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Studies of reactions of importance in the stratosphere. Ill.
Rate constant and products of the reaction between CIO
and HO, radicals at 298 K

Thomas J. Leck,? Jac-E L. Cook, and John W. Birks

Department of Chemistry and Cooperative Institute for Research in Environmental Sciences (CIRES),
University of Colorado, Boulder, Colorado 80309
(Received 4 October 1979; accepted 29 October 1979)

The rate constant for the radical-radical reaction C10 + Hozk—uHOCl + O, was measured at 298 K by the
discharge flow technique using mass spectrometry for detection of the HOCI product at m /e = 52. The
ClO radical was generated by reacting ozone with chlorine atoms produced in a microwave discharge,
and the concentration of ClO determined by measuring the decrease in ion current due to Clj at
m/e =70 upon activation of the discharge. This method was found to be in agreement with a nitric
oxide titration of ClO and with the stochiometric conversion of ClO to NO, by reaction with a large
excess of NO followed by absolute calibration for NO, at m /e = 46. Two reactions were used to generate
the hydroperoxyl radical: (1) H+ O, + M—HO, + M, and (2) Cl+ H,0,—HCl + HO,. The rate
constant k, was found to be independent of pressure over the range 2-6 Torr, the result being
k, = (4.540.9)x 10~ "? cm’molecule~'s~', where the error includes our estimate of the maximum possible
systematic error. An upper limit of 2% for the branching ratio to the alternative products of this
reaction, HCI + O;, was established by attempting to detect ozone as a reaction product. For these
measurenents the reactions Cl + CIOCI—Cl, 4- CIO and Cl + OCIO —2ClO were used to generate the
ClO radical in the absence of ozone. No other reaction products could be identified in the mass

spectrum.
I. INTRODUCTION — HOC1 + 02’ AH = - 43 kecal mol'1 R (la)
Two measurements by the discharge flow technique of o —HCl+0; , AH=-12 kecal mol™, (1b)
the rate constant for the reaction between HO, and Cl0 ClO + HO, —
radicals have recently been reported.!? Reimann and HCIO +0,, (1c)
Kaufman' studied the reaction at ambient temperature ¥ _, HOOCIO or HOOOCI . (1d)

by following the loss of HO, in the presence of a large
excess of ClO. In that study the HO, radical was sto-
chiometrically converted to OH by reaction with a large
excess of NO near the end of the flow reactor and the

OH concentration monitored by resonance fluorescence.
The HO, and ClO radicals were directly detected by the
laser magnetic resonance technique in a temperature de-
pendent study covering the range 235-393 K by Stimpfle,
Perry, and Howard.? Neither of these techniques al-
lowed the determination of the products of the reaction.
We have identified HOCI as a major product of this re-
action by the discharge flow method with mass spec-
trometry for detection, and have measured the rate —HC1+O (»<508 nm) , (2a)
constant for the reaction between HO, and ClO radicals

based on appearance of HOCI in the nzlass spectrum,? HOCL+hv —— OH+CL (<503 nm) , (2b)
This technique also allows the direct detection of the L—=ClO+H (»<301 nm) . (2¢)
ClO radical as well as other species in the reaction mix- The effect of the direct formation of HC1 by Reaction
ture such as Cl,, O, OCIO, CIOCL, H,, O, H,O, and (1b) is the same as for the formation of HC1 by Reaction
H,O. The concentration of the HO, radical may be de- (2a). Both reactions reduce ozone depletion estimates
termined in the absence of C1O by reaction with a large by partitioning a greater fraction of the total chlorine in
excess of NO and detection of NO,. the stratosphere in the form HCI which does not partici-
pate in odd oxygen depletion cycles. Model calculations
by Sze indicate that even if a few percent of ultimate
products of Reaction (1) are HCl, then estimates of ozone
depletion due to continued release of chlorofluorometh-
anes will be significantly lowered.® On the other hand,

the effect of Reaction (2b) is an increase in ozone de-
*)This work was performed as partial fulfillment of the require-  pletion estimates because it leads to an additional cycle

The effect of Reaction (1) on ozone concentrations in the
stratosphere is highly dependent on the reaction products
and the subsequent fate of those products. There are at
least two possible exothermic reaction channels, Reac-
tions (1a) and (1b). Based on recent measurements of
the absorption cross sections for HOCI by Molina and
Molina* and Jaffe and DeMore,® and as discussed by
Stimpfle ef al.,? HOCI is probably photolyzed in the
stratosphere with a lifetime of less than 2x10°* s. The
effect of HOCI on ozone chemistry is then dependent on
the possible photolysis products: -

Possible products of the reaction of ClO with HO, in-
clude

ments for the Ph.D. degree in the Department of Chemistry, whose net effect is to destroy ozone:
School of Chemical Sciences, University of Illinois at Urbana-
Champaign, Urbana, I1. 61801, C10+HO,~HOC! +0O, , (1a)
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HOCl + v~ OH+Cl , (2b)
Cl+0;~ClO+0; , (3)
OH+0;~HO,+0, ; 4)

Net: 205~30; .

Since the principal fate of H atoms in the atmosphere is
to attach to O, to form the HO, radical, the effect of Re-
action (2¢) is simply to reverse Reaction (1a) and thus
has no effect on ozone depletion estimates,

One must also consider the possibility that the prod-
ucts of Reaction (1) are those of (I1¢). In our experi-
ments we cannot distinguish between the geometrical
isomers HOCI and HC10. Although HOCI is a well known
species, HCIO has apparently never been identified.
Reaction (1c) is exothermic even if HCIO has a heat of
formation as much as 43 kcal mol™ above that of HOCI.
Furthermore, any HCIO formed in the atmosphere is
likely to provide an additional path to HCI either by re-
action with O, or O3 or by photolysis:

HC10+0,~ HC1+0; , (5)
HCIO + Oy = HC1+ 20, , (6)
HCIO + hv—~HC1+O . (7N

The species HCIO is stable with respect to cleavage of
the HC1-O bond provided that its AHZ% is less than
+37.5 kcalmol™, compared to AHZ*®=-18.7 kecal mol™
for HOCI.

The formation of the possible adducts HOOCIO and
HOOOCI given by Reaction (1d) must also be considered.
The observation that %, is independent of pressure over
the 2—8 Torr pressure range by ourselves and other in-
vestigators!'? is good evidence that these species are
not significant reaction products. The negative activa-
tion energy observed by Stimpfle ef al.? implicates these
species as excited short-lived intermediates decompos-
ing to the products (la) or (1b). It is conceivable that
these species could be collisionally stabilized in higher
pressure experiments or in the stratosphere.

Il. EXPERIMENTAL
A. Reagents

The suppliers and purities of gases used in experi-
ments described here are summarized in Table I. Ozone
was produced by electrical discharge through oxygen and
collected on silica gel as described previously.” Nitro-

TABLE I. Summary of suppliers and purities of gases used.
Gas Source Grade and purity

He Air Products U.P.C. (99,997%)

O, Air Products U.P.C. {99.994%)

H,/He Scientific Gas Products U.H.P. (0.1389% H, in He)
NO Air Products - C.P. (99%)

NO, Air Products C.P. (99.5%)

Cl, Linde Research {99. 99%)
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gen dioxide was reacted with oxygen to remove nitric
oxide impurity by repeated freezing and thawing of NO,
in the presence of oxygen. The process was repeated
until the original bright blue solid had changed to a pure
white amorphous solid which upon sublimation formed
colorless crystals. The nitrogen dioxide impurity in
nitric oxide was removed by flowing the gas through a
column of Ascarite. Removal of NO, was verified by
mass spectral analysis in the flow system. Ninety per-
cent hydrogen peroxide was obtained from F.M.C. Cor-
poration, the balance being water. Chlorine dioxide
(OCI0) was prepared by reacting chlorine gas with sodi-
um chlorite powder in the presence of oxygen, followed
by vacuum distillation. The result was bright red crys-
tals of high purity. Dichlorine monoxide (ClOCl) was
prepared by reacting chlorine gas with mercuric oxide
powder followed by vacuum distillation. The brown liq-
uid at — 78 °C typically contained ~ 10% chlorine as dem-
onstrated by mass spectral analysis, but this chlorine
does not interfere with the experiments described here.

B. Discharge flow apparatus

The discharge flow technique was used to study the
reaction between C10 and HO,. Since both ClO and HO,
are labile species the fixed inlet system of previous
studies could not be used. Instead, a modified apparatus
having several fixed inlets and one moveable inlet as
shown in Fig. 1 was constructed. The moveable inlet
has five 1 mm i.d. radially directed orifices for injec-
tion of one of the reactants at various positions along the
2.5 em i.d. reaction tube. For studies of Reaction (1),
the HO, radical was introduced through the moveable
inlet and chlorine atoms and ozone were introduced at
fixed inlets near the beginning of the reaction tube to
form the ClO radical as shown in the diagram. An addi-
tional fixed inlet was used to introduce additional He so
as to vary the total pressure. To determine HO, radi-
cal concentrations, nitric oxide was introduced at the
fixed inlet near the end of the reaction tube as described
below. Reaction time was varied by translating the
moveable inlet horizontally along an optical rail. The
reaction time is given by the distance from the move-
able inlet to the first sampling orifice divided by the
linear velocity of the carrier gas. The average linear
velocity is determined by the pumping speed of the pump,
conductance of the flow system, and temperature of the
reaction tube. At 298 K the linear velocity was deter -
mined to be 12.04 m/s by introducing known flow rates
of He and measuring the resulting pressures in the flow
tube. Within experimental error the linear velocity was
found to be independent of total pressure in the flow tube
{or alternatively, independent of flow rates of gases into
the flow tube) for the pressure range 0.1 to 6.0 Torr
and to vary inversely with absolute temperature of the
flow tube, Pressures were found to be additive, i.e., a
flow rate which results in 0.100 Torr when there are no
other gases flowing into the reaction tube will result in a
0.100 Torr pressure rise when the total pressure is al-
ready 5.000 Torr due to the flow of other gases. Pres-
sures were measured near the end of the reaction tube
as shown in Fig. 1 using a 0—100 Torr mks Baratron
capacitance manometer (Model 170M). Before any ki-
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netic experiments were performed, the pressure was
measured within the reaction tube at various positions
along its length using a pressure measuring probe in
place of the sliding inlet. These measurements were
made for a wide range of flow conditions and correlated
with the pressure measured at the fixed pressure port
of Fig. 1. These results allowed us to make single pres-
sure measurements during kinetic experiments. In
agreement with the Poiseuille equation, the pressure
drop across the reaction tube was typically 0.001 Torr/
cm at 2.5 Torr average pressure.

The capacitance manometer was also used to prepare
gas mixtures of known compositions. These mixtures
were prepared in 22 1 Pyrex bulbs. The pressure of the
minor ingredient was measured using the capacitance
manometer, and the total pressure was brought to 760
Torr as indicated by a Matheson bourdon tube gauge.
This gauge was calibrated against the capacitance mano-
meter by expansion of He between two accurately known
volumes. Thus, all flow velocities and all concentra-
tions in the flow tube are ultimately referenced to the
factory-calibrated Baratron manometer,

The flow through the reaction tube is established by a
500 1/min Welch Model 1397 rotary vacuum pump. Re-
actants and products are sampled via a 0.7 mm orifice
into a differential pumping chamber followed by a 2.8
mm orifice into the chamber containing a UTI 100C-02
quadrupole mass spectrometer. Reactants and prod-
ucts are ionized by electron impact, focused and accel-
erated along the axis of the quadrupole rods where they
are selected according to mass-to-charge ratio, and
then detected by the current produced upon impact with
a Cu-Be electron multiplier. The two vacuum chambers
are pumped by Varian VHS-4 diffusion pumping stacks
having a nominal pumping speed for He at the top of the
stack of 470 1/s. These stacks contain liquid nitrogen
traps to separate the chambers from the diffusion pumps
and provide additional pumping speed for condensable
species. To minimize background peaks in the mass
spectrum both pumps are charged with polyphenol ether
diffusion pump oil (Santovac 5). The chamber containing
the mass spectrometer is also pumped by a Varian titani-

FLUID

um sublimation pump (Mini Ti-Ball). This chamber can
be isolated by a gate valve from the remaining system,
and is occasionally isolated and baked to reduce back-
ground. The ultimate low pressure achievable in the
mass spectrometer chamber is 10" Torr. A pressure
of 1 Torr in the reaction tube results in a pressure of
7%10°7 Torr in the chamber containing the mass spec-
trometer. This low pressure avoids nonlinearities due
to space charging of the ion optics. Typical detection
limits for a variety of molecules of atmospheric inter-
est are in the range 2% 10° to 2x 10! moleculesem™ in
the reaction tube. Thus, detection limits within the
mass spectrometer chamber are in the range 2x10° to
2% 10* molecules cm ™,

Temperature regulation is achieved by circulating
either chilled methanol or heated water from a thermo-
stated bath through a jacket surrounding the reaction
tube. The liquid is injected at the extreme end of the
liquid jacket and forced to return by a spiral motion.

The temperature in the gas stream was measured at the
extreme temperature of 200 K using a temperature probe
in place of the sliding inlet and found to vary by less than
1°K over the entire 90 cm length of reaction tube used
in these studies. Also, the temperature of the thermo-
stated bath differed from the gas temperature in the re-
action tube by only 2.5° at 200 K.

C. Generation of CIO radicals and measurement of
concentrations

For the reaction rate constant measurements ClO
radicals were generated by the reaction

Cl+0,~CIO+O0, , (8)

the Cl atoms being produced by a 2450 MHz microwave
discharge of Cl, dilute in He. The minimum excess O3
concentration used was 1.0% 10" molecules cm™. The
rate constant at 298 K for Reaction (8) is 1.2x 107! em?
molecule™ s°1 #12 go that the reaction is 99.99% com-
plete in 7.7 ms. Thereare 20 ms of reactiontime prior
to mixing with the HO, radicals from the moveable inlet
when this inlet is fully extended (90 cm from the first
sampling orifice). Concentrations of CIO in the range

J. Chem, Phys., Vol. 72, No. 4, 15 February 1980
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1x10!% to 1% 10! molecules cm™ were generated in this
manner.

To determine the ClO concentration, the fractional
amount of Cl, dissociated by the microwave discharge
was first found by measuring the ion current at m/e
=70 for both the chlorine discharge on and the chlorine
discharge off. The fraction of chlorine dissociated
varied from 0.05 to 0.70 depending on the microwave
power, chlorine concentration, total pressure and fresh-
ness of the phosphoric acid coating on the discharge
tube. The ClO concentration was calculated from the
fraction of Cl, dissociated, the pressure rise due to the
flow of the chlorine mixture into the flow tube, the tem-
perature, and the known composition of the Cl,/He mix-
ture. We found this method of determining ClO concen-
trations preferable to calibrating for the ion current of
ClO* at m/e =51 because of its simplicity (eliminates day
to day calibrations for C10) and because the method is
independent of the total pressure in the flow tube as well
as any changes in the sensitivity of the detector (the gain
of the electron multiplier is degraded by an average of
2% per day). The method requires linearity of the de-
tector to Cl, over a dynamic range of not much more
than a factor of 2. The basic assumption of this method
of ClO determination is that chlorine is present only as
the two species Cl, and ClO. Any other chlorine con-
taining species formed in the discharge or along the re-
action tube would result in an overestimate of the Cl1O
concentration and an underestimate of k.

Figure 2 is a plot of ClO* ion current at »/e=51 vs
ClO concentration as measured by the dissociation meth-
od. The ClO concentration was varied by varying the
flow rate of the Cl,/He mixture through the discharge
and by varying the microwave power, the total pressure
being held constant at 3.0 Torr by addition of He through

TTTTI
L1113

I
|

I
!

I

| IILIII

Microwave Power
075 watts
O 30 watts
A 10 watts

ton Current, amperes
o
:
o
T TT7

10-9 L] [ | L1 | Lt
1012 1013 1014
[CIO|. molecules cm~3
FIG. 2. Log-log plot of C10* ion current vs ClO concentration

as measured by the Cl, dissociation method. At a given micro-
wave power, the ClO concentration was varied by varying the
Cly flow rate through the discharge, the total pressure being
held constant.
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FIG. 3. Typical result for the titration of C1O with NO. Note
that the two curves are normalized with C10* ion current given
on the left and NOj ion current on the right. The initial slopes
of these curves give the sensitivity of the detector to ClO.

The limiting ion current due to NOj provides an additional check
of the sensitivity to C1O upon absolute calibration for NO,.

a fixed inlet (see Fig. 1). The plot is seen to be linear
over the range 10 to 10 molecules cm™ of ClO, the
concentration range used in rate constant measurements
described here. As a critical check of the fractional
dissociation technique for ClO concentration measure-
ment, we compared the sensitivity of the ClO* ion cur-
rent as determined by three methods: (i) based on frac-
tional dissociation of Cl,, (ii) a nitric oxide titration of
ClO, and (iii) stoichiometric conversion of ClO to NO,
followed by an absolute calibration for NO,. Figure 3
shows a typical titration of ClO with NO by monitoring
both the decrease in ClO* ion current at m/e =51 and the
increase in NO,* ion current at m/e=46. The titration
reaction is

NO+ClIO~NOQ,+CI . 9)

For these titrations initial chlorine atoms were in ex-
cess over ozone by a factor of 2. This was achieved by
first adding a large excess of Q;, followed by reducing
the O, flow rate until the C1O ion current was reduced by
a factor of 2. Nitric oxide (0.14% in He) was added at
the 40 cm reaction distance in small increments (0.1
Torr pressure rises) through the moveable inlet, the
total pressure being held constant by an additional flow
of helium. The sensitivity to Cl0, S¢,,, is given by the
negative of the initial slope of the ClO® ion current vs
added nitric oxide concentma tion plot. Curvature in the
titration is due to incomplete reaction once the ClO con-
centration is decreased below 8x 102, the rate constant

J. Chem. Phys., Vol. 72, No. 4, 15 February 1980



2368

for Reaction (9) being 1.8% 107! cm®molecule! g1, 813
When the titration curves for loss of ClO and appearance
of NO, are normalized, they cross at 0.5 and sum to 1.0
within experimental error for all added concentrations of
NO, thus verifying the stoichiometry of the titration re-
action. The NO,’ ion current after complete reaction
(large excess of NO added) was also used to calculate
Scio by absolutely calibrating the ion current at w/e

=46 for NO,*, the concentrations of NO, being based on
pressure measurements. These two methods of cali-
brating the C1O* ion current were both found to always
agree to within ten percent with the fractional chlorine
dissociation method in which ozone is in large excess
over Cl.

Reaction (9) was also used to determine whether ClO
radicals decay along the length of the reaction tube.
Again, chlorine atoms were generated in a factor of two
excess over the initial ozone concentration. A large
excess of nitric oxide was added through the moveable
inlet so as to stoichiometrically convert ClO to NO,. The
NO;" ion current was then monitored for various posi-
tions of the moveable inlet. In this way it was found that
there is less than a 1% decay of the ClO radical along the
length of the reaction tube.

In experiments in which we attempted to detect O, as
a reaction product the ClO radical was generated by re-
action of chlorine atoms with chlorine dioxide or dichlo-
rine monoxide,

Cl1+0Cl0-2CIO , (10)
C1+ClOCl~Cl1,+ClO . (11)

For these sources the ClO concentration is conveniently
determined from the change in the OClO concentration
as measured at m/e =67 or from the change in the ClOC1
concentration as measured at m/e =886,

D. Generation of HO, radicals and measurement of
concentrations

Two sources of the HO, radical were used for rate
constant measurements and product analysis. One source
employed the reaction

- C1+H202-’HC1+H02 . (12)

A flow of ~1 STP em®s™ of a 0.01% mixture of Cl, in He
and an additional flow of ~9 STP em3s™ of He passed
through a microwave discharge and mixed with a flow

of ~2 STP em®s™ of He saturated with the vapor of 90%
H,0,. A diagram of the source is provided in Fig. 4.
The reaction

Cl+HO,~HC1+0, (13)

tends to limit the quantity of HO, produced, but does not
otherwise interfere. The concentration of H,O, was in
the range (1-3)x10'® molecules cm™ and the rate con-
stant for Reaction (12) is 4.7x10°'% ¢cm?® molecule-!

xg1 8415 Thys, this reaction is 99.99% complete in
the 20 ms residence time within the moveable inlet.
This source generates a small quantity of HOCI as seen
in the mass spectrum when the HO, generator is modu-
lated by switching the microwave discharge on and off.
A likely source is the reaction

Leck, Cook, and Birks: Reaction between ClO and HQ,
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FIG. 4. Schematic diagrams of the H+ O, + M source of HO,
(upper) and the Cl+ H,0O, source of HO, (lower),

Cl+H,0,~HOC1+0OH . (14)

This quantity of HOCI is typically 3% of the concentration
of HO, generated. It is independent of reaction distance
and ClO concentration, and thus does not affect the mea-
surement of k,. The fate of OH generated by Reaction
(14) or from any other source is simply to generate
more HO,:

OH + H,0, -~ H,0 + HO, . (15)

The rate constant for Reaction (15) is 8.1x10°® ¢m?

X molecule s, ®1617 The Cl+H,0, source allowed us

to generate typical concentrations of HO, of 5% 10 mole-
culescm™,

Another source used to generate the HO, radical is the
reaction

H+Q,+M—~HO,+M , (18)

kig=5.5%10"% cm®molecule?s™.%® This source is
similar to that used by Stimpfle, Perry, and Howard.?
A diagram of this source is also shown in Fig. 4. Hy-
drogen atoms were generated by 2450 MHz discharge of
2 0.7 STP em®s™! flow of a 0.14% mixture of H, in He.
These hydrogen atoms were mixed downstream with a
flow of 4.7 STP em®s™ of O, in a region maintained at
40 Torr total pressure by a constriction formed by a 4
cm length of a 1.5 mm i.d. capillary tube. The ratio
of O, to H must be high in order to prevent complica-
tions fromthe reaction

H+HO,~20H (17

for which ky;=4.7X10"! cm®molecule s, #!® The con-

J. Chem, Phys., Voi. 72, No. 4, 15 February 1980
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centration of HO, in the flow tube was typically found to
be 5% 10'° molecules cm™. This corresponds to 2.5x 10
molecules cm™ in the high pressure (40 Torr) region of
the source. Based on the rate constants &, and 2,; and
the O, concentration in the source, the maximum frac-
tion of hydrogen atoms that produce OH is expected to
be 1.4%x107%, resulting in a flow tube concentration of
OH of 7.0%10" molecules cm™ which cannot significantly
alter the flow tube concentrations of either HO, or ClO.
As an added precaution that OH not interfere in these
studies, the moveable inlet was not coated with phos-
phoric acid. Because of the very large heterogeneous
rate constant for loss of OH on uncoated silica surfaces,
this assured that no significant amount of OH exit the
moveable inlet regardless of its mechanism of produc-
tion.

The HO, produced by these sources could not be di-
rectly detected because of the large background peaks at
m/e =33 for both sources. For the Cl+H,0, source
there is a large peak at /e =33 due to the fragmenta-
tion of H,0, to HO," in the ion source. For the H+O,
+M source, m/e=33 is significantly overlapped by the
very large %0 1%0* peak and %0 !’0* makes a direct con-
tribution. In order to determine the concentration of
HO, we used the reaction

H02+NO"0H+N02 (18)

for which kyy="7.9%x1072 cm® molecule™ s™ (Refs. 8 and
20) to stoichiometrically convert HO, to NO,. The NO,
was detected as ion current at m/e=46. Nitric oxide
was added in large excess at a port near the end of the
reaction tube as shown in Fig. 1. The NO," ion current
was absolutely calibrated by flowing standard mixtures
of NO, dilute in He. Reaction (18) is also the reaction
used by Reimann and Kaufman® who detected HO, indi-
rectly by resonance fluorescence of OH. Because of the
fast reaction of NO with C10, Reaction (9), it was not
possible for us to follow the loss of HO, in analogous
fashion. Reaction (18) could only be used to determine
the concentration of HO, in the absence of the ClO reac-
tant. Furthermore, Reaction (18) could not be used to
directly determine the concentration of HO, produced by
the Cl + H;0, source because of the catalytic cycle which
produces additional NO,:

H02+NO*OH+N02 y
OH+H202"H02+H20 ,

(18)
(15)

Net: NO+ HzOz -~ NOZ + Hzo .

However, Reaction (18) could be used to determine the
absolute HO, concentration when the H+0Q,+ M source
was used, and Reaction (18) was also useful for both
sources in verifying that HO, does not decay along the
length of the reaction tube in the absence of ClO. To
determine the concentration of HO, produced by the C1
+H,0, source, the concentration of HO, produced by the
H+0,+M source was first determined by use of Reac-
tion (18). A large excess (~5X 10!® molecules cm™®) of
ClO was then used to force Reaction (1) to completion
(' ~225 s71) and the ion current due to HOCI at m/e= 52
measured for both the H+ O, + M source and the Cl+ H,0,
source. Using the Cl+H,0, source concentrations of
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HO, as large as 5x 10! moleculescm™ could be generated
before decay due to the reaction

HOZ + HOZ - HaOz + 02 (19)

became significant.

In the reaction rate constant measurements pseudo-
first-order conditions were used with ClO in at least a
20 :1 excess over HO,. The concentration of HO, does
not enter into the calculation of the rate constant from
the data, and is only required to be certain that the ap-
proximation of first order kinetics is valid. For this
reason HO, concentrations were not measured for each
experimental run.

HI. RESULTS

A. Rate constant for the reaction of CIO with HO,
based on appearance of ion current at m/e=52

In order to measure %, two concentrations of the ClO
radical were generated. Asmall concentration, [C10]g,
in the range 1x10% to 9x10'% molecules cm™ resulted
in an exponential decay of HO, along the length of the
reaction tube and a corresponding increase in the con-
centration of HOC1 (and/or HCIO; when we write HOC1
in this section we imply no distinction between the two
geometrical isomers) which is detected as ion current
at w/e=52. A second, much larger concentration of
Clo, [ClO],, was used to force Reaction (1) to greater
than 99% completion. For both the small and large C1O
concentrations, the modulation in ion current due to
switching on and off the microwave power to the HO,
generator was measured. The rate constant &, is
then given by

v [HOC1],
k= l[clio]s l“([Hocm ~THOCT], > ‘

where [HOC1]; is proportional to the modulation of ion
current at m/e =52 when [ClO], is used and [HOCl]; is
proportional to the modulation of ion current at m/e =52
when {ClO]; is used. The cancellation of the proportion-
ality constant allows &, to be determined without abso-
lutely calibrating for HOCl. These measurements were
made at five or more reaction distances /, and the least
squares slope of a plot of In{[HOC1],/((HOC1],)} vs I was
divided by [C10]s and multiplied by the linear velocity 7
to give k.

(20)

The high and low ClO concentrations were measured
at each reaction distance by extinguishing the ClO dis-
charge while noting the change in ion current due to
Cl, at m/e="70. Observation of [HOCI]; at each dis-
tance verified that the initial concentration of HO, did
not change over the course of individual experiments.
The value of [ClO]; was varied from 1.3x10% to 1.1
x10* molecules cm™, The lowest value of [ClO]; re-
quired the full reaction distance of 90 cm to obtain com-
plete reaction of HO,, and thus a value for [HOC1],. As
can be seen in Table II, the observed reaction rate con-
stant did not vary with [C10],. The total time to obtain
the data at five reaction distances was about 15 min.

It is important to recognize that this method produces
ky, the total reaction rate constant independent of prod-
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FIG. 5. Typical kinetic plots for both the Cl+ H,O,, and H+ O,
+M sources of HO, for [C10]g=1.25x10'2, 3,39x10'?, 4.68
x10%, and 9. 06 x10'* molecules em™ in order of increasing

slope; 7=1204 cm s

60

ucts, and not k,, or ky, + k.. Interms of the initial HO,
concentration, [HOZ]O, we have the relationships

[HOCI]; = f{[HO,], - [HO,lsexp(~ £, CIOk I /7)} , (21)

(HOCl] ;= f[HO,, , (22)
where
f=(yg+hy )/ Ry + Ry + Ry +Ryg) (23)

i.e., f is the branching ratio to HOCl and HCIO. The
branching ratio is eliminated upon combination of Eqs.
(21) and (22) to produce Eq. (20). Thus, any product of
Reaction (1) could be monitored by this method to deter-
mine the total reaction rate constant &,.

Typical plots of In{{HOC1] ;/((HOC1} ; - [HOCl} )} vs 1
for both the Cl+H,0, and the H+ O, + M sources are
shown in Fig. 5 for a range of values of [ClO]s. The
results of 14 measurements of &, at 298 K are sum-

Reaction between ClO and HO,

50 T I T ’ T | T T
CIO+HOy —=HOCI+05
k=45 x 10712 cm3 molecule~1s~! 4
40— —
o
30— —
a
T
w»
= o/ &
20— —]
°N
10— o ]
OH+05+M Source
4 Cl+Hy00 Source
| | ] | ] | 1 | 1
0 2 4 6 8 10

[CIO), molecules cm—3 (x 1012)

FIG. 6. Plot of the first order rate constant k{ vs [C1O]4 for
all of the data.

marized in Table II. The average values obtained for
k, are 4.63x107" and 4.52x 107" cm®molecules™
based on eight measurements using the H+QO, + M source
and six measurements using the Cl+H,O, source, re-
spectively. Figure 6 is a plot of the first order rate
constant versus [ClO] ¢ for both sources. The intercept
of the plot is 0.1 s™ which is not significantly different
from zero, and the slope of the plot gives &, =4.53
%10 e¢m®molecules™. We conclude that k,=(4.5
+0.9)x10° cm® molecule s™! where the error includes
5% for the precision of the data and 15% as our estimate
of the maximum possible systematic error. That &, is

TABLE II. Results of measurements of k; at 298 K.
[C10]; (x101 [c10], By (x1071%2
HO, source (molecules cm™) (molecules cm™) P (Torr) {cm® molecule™! g7
1.57 2.70x10% 3.0 5.60
1.25 1.61x101 3.0 4.40
1.24 1.53x101 5.0 4.21
3.31 2.10x10'8 4.0 4,23
H+Op+ M 7.50 8.64x101 3.0 4.13
1.99 1.33x108 6.0 4,58
2.60 1.50x10 4.0 4.91
4.68 2.14 x10% 2.0 4,98
5.64 1.06x 10 3.0 5.04
5.59 6.50x 10! 3.0 4.54
5.58 6.03x10'8 4.0 4.16
Cl+ 1,0, 3.39 1.03x10% 5.0 3.99
9.06 3.28x10! 5.0 4.71
6.95 2.98x10" 6.0 4.65

3%, =(4.58+0.26)x10"? cm®molecule™ s™! at the 95% confidence interval.
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FIG. 7. Second order rate constant k; plotted against total
pressure in the reaction tube. The line is drawn at k;=4.5
%107 for reference only and is not a least squares line.

independent of pressure over the range 2-6 Torr is
shown in Fig. 7.

B. Attempts to detect other products of Reaction (1)

No significant modulation in ion current could be de-
tected for the species HCL, O;, HC10;, HCIO,, or ClO,
when the HO, generator was switched on and off. Modu-
lation of ion current at m/e =36 would be expected for
channels (1b) and (1c¢). The H+O,+M source was used
to attempt to detect ion current due to HCI® since the
Cl+H,0, source produces HCI directly. A large m/e
=36 background which is always present when chlorine
containing compounds are admitted to the system (e.g.,
see Fig. 1 of Ref. 21) limits our ability to detect
changes at this mass. From these experiments we can
only conclude that HC1® ion current due to products of
Reaction (1) is less than 10% of the ion current due to
HOCI".

In order to place an upper limit on the branching ratio
for channel (1b) we attempted to detect O, at m/e =48,
For these experiments we reacted Cl atoms with C1OC1
and OCIO to generate ClO [Reactions (10) and (11)] as
previously described. No O, could be detected when
using either the Cl+CIlOCI! or the Cl+OCIlO sources of
ClO with the H+ 0O, + M source of HO, or by combining
the Cl+CIlOCl source of ClO with the Cl+ H,O, source
of HO,. To set a quantitative upper limit to the branch-
ing ratio to the products HC1+0Q;, it was necessary to
determine the relative sensitivities of the instrument to
O, and HOC1. This was done in two steps. First, the
relative sensitivities to NO, and O; were found by react-
ing NO with O,

NO +0,;~NO, + 0, , (24)

as in a previous study.” The decrease in O; is accom-
panied by a stoichiometric increase in NO,. Figure 8

Reaction between CIO and HO, 2371

presents results of a typical run in which O; and NO,
were monitored as a function of reaction distance. Five
measurements of the rate constant for Reaction (24)
produced the result k,,=1.72%10"* ¢cm®molecule™s™!
in excellent agreement with our previous measurement
of 1.73x10™# cm®molecule s using a different ap-
paratus having a fixed inlet system. The ratio of sen-
sitivities S,,/Syo, was found to be 1.25. To determine
the relative sensitivities to NO, and HOCl, a large ex-
cess of NO (5% 10! molecules cm™) followed by a large
excess of ClO (5% 10! molecules cm™) were separately
added to the same flow of HO,. The modulation of NO,*
and HOCI* ion currents were monitored, respectively.
From these experiments the ratio of sensitivities SNOZ/
Skoc) Was found to be 0.58. The ratio of sensitivities
Sos/Suoc: 18 then given by
oy _ S0y Swop g3 (25)
SH ocl SNOZ HOC1

Figure 9 shows the modulation of HOC1' ion current
and O;* ion current when the Cl +H,O, source of HO, is
used in combination with the Cl+ClOC1 source of ClO.
Based on this data and Eq. (25), we conclude that no
more than 2% of the products of Reaction (1) lead to O,
formation, i.e., k;,<1%x10™3 cm®molecule™ s™ at 298 K.

IV. DISCUSSION

Our result for k, at 298 K of 4.5% 107 ¢m® molecule™
xs™is in good agreement with those of Reimann et al.!
and Stimpfle ef al.% who obtained values of 3.8x10°1
and 6.3x107%, respectively. Our value of 4.5x107%2
represents a significant change from our preliminary

’ | | ! l |

NO+03 —=NO+ 02

lon Current, amperes (x 10~ 10)

] I

0 15 30 45 60 75 0
£.cm
FIG. 8.

Typical results monitoring the loss of Oy and ap-~
pearance of NO, for the reaction between NO and O;. From
these data the rate constant can be determined as well as the
ratio of sensitivities of the detector to Oy and NO,.
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FIG. 9. Comparison of the modulation of HOCI* ion current
with that due to O3. From these data the branching ratio for
channel (1b) is established to be less than 0.02.

result reported® as 3.1x 1072, The lower value of &,
was obtained using the Cl+ H,0, source under.conditions
for which the flow rate of gas through the moveable inlet
was somewhat greater than that entering the flow tube
directly. Under these conditions the reaction time is
poorly defined due to back-flushing (or stagnation) of the
HO,. The plot of In{[HOCI1],/([HOCI1], - [HOCI1] ()}
versus reaction distance tends to be curved with a posi-
tive intercept. Addition of He directly to the flow tube
(outside the moveable inlet) tends to linearize the plot
and shift the intercept to zero. Increasing the flow rate
beyond the point where the flow rates through the reac-
tion tube and moveable inlet are equal has no effect on
the slope of the plot and thus no effect on the measured
rate constant. Back-flushing of a reactant can serious-
ly affect the rate constant when determined by monitoring
a product (as described here) for flow conditions that
have little or no effect on the rate constant when a reac-
tant is being monitored. If, for example, a small
amount of HO, is lost due to reaction with ClO at a point
behind the initial point of injection, the effective [HO,],
is changed, but the measured rate constant based on de-
cay of HO, is unaltered since the same amount of initial
loss of HO, occurs at every inlet position (i.e., [HO.l,
is reduced by the same amount at every inlet position).
However, if the HOCI product is being monitored, then
the amount of HOC! produced by the back-flushed HO,
increases [HOCI] ¢ but not [HOCL] , since [HOC1] , rep-
resents total conversion of HO, anyway. This results in
a curved plot of In{[HOCI] ;/(HOC1], —~[HOC1] ¢)} versus
reaction distance as described above.

Stimpfle et al.? attempted to use the reaction

Leck, Cook, and Birks: Reaction between CIO and HO,

F+H,0, - HF + HO, (26)

as a source of HO, in their study of Reaction (1). They
found the decay of HO, to be unexpectedly small with
HO, reaching a steady state after ~40 ms of reaction
time. They postulated that this is a result of an HO,
production mechanism

Cl0 + H;0, ~ HOCl + HO, . (27)

Reaction (27) prevented them from measuring k4 using
the F+ H,0, source. Reaction (27) does not interfere
with our measurement of k2, when we use our Cl+ H,0,
source, however, since we observe the modulation of the
HOCI product by the HO,. source. Any HOC! formed di-
rectly by Reaction (27) or from the HO, produced in Re-
action (27) is present both when the HO, generator is on
and when the HO, generator is off, and thus makes no
contribution to the observed HOC! modulation for either
the high or low ClO concentration. The background at
m/e =52 did increase with increasing reaction distance
(the H,0, entered through the moveable inlet) and in-
creased with increasing ClO, being much higher for the
high CIO concentration; both observations being con-
sistent with a significant rate for Reaction (27).

The method employed here of measuring a reaction
rate constant based on the relative amounts of product
formed for two concentrations of the excess reactant is
somewhat unusual for flow tube kinetic studies. We
have demonstrated that this technique can be used to
measure the total reaction rate constant with precision
(~5%) as good as that achievable by the commonly used
method of monitoring the loss of a reactant.

As pointed out by Stimpfle ef al.? the negative temper-
ature dependence which they observed for Reaction (1)
cannot be due to a third order reaction between ClO and
HO, since the reaction rate is independent of pressure
and since an unreasonably large value of the third order
rate constant of ~107%® cm® molecule s would be re-
quired. This rules out channel (1d). Stimpfle, et al.?
also found that the temperature dependence of the rate
constant was best described by one part having a nega-
tive activation energy and one part having a positive ac-
tivation energy. They suggest that the negative temper-
ature dependence is due to a reaction involving a short-
lived complex and that the positive temperature depen-
dence is due to a direct hydrogen abstraction reaction.
The hydrogen abstraction reaction could produce HOCI
+0, or HCIO + 0, depending upon which end of the CI1O
molecule is attacked [channels (1a) and (lc) respective-
ly]. The short-lived intermediate could be either
HOOCIO or Héééél, subsequently decomposing to HOC1
+0, or HCl+0,, respectively [channels (1a) and (1b)].
Our inability to detect significant amounts of HC1 or Oy
as reaction products rules out channel (1b). We would
also expect to detect ion current due to HC!' if HCIO is
a product since fragmentation of HCIO in the electron
impact ion source is likely. Although we cannot place
an upper limit on the amount of HC1O produced, it ap-~
pears that the major products of Reaction (1) are cer-
tainly HOC1 +0O, [channel (1a)]. This set of products
could be produced by two mechanisms, one involving a
direct hydrogen abstraction reaction and another involv-
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ing the intermediate complex HOOC‘iO, resulting in the
vnusual temperature behavior observed by Stimpfle e?
al.? It is still very important to determine an upper
limit to the amount of HCIO produced by channel (lc),
however, since a branching ratio of only a few percent
could significantly affect ozone depletion calculations.®
An ab initio calculation by Hirsch ef al. places the heat
of formation of HC1O at ~ 60 kcal mol™ above that of
HOCL.%® If this calculation is correct channel (l¢) can
be ignored since this channel is then endothermic by
~17 kcal mol ™.

Our studies of the temperature dependence of this re-
action will be reported in a subsequent article.
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