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Room-Temperature Rate Constant for the HO, + HO, Reaction at Low Pressures
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The rate constant, k, for the self-reaction of HO,, HO, + HO, — H;0, + O,, was investigated in a discharge-flow system
at room temperature and low pressures (1-~7 torr) of He carrier gas by laser magnetic resonance detection of HO,, OH,
and NO,. Three different chemical reactions, F + H,0,, Cl + H,0,, and CH,OH + O,, were used as sources of HO,. Absolute
concentrations of HO, were determined by converting HO, to OH and NO,, by reaction with NO, and calibrating the system
with known concentrations of OH or NO,. The average values for k, in a phosphoric acid and halocarbon wax-coated flow
tube were (1.90 % ¢ = 0.05) X 107 and (1.54 & ¢ = 0.07) X 107'2 cm® molecule™ s}, respectively, at 295 + 2 K, where
the errors represent one standard deviation of the mean. These results indicate some effect from reactor surface coating.
The recommended rate constant from this study is k; = (1.5 £ 0.3) X 1072 ¢cm?® molecule™ s, where the error is at the
95% confidence level and includes an estimate of systematic errors. This result combined with other recent studies indicates
that the reaction has both pressure-independent and pressure-dependent mechanisms.

Introduction

The hydroperoxy! free radical, HO,, is a vital chain carrier for
chemical reactions that occur in atmospheric chemistry, com-
bustion, and oxidation processes involving molecules that contain
hydrogen.!? HO, participates in all aspects of the mechanism
of chain reactions: initiation via H abstraction by O,; propagation
by such reactions as H + HO, — 20H, O + HO, — OH + O,
and OH + O; — HO, + O,; and termination, for example, in
OH + H02 - H20 + 02 and

HOZ + H02 hd H202 + 02 (1)

The kinetics of reaction 1, which is the sole known source of
gaseous atmospheric H,0,, has been studied extensively at high
pressures (~1 atm) and shows the interesting properties of a
pressure dependence,’# a negative temperature coefficient,™” and
a water-vapor dependence.®® Most measurements at room tem-
perature and 1-atm pressure find k,, as defined by eq 2, in the
range (2.5-4.7) X 1072 cm?® molecule™? s71,311

—d[HO,] /dt = 2k,[HO,]? @

At low pressures (1-10 torr) there are fewer results and less
agreement among investigators. In 1962 the first measurement
of reaction 1 was given by Foner and Hudson!? at 0.6 torr in a
flow system with mass spectrometric detection of HO,. Using
sources and calibration procedures for HO, that were not well
characterized, they reported an approximate value of k; = 3 X
107'2 cm? molecule™ 571

Thrush et al.!* produced HO, by reactions 3 and 4 in a flow

F + H,0, — HF + HO, 3)
ky = 8 X 10712 cm® molecule™! 57114

Cl + H,0, — HCl + HO, o
ky = 4.1 X 1073 ¢cm?® molecule™ 5712

tube with several different wall surfaces including hydrofluoric
acid cleaned Pyrex, Teflon, and a halocarbon wax. HO, decay
was followed by laser magnetic resonance (LMR) detection, and
a mean value of k; = (7.5 £ 5.0) X 1073 cm® molecule™ 57! was
obtained with an argon carrier gas pressure between 1.9 and 2.9
torr. Thrush and Wilkinson!5 conducted similar experiments in
a Teflon-coated flow tube and reported the following values for
k, at various total pressures of helium carrier gas: (2.9 £ 1.2)
X 10713 at 2 torr, (4.3 &+ 1.8) X 1013 at 3 torr, and (5.5 + 1.4)
X 1073 ¢m? molecule™ s7! at 4 torr. These results extrapolate
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to k; =~ 0 at P = 0 torr and imply purely termolecular behavior
at low pressures. Assuming that their earlier results'* for k, were
proportional to the pressure of argon carrier, they corrected their
mean value to (7.4 = 3.3) X 10713 at 2.2 torr of argon.

Cox and Burrows’ investigated reaction 1 in 3-760 torr of N,
by a molecular moduiation technique and found &, to be inde-
pendent of pressure above 25 torr with a value of 2.5 X 1071? cm?
molecule™ 57, These workers coated their reaction cell internally
with a thin layer of PTFE Teflon to minimize heterogeneous
removal of HO,, which proved troublesome for their lower pressure
experiments. Similarly, Lii et al.!! using a pulse radiolysis method
observed no pressure dependence over the range 400-1500 torr
of H, and reported 3.1 X 1072 cm?® molecule™ s7! for k; at 298
K in their stainless-steel reaction cell.

The absorption spectrum of HO, was monitored following flash
photolysis by Sander et al.? from 100-700 torr of He, Ar, N, O,,
and SF, and by Simonaitis and Heicklen* from 5 to 770 torr of
N, and 50 to 500 torr of He. In contrast to the above investi-
gations, both observed a pressure dependence for reaction 1. Their
rate constants extrapolate to k; =~ 1.6 X 1072 cm® molecule™ 57!
at P = 0 torr. These findings, as well as theoretical arguments,!6
suggest there is a pressure-dependent mechanism involving a
weakly bonded H,0, intermediate.

HOZ + H02 = H204 - H202 + 02 (5)
Thrush and Tyndall'? formed HO, from reaction 6 by flash
CH,OH + 0, — CH,0 + HO, (6)

ke = 2 % 10712 ¢cm?® molecule™ 57! 18
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TABLE I: Injector Experimental Conditions®
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107%[X,], 107'[H,0,], 107'*[CH,OH], 107'%[0,], 10 *¢[He], [CH,OH}/
source cm™ em™ cm™? cm™3 cm~? T, ems™ [X]/[X],® [CH,OH],®
X+ H,0, X=F) 2.2-8.5 0.8-3.6 2.9-22.4  946-3419 <6.1x10°°
X+ H,0, X=Cl) 6.2-23.9 3.0-4.0 2.9-159 731964 <8.1x107*
X+ CH,OH+ 0, (X=Cl) 0.5-9.3 2.8-25.2 2.6-11.5 1.9-12.8 486-3648 <7 x107'? <3 x107*

@ Experimental conditions in the last 5 cm of the 7.0-mm-i.d. tube of the injector (Figure 1). ? [X]/[X] o = expi{—kx+v[Y]5/7 - where X
X=Clor Fand Y=H,0, or CH,OH. ¢ [CH,0H]/[CH,OH], = exp{-k,[0,]15/v}.

TABLE II: Flow Tube Experimental Conditions

1074[X,], 107*°{H,0,], 107**[CH,OH], 107**[0,], 107'°[He], 107"*[HO,], [HO, ]y
source cm™ cm” cm™® em™? em™® 7, cms™ cm 3 [HO, }s*
X+ H,0, X=F) 0.7-2.7 0.4-1.2 3.1-22.9  302-367 0.9-14.5 1.7-6.7
X+ H,0, X=CD 1.1-5.1 4.9-6.9 3.2-16.4  311-448 1.1-3.2 1.9-2.7
X+ CH,OH+ 0, X=C]) 0.4-0.9 1.5-7.8 1.1-2.7 3.0-12.9  329-397 1.0-11.8 2.1-4.6
@ Ratio of initial to final HO, concentration that was observed over a 40-cm reaction distance.
photolysis of Cl,~CH,OH-O, mixtures and followed its decay with Discharge Gas
diode-laser spectroscopy in a quartz reactor. They found k; to e # AlsOg Insert Used When
be pressure independent from 7 to 20 torr of O, and in the range _‘f_T J Discharging He/F Mixtures
(1.5-2.0) X 10712 cm?® molecule™! s™ at 308 K. Further mea- o5 d Microwave
surements'? yielded &; = (1.6 £ 0.1) X 10712 ¢cm?® molecule™ 5! ‘_ﬁm Discharge
at 298 K. f il
In our investigation, a discharge-flow system was used to 6.5cm —~He/F,
produce HO, by three different chemical sources: F + H,0, —
(reaction 3), Cl + H,0, (reaction 4), and CH,OH + O, (reaction HelHoO
6). LMR detection of HO,, OH, and NO, permitted direct {23 0.}
N 3 2
determination of k; at room temperature and low pressure (1-7
torr of He) in a flow tube with either phosphoric acid or halocarbon O-Ring
wax coatings. 125 om Brass Fitting
Experimental Section
. . Flow Tube
The flow tube reactor and the LMR technique for detecting
HO,, OH, and NO, with the 118.6-um line of the water laser have torur
been described in detail previously.20?2! H
The 2.54-cm i.d. Pyrex flow tube is double walled along the 5cm
60-cm reaction zone to provide temperature control by circulating e y 7omm 2

either dibutyl phthalate (300-450 K) or ethanol (200~300 K) from
a thermoregulated reservoir. The inside surface of the flow tube
was coated with phosphoric acid or a halocarbon wax?? (mp 405
K) and baked under vacuum at ~350 K to reduce the loss of
radicals at the surface.

At the upstream end of the flow tube, a 1 m long, movable
injector was placed inside of the flow tube and sealed to the flow
tube with an O-ring as shown in Figure 1. The movable injector
consisted of two coaxial Pyrex tubes; the inner tube was 4-mm
i.d. while the outer was 7.0-mm i.d. The outer tube extended 5
cm beyond the end of the inner tube. An electrodeless microwave
discharge cavity was attached to the top end of the movable inlet
to generate the source atoms.

Fluorine atoms were made directly by discharging a He-F,
mixture or indirectly by discharging a gas mixture containing a
trace amount of H, in He to produce H atoms and adding a 10%
F, in He mixture through the center inlet. Reactions 7 and 8 then

H+F,—HF+F 7
k, = 1.6 X 10712 cm® molecule™! 57123

F+H,—-HF+H ®)
kg = 3.0 X 107! cm? molecule™! g7124

occur along the inner tube of the injector. Hydrogen peroxide
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Figure 1. Triple-inlet movable injector.

was added through the third inlet of the injector, passed down
the injector through the space between the inner and outer tubes,
and reacted with F atoms via reaction 3 in the last 5 cm of the
injector. Typical experimental conditions in the end of the injector
are given in Table I. For these experimental conditions, pseu-
do-first-order loss of F atoms by reaction 3 (Table I) predicts that
the fraction of F atoms exiting the injector was less than 6 X 1075,
When the H + F, reaction was used to produce F atoms, the
subsequent rapid reaction of F with H,, reaction 8, regenerates
H. Therefore, small amounts of H are always present with this
source. Low linear flow velocities and low H, concentrations were
used in the experiments when F atoms were produced by H +
F, in order to keep the concentration of H at a low level in the
flow tube. Hydroxyl radicals were formed by H + HO, — 20H
and were removed by reactions 9 and 10 in the injector. These
complications limited the usefulness of the H + F, source.

OH + HO, — H,0 + O, ©)
ko =7 X 107" ¢cm® molecule™! 712
OH + H,0, — H,0 + HO, (10)
kio = 1.7 X 10712 ¢m? molecule™! 5712

When F atoms were made by discharging He—F, mixtures, the
concentration ratio of OH to HO, that was measured in the flow
tube ranged from 6.2 X 10 to 1.6 X 10~* and typically was ~5
X 1075, At these OH concentration levels, reactions 9 and 10 have
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a negligible effect on the measurement of the rate of reaction 1.

The flow tube conditions (Table IT) were such that the [HO,]
changed by up to a factor of 6.7 over a 40-cm reaction distance.
The possibility that part of the HO, decay may be due to a reaction
between HO, and F, was investigated by producing small amounts
of HO, on a side arm of the flow tube from the reaction H + O,
+ M — HO, + M (see Appendix for details) and adding excess
F, through the injector. An upper limit of 2 X 107! cm® mole-
cule™! s7! was found for the rate constant for the reaction between
HO, and F,, which contributed a negligible loss of HO, compared
to that of reaction 1. Reaction between F, and H,0O, produced
trace amounts of HO, with a rate constant <2 X 107!¢ cm?
molecule™ 57!, The rate of production of HO, from F, + H,0,
is very slow compared to that from F + H,0, under our exper-
imental conditions and would produce a minor perturbation on
the measured rate constant, k;. With the above experimental
parameters, a maximum production rate for HO, in the inlet tube
of ~5 X 106 molecule s~ was achieved with the F + H,0, source.

The Cl + H,0, experiments were similar to the F + H,0,
studies. A 4.8% Cl, in He mixture was passed through the dis-
charge, and the resulting chlorine atoms were reacted with H,O,
in the end of the injector (Figure 1). For these experiments and
the experiments involving CH,OH + O,, the injector surfaces
exposed to Cl atoms below the discharge were coated with
phosphoric acid to reduce the loss of chlorine atoms. The injector
conditions (Table I) were such that the ratio [C1]/[Cl],, as
calculated solely on the pseudo-first-order loss of ClI by H,0,
(reaction 4), was in the range (0.5-8.1) X 10™% Because of the
complex chemistry of this system, a computer simulation of its
kinetics was carried out for both the injector and the flow tube.

Reactions 11 and 12 were found to occur to a significant extent

Cl + HO, — HCl + O, (11)
kyy = 3.2 X 107! em?® molecule™! s71%
Cl + HO, — CIO + OH (12)

k5 = 9.1 X 10712 cm? molecule™! s7! %

in the injector (details are given in the Results section). Hydroxyl
radicals, formed in reaction 12, are primarily removed by reaction
with H,0, (reaction 10) in the injector. The concentration ratio
[OH]/[HO,] was measured to be in the range (0.2-1.8) X 10
in the flow tube. This confirmed the model predictions of neg-
ligible effects by OH on [HO,] along the length of the flow tube
due to reactions 9 and 10. However, the ClO produced in reaction
12 contributed to HO, loss during the kinetic investigation via
reaction 13 and affected the calibration procedure due to the

CIO + HO, — HOCI + O, (13)
ki3 = 5.0 X 10712 cm® molecule™ §712

formation of Cl and NO, in reaction 14. The overall effects of
ClO + NO — Cl + NO, (14)

kyy = 1.7 X 107! ¢cm? molecule™! 5712

reactions 13 and 14 on kinetic measurements of (1) were found
to nearly compensate one another by computer modeling the
chemistry and are described in the Results section. The maximum
production rate of HO, that was obtained in the inlet tube from
the Cl + H,0, source was ~1 X 10'® molecule s™!. This pro-
duction rate allowed the [HO,] to change by a factor of up to
2.7 during the kinetic study with flow tube conditions listed in
Table IT. No analogous problems occur with the F + H,O, source
because the fluorine reaction corresponding to (12) is endothermic.

Varying the [Cl,] by a factor of 4.6 had no measurable effect
on the rate constant k;, and therefore any loss of HO, by a reaction
between HO, and Cl, was very small. An attempt at measuring
the rate constant for HO, + Cl, placed the rate constant at <3
X 1071 ¢m? molecule™! s7!. Production of HO, by a reaction
between Cl, and H,0, was shown to occur with a rate constant

(25) Y.-P. Lee and C. J. Howard, J. Chem. Phys., 77, 756 (1982).
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<1 X 1077 cm?® molecule™ s7!, and this reaction would have a
minor effect on the measured value of k.

The hydrogen peroxide solution was prepared by evaporation
under vacuum about 50% of an aqueous solution of 90 wt % H,0,
at room temperature. This increased the mole fraction of H,0,
in the residual solution to 92 % 1% as determined from both
measurements of the total vapor pressure and the partial pressure
of H,0,, Py,0,, above the solution.?® Py o, was measured by
passing vapor from the solution through a 50-cm path absorption
cell. The H,0, cross section was taken as 3.2 X 1071 cm? at the
213.9-nm Zn line.” A 25-nm (fwhm) interference filter was used
in front of the Zn lamp to select the 213-nm radiation. The
hydrogen peroxide flow rate, Fi,,, was calculated from a mea-
sured flow of He through the absorption cell, Fy, the total pressure
in the cell, P,, the hydrogen peroxide partial pressure, and the
mole fraction of H,0, in the gas phase above the H,0, solution,
X FHZOZ = FHePH;Oz/(PA - Pszéoz/X)' For our purified HzOz
solution, x equals 0.69 at 298 K,* the temperature at which H,0,
was used in our study. When not being used, the H,O, solution
was stored at <273 K. The Fy,p, was not critical to the mea-
surement of k,, except for some modeling of the experiments. We
estimate that Fy,0, measurements were made with an accuracy
of about £20%.

The presence of H,O in the H,0, causes some complication
because its reaction with fluorine atoms is fairly fast

F + H,0 — HF + OH (15)
ks = 1.1 X 107! cm? molecule™ g7 228

and produces OH which can further react with HO, (reaction
9) and H,0, (reaction 10). However, as noted above, under the
injector conditions used little OH entered the flow tube and re-
actions 9, 10, and 15 were limited to the volume within the injector.
The analogous Cl reaction between Cl atoms and H,O is endo-
thermic and is too slow to be significant.

The third method for preparing HO, involved reacting chlorine
atoms with a gaseous methanol-oxygen mixture (reaction 16

Cl + CH;0H — HCl + CH,0H (16)
ki = 6.3 X 107! cm® molecule™ 712

followed by 6 at the end of the inner tube of the injector (Figure
1). The experimental conditions in the injector were established
so that reactions 16 and 6 were essentially complete within the
injector tube (Table I). The Cl atoms were carried down the center
tube of the injector by a stream of He while CH,OH and O,
passed through the space between the two tubes. The flow con-
ditions (Table IT) permitted measurements of HO, decays up to
a factor of 4.6. Measurements of the concentration ratio of OH
to HO, during the kinetic experiments ranged from 3.6 X 107
to 1.2 X 1073, indicating that little secondary chemistry such as
the reaction of OH with CH,OH

OH + CH;OH — H,0 + CH,0H (or CH,0) (17)
ki = 1.0 X 10712 ¢m? molecule™! 7130

followed by reaction 6 or the reaction of OH with HO, was
occurring. The maximum production rate of HO, from the Cl
+ CH;0H + O, source that was obtained, by using the above
experimental conditions, was ~4 X 10! molecule s™.

To obtain the rate constant for reaction 1, absolute calibrations
of the HO, LMR signal were required. Absolute concentrations
were obtained by converting HO, to NO, and OH, by reaction
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T. Molina and M. J. Molina, J. Photochem., 15, 97 (1981).
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76, 563 (1976).
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with NO (reaction 18), and calibrating the system with known
HO, + NO — OH + NO, (18)

ks = 8.3 X 10712 ¢cm? molecule™! s7! 2

amounts of NO, or OH. Known amounts of OH were made from
the reaction of excess H atoms with measured NO, concentrations
via reaction 19. Details of the calibration procedures are given
in the Appendix.

H + NO, — OH + NO (19)
kig = 1.3 X 1071% ¢m?® molecule™ 51 3

Linear flow velocities of ~350 ¢cm s™! (Table II) were used in
the kinetic experiments to obtain maximum decays in [HO,].
Since the calibrations were usually made at higher linear flow
velocities, corrections were made for the change in the detection
conditions. The corrections were determined by comparing the
sensitivity of the LMR to NO, at the two conditions. The cor-
rections were largest at low pressures, about 12% at 1 torr and
decreased to about 1% at 7 torr.

The first-order wall loss of HO,

ky
HO, + wall — products (20)

was measured periodically throughout the study at concentration
levels for which reaction 1 would not contribute to HO, loss, and
k, was typically <0.4 s™!, To test the effect of k,, on the kinetics
of reaction 1, four experiments were carried out in'a halocarbon
wax coated flow tube at a total pressure of 1 torr on the same
chemical system except that the initial [HO,], [HO,],, was varied.
The [HO,] in these experiments changed by factors of 2.3, 3.0,
3.6, and 4.0 which corresponded to changes in 2k,[HO,] between
4 and 22 57!, The measured rate constants were within 1% of each
other, indicating a negligible first-order wall effect on the kinetics.
Some computer simulation calculations were performed using the
GEAR program, which is a package of subroutines for the numerical
solution of systems of ordinary differential equations.’> A com-
puter simulation of the system (k; = 1.65 X 10712 cm® molecule™
s, ky = 04578 [HOplg =51 X 102 cm™, 8 = 347 em 57}, Az
= 40 c¢m, and with integration step sizes <6 X 107 s) showed the
[HO,] would decay by a factor 3.0, corresponding to a change
in 2k;[HO,] from 16.8 to 5.6 s”1. A second-order plot of 1/[HO,]
against reaction distance gave k, = 1.72 X 1072 cm® molecule™
s71, which is equivalent to a maximum wall effect of 5% on the
measured rate constant. Since k,, was usually immeasurably small,
no correction was made for first-order wall loss of HO,.

The NO reactant was purified by passing it through a silica
gel trap cooled with a dry ice~ethanol bath. NO, was prepared
from the reaction of NO with excess O, at a pressure of about
900 torr. The NO, was kept at 0 °C when in use and stored at
dry ice—ethanol temperature where it was a white solid. A small
flow of He (~0.5 STP cm? s7!) was added to the NO and NO,
reactant flows to flush them through the inlet lines. Helium
(analyzed >99.999%) was passed through molecular sieves at 77
K. CH;0H (>99.5%), 4.8% Cl, in He, 10% F, in He, C,F,Cl,
0, (>99.95%), and H, (>99.95%) were used without purification.

Resulits

Chemical Sources of HO,. The principal limitation of the Cl
+ H,0, source is that reaction 4, Cl + H,0,, which produces HO,,
is very slow compared to reactions 11 and 12, Cl + HO,, which
destroy HO,. The linear flow velocities in the injector were kept
low (731-964 cm s7'), and the [H,0,] maximized so that reaction
4 was complete (Table I) and the OH formed in reaction 12 was
reacted. Reaction 12 also makes ClO, which as noted earlier, can
interfere chemically in both the calibration procedure (reaction
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14) and the kinetic measurement of HO, loss (reaction 13). The
injector and flow tube chemistry were modeled to quantitatively
examine these effects using a reaction scheme which included
reactions 1, 4, 9-13, and 21-25. For the calibration experiments,

OH + HCl — H,0 + Cl 21)

ky = 6.6 X 1073 ¢cm® molecule™ 5712
ClO + OH — ClI + HO, (22)

ky, = 1.2 X 10711 cm? molecule™! 57137
ClO + CIO — CI + ClO, (23)

ky; = 1.6 X 10714 cm?® molecule™ 57134
CIO + CIO — Cl, + O, 24)

kyy = 7.8 X 10715 cm?® molecule™! 57134
OH + HOCl — H,0 + CIO (25)

kys = 1.8 X 1072 cm® molecule™ 5712

the additional reactions 14, 18, and 26 were added to the model
OH + C,F,Cl — products (26)

kys = 6 X 10712 ¢m® molecule™ s71 3

of the flow tube chemistry. The initial concentration of Cl atoms
in the injector was not measured so it was estimated with the model
by finding the amount that fitted the concentration of NO, in the
computer simulation to that measured in the experiment. Under
this condition the initial [Cl] corresponded to about 6% dissociation
of the initial [Cl,], which agreed with other experiments where
the Cl was detected. The model predicted that ~75% of the
measured NO, was made from HO,, The remaining ~25% of
the NO, was made from ClO and NO by reaction 14 and from
subsequent reactions involving the Cl atoms that are produced
in reaction 14. Thus, the ClO had two effects which nearly cancel
one another: (a) the ClO was converted to NO, and made the
HO, concentration appear larger than it actually was during the
calibration procedure, and (b) the ClO reacted rapidly with the
HO,, making the reaction rate too large. The net result was an
error £-6% on the measured rate constant.

The Cl + CH;0H + O, source was modeled by using reactions
6, 16, 17, 27-33, and all the chemistry used in modeling the Cl

Cl + CH,0 — HCl + HCO @7

ky; = 7.3 X 107! cm® molecule™ s7!2
HCO + 0, — CO + HO, (28)

kyg = 5.5 X 10712 ¢cm® molecule™ 712
Cl + HOCl — Cl, + OH 29)

ky = 1.9 X 10712 cm? molecule™ 5712
Cl + O, + He — CIOO + He (30)

k3o = 1.0 X 10733 cm6 molecule™2 s712
Cl + CI0O — Cl, + O, @31

ki = 1.4 X 1071% cm? molecule™! 5712
Cl + CIOO — ClIO + CIO (32)

k3, = 8.0 X 1072 cm® molecule™ s712
OH + CH,0 — H,0 + HCO (33)

ky; = 1.0 X 107! ¢m® molecule™ s7!2

(31) R. F. Hampson, “Chemical Kinetic and Photochemical Data Sheets
for Atmospheric Reactions”, Report No. FAA-EE-80-17, U.S. Department
of Transportation, Federal Aviation Administration, Washington, D.C., 1980.

(32) A. C. Hindmarsh, “GEAR: Ordinary Differential Equation System
Solver”, Report No. UCID-30001, Revision 1, Lawrence Livermore Labora-
tory, University of California, Livermore, CA, Aug 20, 1972.

(33) A. R. Ravishankara, R. L. Eisele, and P. H. Wine, J. Chem. Phys.,
78, 1140 (1983).

(34) R. D. Hudson, Ed., “Chlorofluoromethanes and the Stratosphere”,
NASA RP-1010, National Aeronautics and Space Administration, Wash-
ington, DC, Aug 1977.

(35) C. J. Howard, J. Chem. Phys., 65, 4771 (1976).
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HO2+ HO2 2_*,“ products jl

5~

[HO5]~" (10~ ® cm3 molecule 1)

0 0.65 0.|10 0.15
REACTION TIME (s)

Figure 2. Plot of 1/[HO,] against reaction time (source F + H,0,,

phosphoric acid coated flow tube, # = 354 cm 57}, P = 2.003 torr, and

k, = 1.87 X 1072 cm?® molecule™ s™).

+ H,0, source. With the experimental conditions listed in Table
I, the [ClO] at the end of the injector was calculated to be
<1073[HO,], which in contrast to the Cl + H,0, source, had a
negligible effect on both the decay of HO, in the flow tube and
on the production of NO, during the calibration. Similarly, the
concentrations of other free radicals (e.g. Cl, OH, and HCO) were
shown to be much lower in concentration than the [CIO] and they
had an insignificant effect on [HO,] in the flow tube.

Making F atoms by reacting H atoms with F, (reaction 7)
proved to be a less efficient method for production of HO, than
by discharging F,. The H atoms present in this system reacted
rapidly with HO,, k£ = 7.4 X 107! ¢cm?® molecule™! 571,% producing
OH and O which also react with HO,. This secondary chemistry
was confined to the injector tube by using low velocities in the
injector which resulted in a lower HO, output with this source.

Rate Constant for HO, + HO,. Rate constants for reaction
1 were obtained from the slopes of least-squares fits to plots of
1/[HO,] against reaction time as illustrated in Figure 2. Several
factors contributed to the scatter of the points in these decay plots.
In some plots (such as Figure 2) there was a slight curvature
caused by the failure of the movable inlet to stay perfectly aligned
at the center of the flow tube as the inlet was moved. Also, the
discharge source mounted on the upstream end of the movable
inlet would have occasional fluctuations as the inlet was being
moved. All of the plots were quite linear with the individual points
falling well within a &5% tolerance. All the values of k,, from
the various sources and calibration methods, are shown in Table
III and plotted as a function of He carrier gas concentration in
Figure 3.

The average values found for k;, where the error limit is one
standard deviation of the mean,® are (1.90 + 0.05) X 1012 and
(1.54 £ 0.07) X 1072 ¢m® molecule™! s, respectively, for
phosphoric acid and halocarbon wax coated flow tubes. There
was no significant dependence of k, on He carrier gas pressure
from 1 to 7 torr.

Discussion
The rate constant in a halocarbon wax coated flow tube, k; =

(36) U. C. Sridharan, L. X. Qiu, and F. Kaufman, J. Phys. Chem., 86,
4569 (1982).

(37) The effect of the flow tube surface acting as a third body is observed
at the [M] = 0 intercept in plots of the effective bimolecular rate constant
vs. [M]. See for example: J. G. Anderson, J. J. Margitan, and F. Kaufman,
J. Chem. Phys., 60, 3310 (1974); C. J. Howard, J. Chem. Phys., 67, 5258
(1977).

(38) Twenty-one measurements of k, in a wax-coated reactor at temper-
atures between 253 and 390 K fall on a line which gives &, = 1.5 X 1072 ¢m?
molecule™ s™ at 295 K. Temperature dependence of the reaction HO, + HO,
at low pressures: G. A, Takacs and C. J. Howard, in preparation.

(39) R. J. Cvetanovic, D. L. Singleton, and G. Paraskevopoulos, J. Phys.
Chem., 83, 50 (1979).

Takacs and Howard

TABLE IIl: Measured Rate Constants for the HO, + HO,
Reaction

calibra- 107 [M], 10'%k,, cm®
source tion gas cm™® 7, em/s molecule”! 57!
Phosphoric Acid Coated Flow Tube

Cl+CH,0H+0, NO, 650 397 2.10
NO, 9.75 353 1.81
NO, 326 385 226
NO, 3.28 336 1.60
Ci+ H,0, NO, 3.32 414  1.73
NO, 6.53 448 194
NO, 9.7§5 372 2.01

NO, 133 311 2.4
NO, 16.3 369  1.93
NO, 16.5 330 1.87

F + H,0, OH 6.52 360 1.87
OH 13.1 338 195
OH 3.24 306 1.76
OH 9.80 302 1.57
OH 16.4 348 1.82
OH 23.0 348  2.07
1.90 £ 0=0.05¢
Halocarbon Wax Coated Flow Tube
Cl+CH;0H+ O, NO, 3.32 346 1.56
NO, 3.32 329 142
NO, 9.92 341 150
NO, 12.9 355 1.24
NO, 9.86 344 1.33
OH 9.83 349 1,39
OH 13.1 345 1.39
F+ H,0, OH 3.33 347 2.08
OH 6.63 342 149
OH 9.90 338 171
OH 13.1 345 1.66
OH 19.7 350 1.95
OH 9.85 364 1.40
1.54 + ¢=0.07°

@ o = standard deviation of the mean.
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Figure 3. Rate constant for self-reaction of HO, as a function of He
carrier gas concentration: A, Cl + CH;OH + O,, NO, calibration at
kinetic conditions; ¥, C1 + CH,OH + O,, NO, calibration at high 5; p,
Cl + CH;0H + O,, OH calibration; O, F + H,0,, OH calibration; O,
Cl + H,0,, NO, calibration at high 5. Open symbols represent the
H3PO, coated flow tube, and closed symbols represent the halocarbon
wax coated flow tube,

1.5 X 1072 ¢cm® molecule™ 57!, was somewhat smaller than that
obtained in a phosphoric acid coated flow tube, k = 1.9 X 10712,
Although some points from both sets of data overlap, we recom-
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mend that the lower rate constant be accepted as the preferred
value. The 95% confidence limits on the mean rate constant for
the two sets do not overlap so there is a statistically significant
difference between the two data sets. It has been shown that HO,
has a tendency to hydrogen bond strongly with H,O and NH;%%°
and that the HO, + HO, reaction has a small termolecular
component (this will be discussed more below). Flow tube studies
of termolecular reactions often have a small second-order com-
ponent which is due to a mechanism involving the wall as a third
body.”” We believe that the data taken with a phosphoric acid
coating is more subject to an effect of this type than the data taken
with the hydrophobic wax coating. Also, subsequent measure-
ments directed toward determining the temperature coefficient
of k, support the lower rate constant.>®

The precision of our measurements was estimated by using the
standard propagation of errors analysis given by Cvetanovic et
al.3® The errors associated with this estimate, which are all at
the 95% confidence level, include the following: gas flow rates,
+3%; flow tube pressure, +2%;, flow tube temperature, £1%; flow
tube radius, +1%; decay plot slope, £5%; and the HO, concen-
tration calibration, £15%. The resultant is +17%. An additional
factor, £10%, for systematic errors raises the overall uncertainty
to about £20%. Although we know of no systematic errors, this
factor is included to allow for the possibility of unknown reactions
which might produce or destroy HO, and for possible errors in
various calibrations. The standard deviation of the mean for the
preferred halocarbon wax coating data set is about 5%, which gives
a 95% confidence limit of about £11%. We believe £20% best
represents a reasonable estimate of the accuracy of this mea-
surement of k.

The observation of no significant pressure effect in this work
confirms the recent data from Sander et al.’ and Simonaitis and
Heicklen.* These studies used flash-photolysis techniques to cover
pressures from 100 to 700 torr and S to 770 torr, respectively,
and a small termolecular component, ky,"! ~ 5 X 10732 cm®
molecule™? 57!, was reported. If this is divided by two to allow
for the lower M efficiency of He compared to that of N,, we
predict a change in k; of only about 5 X 107'5 cm® molecule™ s~
for the 6-torr pressure range of our measurements. This small
increase in k; is far below the precision of our data. An effective
low-pressure value of k; was given by extrapolation to P = 0 torr
as kI = (1.6 £ 0.2) X 1072 cm® molecule™ s~ by Sander et al.?
and (1.4 £ 0.2) % 1072 by Simonaitis and Heicklen,* in excellent
agreement with our result.

Thrush and Tyndall!”!® have also published a low-pressure
(7-20 torr) measurement, k; = (1.6 % 0.1) X 10712 cm? molecule™
7!, that agrees very well with ours. This result superceded the
earlier data of Thrush and Wilkinson,!> who reported a very large
pressure effect at low pressure, but they gave no account for the
origin of the discrepancy.

The major products of the self-reaction of HO, are H,0, +
0,;3% however, a recent study*' gave evidence that H, is also
produced:

HO, + HO, — H, + 20, (34)

These investigations are consistent with each other, if reaction
34 contributes <10% of the overall HO, loss. The formation of
H, in reaction 34 has important consequences for the chemistry
of the atmosphere. H, is a reservoir of hydrogen that has a much
longer lifetime than H,O, because it is less reactive with at-
mospheric radicals and it is not photolyzed. Therefore, H, can
be transported to high altitudes where it is an important source
of hydrogen radicals. The possible formation of H, requires further
investigation.
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Appendix

HO, Calibration Procedures. The calibrations are made at
concentrations which are about 5-20 times lower than those used
in the kinetic measurements in order to eliminate complications
from radical~radical reactions. Therefore, calibration procedures
and the kinetic analysis assume that the HO, concentration is
proportional to the LMR signal. The linearity of LMR detection
of radicals was originally demonstrated for NO,.2%® Many tests
have been made to show that the LMR detection method is linear
for the stable paramagnetic gases NO and O,, which can be added
in accurately measured amounts. The linearity of OH and C1O
detection have been demonstrated over a factor of 20-60 by rapid
titration reactions, H + NO, and Cl + Oj;, using measured
amounts of NO, and O; in excess atoms. Also, the one to one
conversion of HO, to OH has been established for a concentration
range of about 100. In all cases no deviation from linearity was
observed. The only exception to this rule is in some spectroscopic
studies at very low pressures, <0.1 torr, saturation can occur. In
the present studies the pressure was greater than 1 torr; therefore,
we are confident that the assumption of linear detection is valid.

Calibration with OH. Low concentrations of HO, were pro-
duced by reaction 35 in a fixed side inlet located on the upstream

H+02+HC—’H02+HC (35)

end of the flow tube. The H atoms are reacted with O, in a
high-pressure (p ~ 20 torr) cell,?! and the high concentration of
HO, in this cell effectively scavenges all the reactive impurities
such as O, OH, and H so that only HO, (>99%) enters the flow
tube from the source. Excess NO is then added through the
injector when the injector is positioned just above the detection
volume to stoichiometrically convert HO, to OH. In separate
experiments the [OH] was calibrated by producing excess H atoms
in a side inlet and adding known amounts of NO, through the
injector under the same experimental conditions as the conversion
of HO, to OH. Typically, the linear flow velocity used for this
calibration was ~1000 cm s™!. Corrections for small differences
in the calibration conditions and the kinetic experimental con-
ditions were determined by measuring the LMR sensitivity to
measured amounts of NO,.

Calibration with NO,. HO,, produced from the CH,0OH +
0, and Cl + H,0, sources, was converted to NO, by reaction with
excess NO. The OH product of reaction 18 was removed from
the system because it destroyed HO, by reaction 9 or generated
HO, from reactions 10 or 17 + 6. Therefore, as in previous studies
from this laboratory,2®?! C,F,;CI was added to the flow tube
upstream of the injector outlet in order to scavenge OH by reaction
26. In the conversion experiments, the [C,F;Cl] employed was
such that the pseudo-first-order rate constant for reaction 26 was
24-290 times greater than those of the competing reactions OH
+ H202 or OH + CH3OH.

In the study of the F + H,0, source, significant amounts of
HO, and OH were observed in undischarged mixtures of
F,~NO-H,0, and F,—C,F;CI-H,0, and therefore calibration
could not be carried out accurately using NO,.

The usual calibration procedure involved adding NO to convert
HO, to NO, at low [HO,] and high linear flow velocities (~
1600-1700 cm s7'). Under these conditions, in the absence of
NO, there was a very small change in the HO, signal due to
reaction | along the 40-cm reaction distance. LMR measurements
of HO, or NO, were then made at various reaction distances in
the absence or presence of excess NO that was added directly into
the detection volume. Some conversions were also done by adding
the NO upstream of the injector outlet. The initial HO, signal
that corresponded to the measured NO, signal was determined
by extrapolation of the small HO, loss from the end of the injector
to the detection volume. These corrections were typically in the
range of 5~10%. With use of this latter procedure, the measured
NO, signal was, within experimental error, constant over the
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40-cm reaction distance, indicating negligible loss of NO, along
the flow tube.

A number of experimental tests, some of which are described
here, were made to ensure that complications were not occurring
in the above NO, calibration procedures. With the C1 + CH,;OH
+ O, source, in the absence of CH;OH, significant amounts of
NO, were produced from a mixture containing Cl, C,F,Cl, O,,
and NO. All four of these components were shown to be required
in order to produce the NO, possibly by the following mechanism.

Cl + C,F,Cl — C,F,Cl, (36)
C,F:Cl, + O, — C,F;C1,0, 37)
C2F3C1202 + NO - C2F3C120 + NOZ (38)

The possibility that a similar reaction sequence to (36)—(38) but
involving OH instead of Cl atoms was shown not to occur to any
measurable extent by reacting [NO,] ~ 2 X 10%° cm™ with H
atoms in the last 5 cm of the injector and adding typical con-
centrations of C,F;Cl, CH;OH, O,, NO, and Cl, upstream of the
injector outlet. The addition of these compounds produced no
detectable NO,. These experiments also ruled out the possibility
that ClI atoms were being generated during the calibration pro-
cedure.

The reaction HO, + C,F;Cl was measured and found to be
very slow by producing trace amounts of HO, by reaction 35 and
adding C,F;Cl concentrations up to 6.8 X 10'> molecules cm™
through the injector with a reaction time of 0.048 s. This sets
an upper limit of <2 X 107 cm?® molecule™ 57! for HO, + C,F;Cl
which is consistent with previous measurements.?%?! A few kinetic
experiments were also done with the C1 + CH;O0H + O, source
when C,F,Cl was present to demonstrate that the OH + C,F,Cl
adduct does not remove a significant amount of HO,.

The possibility that some of the gases (CH;0H, O,, Cl,, C,F,Cl,
H,0,, and NO) may react with NO, was tested by adding these
gases individually to a known concentration of NO,. No evidence
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was observed for reaction of these gases with NO, under our
experimental conditions. These findings are consistent with the
reported rate constants for the reactions of NO, with CH;0H
(k = 5.7 X 107 cm® molecule™ s71)*2 and between NO, and H,0,
(k <1 % 107 cm® molecule™! 571).#* Production of N,0; from
reaction of NO and NO, was also not expected because the
equilibrium constant for N,O; = NO + NO, is 1411 torr as
calculated from thermochemical data.**  Similarly, NO, di-
merization in the flow tube is negligible for [NQ,] ~ 1 x 1012
molecules cm™ at 298 K since K, = Pno,2/Pn,0, = 106 torr.*®

After completion of the HO, to NO, conversion experiments,
the microwave discharge that produced the Cl atoms was turned
off. No NO, was produced by reactions between the gases, for
the Cl + CH;0H + O, and Cl + H,0, sources, when the dis-
charge was off. Known amounts of NO, were then added to
calibrate for the response of the LMR to NO,.

A few calibrations for HO, from the Ct + CH,OH + O, source
were performed at kinetic conditions. To account for the sec-
ond-order loss of HO, between the end of the movable inlet and
the detection volume, the effective reaction time was measured
by using the slow reaction between HO, and NO,.

HO, + NO, + He — HO,NO, + He

ko = 1.0 X 1073 cm® molecule? 57146

(39)

All the calibration procedures described above gave good
agreement. We estimate that the accuracy of our [HO,] mea-
surements was about 15%.

Registry No. HO,, 3170-83-0; F, 14762-94-8; Cl, 22537-15-1; CH,-
OH, 2597-43-5; H,0,, 7722-84-1.
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(44) D. R. Stull and H. Prophet, Eds., “JANAF Thermochemical Tables”,
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Fourler Transform Infrared Spectroscopic Study of the Kinetics for the HO Radical

Reaction of 13C'®0 and 2C'%0

H. Niki,* P. D, Maker, C. M. Savage, and L. P. Breitenbach
Research Staff, Ford Motor Company, Dearborn, Michigan 48121 (Received: August 29, 1983}

The rate constants for the HO reaction of *C'0 and 2C'®0 were determined by the competitive kinetic method relative
to that for the HO-C,H, reaction, k(HO+C,H,), in the presence of 700 torr of air at 299 = 2 K. The HO radicals were
generated in the photooxidation of RONO (R = CHj; and C,H;). On the basis of FT IR spectroscopic measurements of
the rates of C,H, decay and formation of isotope-labeled CO, products, k(HO+C,H,)/k(HO+'3*C'¢0) and k-
(HO+C,H,)/ k(HO+!12C'80) were determined to be 35.95 £ 0.95(¢) and 36.30 £ 0.84, respectively. These values combined
with k(HO+C,H,) = (8.48 % 0.20(¢)) X 1072 cm® molecule™ s~ reported recently by Atkinson et al. give k(HO+'3C'60)
= (2.36 £ 0.12) X 107 and k(HO+12C'80) = (2.34 £ 0.12) X 10~* cm?® molecule™! 57!,

Introduction

Despite the well-recognized, critical role of the HO-CO reaction
in atmospheric chemistry, there is still significant uncertainty
concerning its rate constant, k(HO-+CQO), relevant at tropospheric
conditions. Namely, several previous studies revealed dependence
of k(HO~+CO) on diluent pressure and on the presence of O,.}”7

(1) Sie, B. K. T.; Simonaitis, R.; Heicklen, J. Int. J. Chem. Kinet. 1976,
(2) Cox, R. A,; Derwent, R. G.; Holt, P. W. J. Chem. Soc., Faraday
Trans. 1 1976, 72, 2031.

(3) Overend, R.; Paraskevopoulos, G. Chem. Phys. Lett. 1977, 49, 109.

(4) Chan, W, H,; Uselman, W, M.; Calvert, J. G.; Shaw, J. H. Chem.
Phys. Lett. 1977, 45, 240.

(5) Atkinson, R.; Perry, P. A ; Pitts, J. N., Jr. J. Chem. Phys. 1979, 66,
1197.

0022-3654,/84/2088-2116$01.50/0

Thus, the HO—CO reaction is presumably not a simple elementary
reaction but may involve an addition complex which can yield HO,
and CO, in the presence of 0,,5% e.g.

HO + CO —= C—OH) —= H + COp th)

JM

g,
0 ==C—0H —’COZ + H02
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