,H, (# 11-14) (O), part of the CO data ([J). Intercepts b from
Table 3 were subtracted to allow a comparison of data from different
sets. Straight lines show averages of m from Table 3 and the dashed
line indicates the expected correlation (m = 1).
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Fig. 6 Pressure dependence of the HO, yield for each OH effectively
consumed in the OH + C,H, and following O, reactions: 5% of O,
in N, (@), O, (O), and results for CO, obtained in O, ([J). The
dashed line corresponds to the expected value of one, while the full
lines indicate the different trends observed at different O, concentra-
tions.

[C,H,] =0 and the fitted intercepts are similar within their
error limits.

Rate constants of OH + NO

Finally, the data allow rate coefficients for the terminating
reaction OH + NO to be calculated from the differences of
OH-loss and HO,-formation rate coefficients in the absence of
C,H, (CO),

€1, 0n — ¢, 1o, = ks[NO] (IXX)

The series performed at 20 kPa each gave four data points,
allowing a linear regression to obtain kg. The corresponding
values are given in Table 3. The intercepts ((NO], [H,0,] =
0) are very close to zero, (6 + 23) s~ ! (#1-4) and (6 + 20) s !
(3 10-13) in accordance with the estimate given in the Experi-
mental section (<10 s~1). For the series at other total pres-
sures, where only two data points were available, fits were,
therefore, forced through the origin in order to estimate the
rate constants listed in Table 3. The results are in good agree-
ment with those derived in our recent study on the HO,
+ NO reaction'® and with current recommendations,!®2!
and will not be discussed further.

Discussion

Effective rate constants of the OH + C,H, reaction

In previous work,'® monoexponential OH-decay curves were
observed in the presence of C,H, and a large excess of O,.
This time-behaviour is expected when steady-state conditions
are assumed for the adduct, C,H,OH. The corresponding
effective rate constants for the OH + C,H, reaction, equally
defined as in this work, were found to depend on total pres-
sure and O, mixing ratio. For fixed O, mixing ratios, almost
the same fall-off behaviour was observed as in the absence of
O, . This led to the conclusion that the effective rate constants
can be described by a product of a pressure-dependent addi-
tion rate constant k,, (ca. k; at higher pressures), independent
of O,, and an O, mixing ratio dependent factor (1 — ¢°4),
independent of pressure, with ¢°" being the OH yield of the
adduct + O, reaction (2). The observed non-linear depen-
dence of the factor (1 — ¢°") on the O, mixing ratio was
explained by different reactive properties of vibrationally
excited adducts with respect to O, .13
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The effective rate constants derived in the present work
agree with this picture. The full lines in Fig. 4 show the pres-
sure dependence of the OH + C,H, reaction in N,,'? scaled
by factors of 0.45 (O,) and 0.25 (5% of O,) to fit the data.
From our previous work,!? factors of 0.43 + 0.04 and ca. 0.22
are expected, respectively. Thus, the effective rate constants
obtained here, in the presence of NO and derived from an
analysis of a different OH time-behaviour, are similar.

HO, yield

Considering the proposed reaction model, the overall HO,
yield m is given by the following expression:

_ B ¢ ggmongeogio:
¢Ii{+CH2CO + ¢(132H20H(1 _ ¢(2)H)

Here, the different ¢ values denote the yields of the products
(upper index) of the different reactions (lower index). The HO,
yields of reactions (3) and (8) can be assumed to be one,
because of the high O, concentrations employed. Moreover,
at higher pressures, the yield of H-atoms (and ketene) of reac-
tion (1), is negligible,!” which leads to:

HCO
m= 7¢2 OH
1—¢5

(XX)

(XXI)

Thus, in the case where there are only two reaction channels
for the adduct + O, reaction, one regenerating OH, the other
forming HO, via HCO, an m-value of one should be obtained.
This is in fact observed at 100 kPa and in good approx-
imation also for the lower total pressures.

However, deviations from this ideal value cannot be
explained within the proposed model. Even if reaction (1b) is
considered, m should remain one. Although m only increases
slightly towards lower pressures, this increase is significant,
which is reflected in the small statistical error limits given in
Table 3. An error analysis considering eqn. (VIII) and (XI)
reveals that fluctuations in the ratio ¢,/c, and in t; produce
the largest shifts in OH-loss and HO,-formation rate coeffi-
cients. Fortunately, these shifts go in the same directions and
have almost the same magnitudes, i.e. they hardly influence
the correlations [eqn. (XV)]. In accordance with this, it was
found that the absolute statistical errors of the results of linear
regressions to obtain effective rate constants for OH loss and
HO, formation are similar (within 20%) for both slopes and
intercepts. They are, therefore, not completely listed in Table
3. Moreover, while, for the rate constants, the precision of
C,H, (CO) concentrations is important and has been con-
sidered in the additional 10% estimate of the errors, this is not
the case for m. Hence, the precision of the given values and
their increase towards lower pressures is real, as long as the
OH time-behaviour is really biexponential. There are indica-
tions that this is the case, especially the consistency of the data
obtained with and without C,H, and the constancy of the
derived HO, loss rate coefficients (due to HO, + NO).

Nevertheless, as mentioned above, the measurements made
with 5% O, at 10 kPa are inconsistent with all other sets.
Under these conditions, k*f is relatively small and reaction
(1b) may account for ca. 10%.3 At the same time, the lifetime
of H atoms, produced in reaction (1b), is increased to ca. 60
us,'° probably too long for the assumption of steady-state
conditions, essential for pure biexponential time-behaviour. A
delayed formation of HO, via H + O, may appear to give a
lower HO, loss rate coefficient, as has been observed qualit-
atively. This possible perturbation may already be negligible
at 20 kPa and the same O, mixing ratio, since the lifetime of
H-atoms drops to ca. 15 ps'® and the contribution of reaction
(1b) is expected to be lower. However, the increase in m
towards lower pressures indicates that additional reactions
become important which, from a certain point, may destroy
the simple kinetics.
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A small additional HO, source may be related to the OH
regenerating reaction (2a). Zhang and Peeters'* supposed that
excited glyoxal may dissociate into HCO radicals:

C,H,0H + 0, » (CHO)? + OH (2a)
M

(CHO)! — (CHO), (9a)

— L2 HCO (9b)

In the present system this would, indeed, lead to additional
HO, formation, not related to an effective loss of OH. The
corresponding expression for m now allows values higher than
one:

_ O BTN 1 g9ghe)
d)IiH-CHzCO + qsszzOH(l _ ¢(2)H)

I

T 1—¢M

In the right-hand side of this equation reaction (1b) has been
omitted as in eqn. (XXI). The highest value of m observed, ca.
1.13 at 20 kPa and 5% O,, corresponds to an HCO yield of
reaction (9) of 0.043, i.e. only some 2% of the glyoxal formed
in reaction (2a) must dissociate to produce this effect. At the
same total pressure, a slightly higher HCO yield of 0.065 is
calculated, from the m-value, of ca. 1.08 obtained in O, .

The energy released in reaction (2a) (—299 kJ mol ~1)1%:22 is
almost the same as the dissociation energy of glyoxal (296 kJ
mol~1).1%22 From this point of view, a strong pressure depen-
dence of a possible glyoxal dissociation can be expected and
may be the reason for the observed pressure dependence of
the overall HO, yield.

In our previous work!® we proposed that the fraction of
vibrationally excited adducts, formed from OH and C,H,,
which reacts with O,, increases with the O, mixing ratio.
Higher internal energy of the reacting adduct may, therefore,
also explain a stronger dissociation of glyoxal at higher O,
mixing ratios, as indicated by the higher HCO yield given
above.

As described in the Results section, the amount of NO con-
sumed in the radical chain is considerable. The amount of
NO, formed is almost the same and can be calculated inte-
grating the right-hand term of eqn. (XII),

(XXII)

% = k,[HO,][NO] (XXITII)
which leads to:
A[NO,] ~ ci/erert —13Y)
o, T T e Y

The approximation means that the NO concentration is
assumed to be constant in the integration and that OH-
formation and HO,-loss rate coefficients are taken to be
similar [eqn. (V)]. Taking the measurements of Table 2 as an
example, the ratio given by eqn. (XXIV) is ca. 19 for the
highest C,H, concentration. This ratio drops to ca. 7 in the
case of CO or H,O, under the same conditions and similar
OH-loss rate coefficients. Thus, formation of NO, is a very
sensitive measure of any additional source of radicals, since
this source is amplified by the radical chain. Note, that absol-
ute values of [OH], are known here from the attenuation of
the analysing laser beam by the pressure-broadened?® Q,(2)
line of the OH (X-A) transition at known path length.
Addition of CO and NO to a gas sample, and detection of
the NO, formed in the resulting reaction chain, is a means of
monitoring RO, radicals. Recently, measurements have been
made where CO and acetylene were compared in such a
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set-up, while maintaining a constant concentration of HO,
radicals in the probed gas stream.?* At a total pressure of 1
bar of synthetic air, the amount of NO, formed using acety-
lene was increased by ca. 20% compared with CO. This result
can be explained by no more than a 0.75% dissociation of
glyoxal under these conditions,?* which is in line with the
results of this work.

Conclusion

The HO, yield of secondary processes following OH reaction
with acetylene in the presence of O, has been determined as a
function of total pressure and O, mixing ratio. The results are
in good agreement with the reactive pathways proposed by
Hatakeyama et al.!” for the reaction of acetylene-OH adducts
with O,, namely glyoxal + OH and formic acid + HCO, and
with earlier results on the O, mixing ratio dependence of the
OH yield of this reaction.!® The observed decrease in the OH-
forming channel with O, mixing ratio is found to be balanced
by an increase of the HCO-forming channel. Deviations from
this simple scheme have been observed at lower total pres-
sures. While these are not thought to have implications for the
atmospheric degradation of acetylene, they appear to be
increasingly important at low pressures and hint at an inter-
esting net production of radicals under low-pressure condi-
tions. A pressure- and O, mixing ratio-dependent dissociation
of a small fraction of vibrationally excited glyoxal from the
acetylene-OH adduct + O, reaction is proposed to account
for this additional radical source.
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Bildung, Forschung und Technologie (BMBF), grant
07TFS30/D3, is gratefully acknowledged.
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