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The branching ratio for the OH CIO reaction has been measured using the turbulent flow technique with
high-pressure chemical ionization mass spectrometry for the detection of reactants and products. In our earlier
study, OD was used instead of OH due to the large HCI background produced by the CIO Jo@isen.

Soc., Faraday Trang.997, 93, 2665). Improvements to our experimental technique have significantly reduced
this HCI background, thus making it possible to observe directly the production of very small concentrations
of HCI (~10° molecule cm?) from the minor channel of the OH CIO reaction. At room temperature and

~100 Torr pressure, the rate constant for this minor channel was determined to Be {%px 1071 cm?
molecule* st with a two standard deviation error limit, which remained unchanged when the pressure was
increased to 200 Torr. The temperature dependence of the rate constant for this minor channel was also
investigated between 207 and 298 K, and the data were fit to the following Arrhenius expressiot: (3.2
0.8) x 10 ¥ exp[(325+ 60)/T] cm® molecule* s™1. The branching ratio for the HCI channel was determined

to be 0.074 0.03 at all pressures and temperatures investigated in this study. Statistical rate theory calculations
were also performed on the O# CIO reaction system and are in good agreement with the experimental
results.

Introduction spherez=47-10.12131518 Although the major products of the OH

. ) . . + ClO ti H@and Cl AH°295« = —1.3 kcal moi),
One of the long-standing problems in modeling the chemistry reaction are Hgan @H 200 cal mof)

of the upper stratosphere has been the inability of models to OH + CIO— HO, + CI (1a)
correctly predict ozone concentrations abev@b km. Between
35 and 75 km, the lifetime of ozone is short relative to the time {he reaction also has a minor channel that produces HCI and
scale for transport, and so ozone is expected to be in photo-g, (AH®,ee« = —55.8 kcal motY):
chemical equilibrium. However, models have consistently failed
to reproduce the expected balance between production and loss OH + CIO—HCI + O, (1b)
of odd oxygen (O+ Os). Attempts to model ozone levels in
the upper stratosphere and lower mesosphere have resulted iReaction 1b is thermodynamically feasible, but kinetically
an overprediction of ozone loss rates by as much as 35% nearunfavorable because two bonds must be broken almost simul-
40 km2713 This “ozone deficit” problem has been partially  taneously. Ab initio and RRKM calculations have shown that
attributed to the failure of models to correctly reproduce the the reaction most likely proceeds through an additieimina-
observed partitioning of chlorine in the upper atmosphere. The tion mechanism via a four-centered transition stdt@he
models tend to overestimate the amount of active chlorine (e.g.,conversion of ClO to Cl in reaction 1a is a chain-propagating
CIO) relative to the amount of stable chlorine (e.g., HCI) by as step in catalytic ozone depletion cycles because CIO and Cl
much as a factor of 25781618 Since calculated Qlevels are  are both active forms of chlorine. However, reaction 1b converts
very sensitive to the partitioning of chlorine, an overprediction an active form of chlorine (ClO) into a more stable reservoir
of active chlorine will lead to an underestimation 05,0  species (HCI). Since reaction 1b is a chain-terminating step,
particularly near 40 km where the chlorine cycle has its even a relatively small branching ratio leads to substantially
maximum contribution to the odd oxygen loss réteMany less ozone depletion by chlorine-containing compounds.
studies have proposed that discrepancies between measured and Early attempts to measure the branching ratio of the-OH
calculated partitioning could be resolved by including an CIlO reaction were unable to rule out an HCl yield of zero for
additional source of HCl in the models. the minor channel due to uncertainties in the d&t& As a

The reaction of OH with CIO has long been suggested as aresult, no consensus had been reached on the atmospheric
possible source of HCI production in the upper strato- significance of reaction 1b, and most atmospheric models did
not include this channel in their reaction set. In 1997, our
*To whom correspondence should be sent. laboratory reported the first direct measurement of a product
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Figure 1. Schematic of experimental apparatus.

from reaction 10. In these branching ratio experiments, OD Experimental Section
was used instead of OH due to the large HCI background
produced by the CIO source. Since there was virtually no DCI Fi
backgrqund from the CIO source., we were able to observe of OD + CIO.! However, several critical changes to the CIO
production of very small concentrations of Dett® molecule o0 ction method have greatly reduced the HCI background
cm™?) over the experimental reaction time, which we positively i, the system, as discussed in detail below. The flow tube (2.2

A schematic of the experimental apparatus is presented in
gure 1. The setup is similar to that used in our previous study

identified as coming from the minor channel of the @DCIO cm i.d., 120 cm long) was constructed of Pyrex tubing and

reaction. The branching ratigib/k;) was determined to be 0.05  ¢oated with Halocarbon wax. A large flow of nitrogen carrier

+ 0.02 at 298 K and 0.06 0.02 at 210 K. gas (46-75 STP L mirrY) was injected at the rear of the flow
Several recent modeling studies of the upper stratosphere haveube. The gases needed to generate OH were introduced through

shown that including a small branching ratio for the @HCIO a sidearm (12 cm long, 6 mm diameter) located at the rear of

reaction has a dramatic effect on the partitioning of chlorine in the flow tube. CIO was generated in a double-nested movable
their simulations. In fact, a very recent sensitivity analysis by injector, which consisted of an inner 6 mm alumina tube and
Dubey et al® found that reaction 1b is the most important an outer encasement made from corrugated Teflon tubing. The
source of uncertainty in modeled chlorine partitioning. In most outer encasement was used so that the injector could be moved
of the modeling studies, including a branching ratio~e6% to various positions without breaking the vacuum seals, as well
essentially eliminated the discrepancies between measured an@s to prevent ambient gases from condensing on cold portions
modeled chlorine partitioning for all altitudes and lati- Of the injector. A Teflon device (described below) was placed
tudes347:810.12.13.1518 The addition of reaction 1b also helped at the end of the injector in order to enhance turbulent mixing.
to reduce the disagreement between measured and modeledhe electric discharge ion source was located between the
ozone concentrations, especially near 40 km where the chlorinetemperature-regulated flow tube and the inlet to the quadrupole
cycle has its maximum contribution to the odd oxygen loss mass spectrometer. A variable-sized aperture<1.8 mm
rate2-47-91213.18owever, above 45 km (where the HOx cycle diameter) was used to create a pressure drop between the flow
is the dominant loss process), the models continue to overes-tube and the iormolecule region. The size of the aperture was

timate ozone loss rates, possibly indicating a problem with adjusted so that the pressure in the -omolecule region
calculated HOXx partitionin§?12.13.24.25 remained roughly constant at 15 Torr, while the pressure in the

flow tube was varied between 100 and 200 Torr. The pressures
in the two regions were measured using MKS capacitance
manometers (100 and 1000 Torr full scale). All gas flows were
onitored with calibrated Tylan General mass flowmeters. For
e low-temperature studies, Syltherm XLT (DOW Chemical
0.) was used as a coolant in the jacketed flow tube, and the

In our previous study of the branching ratio for the GD
ClO reaction, we clearly demonstrated that reaction 1b is a
kinetically accessible product channel. Because of the demon-
strated atmospheric importance of reaction 1b and because om
the possibility of an isotope effect, it is essential to have c

branchmg ratio measuremer:lts for th,e GH?O Lea}ctmn.h nitrogen carrier gas was also precooled by passing it through a
Recent improvements to the experimental technique aVecopper coil immersed in a liquid Nreservoir followed by

significantly reduced the HCI background in our system, making registive heating. The temperature, measured at both the entrance
it possible to detect the production of very small concentrations 5.4 exit points of the reaction region using coppepnstantan

of HCI (~10° molecule cm?®) from channel 1b. In this article thermocouples, was controlled to within 1 K.

we describe our investigation of the branching ratio of reaction  The following gases were used as supplied or after further
1 conducted at pressures between 100 and 200 Torr and at gyrification as described below: Ar (99.999%), He (99.999%),
range of temperatures extending to those found in the lower g, (99.994%), H (99.999%), CI (>99.9%), NQ (99.5%), NO
stratosphere, using a turbulent flow tube coupled to a high- (>99.0%), GHg (>99.0%), and SE(>99.99%).

pressure chemical ionization mass spectrometer, a technique we As in our previous study, CIO was generated in the injector

developed in our laboratofy 2% We also present the results  ysing the following reactionkg = 1.2 x 10~ cm? molecule'®
of statistical rate theory calculations on the @HCIO reaction s1):29

system. The comparison of experimental results with theoretical
calculations is a good test of our understanding of the Cl+0;—CIO+ 0O, (2)
fundamental reaction dynamics of this system, as well as a test
of our ability to predict kinetic isotope effects. Chlorine atoms were produced by combining@ STP L mir?®
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flow of argon, which had passed through an inert gas purifier Since reaction 3 is relatively fast, and Hé&nd Cl are the major
(Aeronex Gate Keeper, Model 500 K) withrdl STP mL mirr?® products of reaction 1, reaction 3 was found to be the largest
flow of a 1% Chk/He mixture, which then passed through a potential source of HCI background due to secondary chemistry.
microwave discharge produced by a Beenakker cavity operatingHowever, the large excess o Q~10' molecule cm?®) used

at 70 W. To generate CIO, the chlorine atoms were mixed with in the production of CIO also helped to scavenge Cl atoms
a large excess of £(~10' molecule cm?®) throughout the produced by reaction 1a, and therefore, helped to minimize HCI
whole length of the movable alumina injector to ensure that background production from side reactions such as reaction 3.
only negligible amounts of chlorine atoms were introduced into  As described in our previous stuégbsolute CIO concentra-
the main flow. Q, generated from an OREC ozonator and stored tions were determined by the titration reactibn 1.7 x 10711

in a silica gel trap kept a~—80 °C, was introduced into the ~ cm?® molecule’! s71):29

system by passing a20 STP mL min! flow of N, through

the trap. Ozone partial pressures were determined by UV ClO+ NO—NO, + ClI 4)
absorbance at 253.7 nm (Penray Hg lamp) in a 0.98 cm flow-
through quartz cell. and subsequent calibration of the Ni@ass spectrometer signal.

There have been several important modifications to the CIO The NO was purified, using a method similar to that described
source since our previous studjat helped to reduce the HCl  in one of our earlier studie®,in order to reduce the background
background in the system by more than 1 order of magnitude. NO} contribution. An excess of ethane-§ x 10> molecule
In our previous study, the high level of HCI backgrounelQt: cm9), injected at the rear of the flow tube, scavenged the ClI
molecule cm?) in the system was observed to be coming atoms produced by the titration reaction in order to prevent
primarily from the CIO source. This large background made it f€generation of ClO due to the excess of @sed in the
difficult to detect small amounts of HCI produced by channel €xperiments. Modeling was used to (;O”ed for a slight
1b over the experimental reaction time. A significant portion underestimation of CIO concentratior 15%) caused by the
of the HCI background was found to come from trace impurities S€condary reaction of#s with NO,. In our previous study of
of H, in the helium sweep gas used to flush @irough the OD + CIO' we demonstrated that our CIO titration technique
microwave discharge. Although 99.999% pure helium was used, yields linear calibration curves. For this study, CIO concentra-
the manufacturer specifications indicate levels ofup to 1 tions ranged from 5.0< 10" to 9.0 x 10** molecule cm®.
ppm. If 1 ppm of B (~1012 molecule cm?3) were present and For the branching ratio studies, OH was generated in the
sent through the microwave discharge in the presence of Sidéarm of the flow tube by the following reactiok &= 1.3 x

chlorine, it could certainly have produced enough H atoms to 107 *° cm® moleculet s74):29
create a sizable HCI background. This HCI source was
significantly reduced by installing an Aeronex inert gas purifier
that removes Klimpurities to sub-ppb levels. Another small . -
source of HCI background came from the-€the UHP grade H atoms were generated by compw;m@ STP L min= flow

Cly (>99.9% pure) used in this study contains small amounts Of_ helium W,'th ~0.5 STP mL min® flow of a 3% H?/He

of HCI impurities. We have changed the sweep gas through mixture, W_h'ch then_ passed thro_ugh a molecular sleve trap
the chlorine microwave discharge from helium to argon. Argon 'mmefsed in liquid nitrogen and finally tr_lrough a microwave
increases the efficiency of Oinicrowave dissociation, making ~ discharge produced by a Beenakker cavity. The H atoms were
it possible to produce comparable amounts of CIO with lower then mixed with excess NOto ensure tha_t practically no
initial Cl, concentrations, and thereby helped to reduce the HCI hydrogen atoms were mtroduced_mto the main flow. The excess
background in the system. Finally, another significant source NO, he'p‘?d to.m'”'m'z‘? production of balli:kground HCI flrom
of HCI background was identified as coming from the interaction tt‘f fgllowmg side reactionkg = 2.5 x 107! cm® molecule

of Cl atoms with the glass walls of the movable injector s):

(particularly in the few centimeters after the chlorine microwave
discharge, but before the introduction of excessg. Ohis
contribution to the HCI background was significantly reduced
by switching to an injector made out of alumina. Overall,
modifications to the CIO source have reduced the HCI back- . - . o
ground in the system by more than 1 order of magnitude (from maTz flow twbe, thelse_clondary reactlggn with M@y = 3.3 x
~5 x 10" to <4 x 10'° molecule cnm3), making it possible to 107*2 cm® molecule™ s™* at 100 Torr):

observe production of very small amounts of HCI from reaction .

1b. Decreasing the HCI background was critical to our ability OH + NO, +M = HNO, + M (7)
to make accurate measurements of the branching ratio for the

OH + CIO reaction. The background level was very stable was a concern in the productlon of OH by reaction 5. This
. . . . difficulty was surmounted by using a relatively high flow of
during each experiment, but it varied somewhat from run to

" S . helium sweep gas through the kicrowave discharge in order
run as conditions, such as the initial CIO concentration, were - ) - . .
changed. to decrease the reaction time in the sidearm. Experimental

conditions in the sidearm were optimized to ensure that reaction

In ad_dition to the sources of HCI mentioned 6_1b0Ve_, the 5 \vent virtually to completion without significant loss of OH
production of HCI background by secondary reactions in the gye o reaction 7. Although reaction 7 was minimized in the

main flow tube was also a concern. For example, the products yroqyction of OH, this reaction provides a convenient titration
of the main channel of the OHt CIO reaction are H@and Cl, method for determining absolute concentrations of OH, as
which can react further to form HCk{ = 3.2 x 10~** cm® demonstrated in our previous study of OH CIO. A large
molecule s71):% excess of NQwas used to convert all of the OH into HNO
followed by calibration of the HN@mass spectrometer signal
HO, + Cl—HCI + O, (3) using a bubbler containing 60 wt % HN®olution maintained

H + NO, — OH + NO (5)

H + Cl,— HCI + Cl (6)

Because OH was introduced through the sidearm, where the
corresponding concentrations ar@0 times higher than in the
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at 0°C. In our previous studywe demonstrated that our OH
titration technique yields linear calibration curves. OH concen-
trations used in this study ranged fromx110 to 4 x 101
molecule cm?,

Absolute HCI concentrations were determined by calibrating
the HCI mass spectrometer signal using a bubbler containing
20 wt % HCI/H:0 solution kept at OC. For the low-temperature
experiments, the HCI from the bubbler took a long time to
equilibrate. For reasons of convenience, calibrations of the HCI

signal at cold temperatures were also made by reacting an excess

of H atoms with a known amount of £IThe two methods of
HCI calibration were in very good agreement.

Most of the chemical species relevant to this study (OH, CIO,
HO;, HCI, Clp, O3, NO,, and HNQ) were chemically ionized
with the Sk~ reagent ion and then detected with the quadrupole
mass spectrometer. §Fwas produced in the ion source by
combining~2 STP L mirr! flow of nitrogen with a 0.2 STP
mL min~! flow of a 5% SK/N, mixture, which then passed
over the electric discharge. To confine the ionization process
to Sk alone and to control the iermolecule reaction time,
another piece of Pyrex tubing (of variable length) was used to
direct the Sk~ downstream into the main flow tube effluent.

More extensive descriptions of the ion source, ion lenses, and
the quadrupole mass spectrometer are given in our earlier

publications?0:32

In the chemical ionization scheme employed here, OH, CIO,
Cly, O3, and NQ are detected as their parent negative ions by
charge-transfer reactions with §EFor example, OH is detected
as OH" through the following reaction:

SF, + OH—SK,+ OH" (8)
HCI and HNQ are detected as FHCland FHNQ™ through
fluoride-transfer reactions with SF

SR, + HCl — SR, + FHCI- 9)

SF, + HNO; — SK, + FHNO; (10)
HO; is detected as SP,~, generated presumably through a
multistep pathway. The rate constants of many of the relevant
ion—molecule reactions have been measured by Huey %t al.
The ion—molecule region was kept at a lower pressure (15 Torr)
than the flow tube (100200 Torr). The drop in pressure
lowered the concentrations of the neutrals in the-prolecule
region, thus decreasing the rates of potentiaHomlecule side
reactions. The lower neutral concentrations in the-omlecule
region also helped to prevent depletion of thg Sfeagent ions
due to reaction with species in large excess suchzas O

Results and Discussion

Branching Ratio Experiments. In our earlier work, we
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Figure 2. Observed production of HCI ([HCH= 2.7 x 10° molecule
cm3) from reaction 1b (black squares) above the small HCI background
level (open squares) as a function of injector distance. A least-squares
fit to the HCI background data was performed, and the dotted lines
represent the-2¢ level. This data set was obtained under the following
conditions: P = 97 Torr, T = 298 K, average velocity 1800 cm s*,
Reynolds number= 3200, [OH}, = 1.8 x 10 molecule cm?, [CIO],

= 8.3 x 10" molecule cm?.

reagent ions due to reaction with species in large excess such
as Q.

Because of the reduced HCI background in these experiments,
we were able to observe production of very small concentrations
of HCI (~10° molecule cm3) over the reaction time~20 ms),
which we have positively identified as coming from reaction
1b. Figure 2 shows that the rise of HCl is easily observed above
the background noise. In Figure 2, the HCl rise (black squares)
has been overlaid on the background signal (open squares) in
order to demonstrate that the HCI rise is much larger than the
+20 level of the background noise. Under the optimal experi-
mental conditions ([CIO} 1 x 102 molecule cm® and [OH]
~ 1 x 10" molecule cm?3), modeling shows that side reactions
can only produce concentrations of HCI that are less than the
detection limit of the instrument(1C® molecule cn3). Table
1 contains a list of the reactions used in the modeling. The
following side reactions can produce HCI in our system:

HO, + Cl— HCI + O, 3)
H + Cl,— HCI + Cl (6)
Cl+ H,—HCI +H (11)

In our experiments, the source conditions for OH and CIO are
optimized in order to prevent stray H and Cl atoms from entering
the main flow tube. Furthermore, reaction 11 is too slow to be
important in our systemk(; = 1.6 x 10714 cm® molecule!

s71).31 Reaction 3 is more difficult to avoid because Hénd

Cl are the products of reaction la, the main channel of the OH
+ CIO reaction. However, modeling shows that the large excess

reported that our chemical ionization detection scheme resultedof Os, used to generate CIO, is efficient in scavenging Cl atoms

in sensitivities of 16—10° molecule cm? for NO,, HO,, and
OH .30 Although we did not carry out formal calibrations of the

produced in the main flow tube. Under optimal experimental
conditions, reaction 3 can only produce levels of HELQ?

mass spectrometer for all the chlorine species detected with thismolecule cm?3) that are below the detection limit of our

method (C}, CIO), it was apparent that these species could be

instrument.

detected with similar sensitivities. The mass spectrometer signals Computer modeling was used to extract a rate constant for
for these compounds were found to be linear over the range ofreaction 1b by fitting the observed HCI production. The model
concentrations used in this work. The stated sensitivity was moreinput included the initial concentrations of CIO, OH, and all
than adequate for the present work; in fact, it was necessary toprecursors. Table 2 contains a list of the initial conditions and
degrade the sensitivity of the spectrometer (by decreasing thecalculated rate constantk§) for the branching ratio experi-
ion—molecule reaction time) to prevent the depletion o§SF  ments. The observed HCI signal was found to increase linearly
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TABLE 1: Chemical Reactions Used in Computer initial analysis of the data when the valuekgf was unknown.
Simulations for the Branching Ratio Studies However, a reanalysis of one data set uskag= ki — kap
reaction ka (cm® moleculel s?) verified that our initial assumption introduced negligible error
OH + CIO — HO, + CI 1.46% 101 into the branching ratio measurements.
OH + CIO— HCI + O, see text Although modeling shows that for optimal initial conditions
Cl+HO, —~ HCI + O, 3.2x 1012 the observed HCI production cannot be due to homogeneous
g: i g?i_é%H:Oflo féi igll side reactions, the possibility exists that the HCI could be a
Cl+ H,— HCI + H 1.6x 1014 result of heterogeneous reactions on the wall of the flow tube.
Cl+ NO,+M — CIONO+ M 3.3 x 10712 In our previous study of OD+ CIO! we performed two
H + Cl,— HCI + Cl 25x 101 experiments to demonstrate that the observed DCI production
H-+ 03— OH+ O, 2.9x% 101; was not due to heterogeneous processes. First, we checked that
(")':" J’r\lgz — gg;r'\(')? é'g’i 1&14 an uncoated tube gave results in very good agreement with those
OH + Cl,— HOCI + Cl 6.7 x 10-14 obtained with the Halocarbon wax-coated tube, indicating that
OH+ OH—H,0+ 0 1.9x 1012 the observed DCI production was not due to reactions on the
OH+OH+ M —H0,+ M 1.4 x 10°%? wall of the flow tube. Second, the total pressure in the flow
OH+ HO, —~H:0 + O, 11x 107 tube was increased by almost a factor of 2; the effects of
OH+ NO, + M —~ HNO; + M 3.3x 10—12 heterogeneous processes are reduced at higher pre¥samels,
OH+ NO+ M —HONO+ M 1.7 x 10~ - I .
OH + HCl — H,0 + Cl 80x 1013 yef[ the branching ratio did not decrease, thus providing further
CIO + CIO — products 7.7 10714 evidence that the observed DCI production was not due to
CIO + HO, — HOCI+ O, 50x 1012 heterogeneous processes. In fact, the branching ratio fot-OD
CIO+NO—NO; + Cl 1.7x 10 CIO was observed to increase 5¥85% at the higher pressure
CIO+NO, + M — CIONO, + M 4.6 1072 (180 vs 95 Torr). Considering experimental uncertainties, we
HOZ + HOz - HzOz + Oz 1.9 x 1(712 . .
HO, + NO, + M — HONO, + M 3.8 x 1013 were not able to draw any definite conclusions about the pressure
HO, + NO — NO, + OH 8.1x 10712 dependence of the branching ratio. There are many examples

of radical-radical reactions that proceed through an intermediate
complex that is stabilized at higher pressures. However, in the
case of OD+ CIO, theoretical calculations indicate that the

over the experimental reaction time, as can be seen in Figureintermediate complex (DOOCI) is not long-lived enough to
2. Modeling confirms that the HCI signal is practically linear D€ stabilized by collisions under atmospheric condititstihis
and does not approach its equilibrium level under typical Will @lso be discussed in detail below.
experimental conditions and reaction times. The branching ratio  In this study, we have conducted a more thorough investiga-
for the OH+ CIO reaction was measured at room temperature tion of the pressure dependence of the @HCIO branching
and at a pressure of 100 Torr under a variety of conditions to ratio, and the results are presented in Table 2. The measured
ensure that the results were independent of the initial concentra-rate constants for the minor channel at 200 Torr are clearly
tions. In experiment 5, close to optimal initial concentrations within the range of the values for the 100 Torr experiments. In
for OH and CIO were used, such that the observed HCI these experiments we did not see any evidence for a pressure
production was due to reaction 1b only. In experiment 1, the effect on the rate constant of reaction 1b. Furthermore, in our
initial OH concentration was increased by 85% compared to previous work we found the overall rate constant of the GH
experiment 5. Under these conditions, modeling shows that CIO reaction k;) to be independent of pressure, as demonstrated
~20% of the observed HCI production was due to the side by the good agreement between our measurements at 100 Torr
reaction HQ + Cl. Despite the different initial conditions and  and previous measurements at low presstrg Torr)22 We
the differing amounts of HCI production from side reactions, therefore conclude that the branching ratio of the ®HCIO
experiments 1 and 5 yielded the same rate constant for the minomreaction is independent of pressure for conditions relevant to
channel k;p = 10.2 x 10713 cm® molecule’® s1). Therefore, the atmosphere. Two important modifications to the experi-
the modeling approach appears to correctly simulate the mental apparatus have been made for these measurements, which
chemistry in our system, yielding branching ratio results that might help to explain the slight discrepancy between the DCI
are independent of the initial conditions. and HCI experiments. The first modification was that the
As expected, the fitting procedure used to calculatgis diameter of the aperture between the flow tube and-ion
sensitive to the initial concentrations of OH and CIO and to the molecule region was varied in order to maintain a constant
observed concentration of HCI produced over a specific reaction pressure in the ionmolecule region for the HCI measurements
time. These concentrations were measured to better than 309t 200 Torr. In the DCI experiments, the aperture size was kept
accuracy; we found that these errors propagate linearly into theconstant even at higher pressures. Thus, the doubling of pressure
calculated branching ratio. The fitting procedure used to in the flow tube from 95 to 180 Torr also created a doubling of
calculateky is also affected by the other rate constants used in pressure in the ioamolecule region. This doubling of neutral
the model. For example, increasing the rate constafar the concentrations in the ieAmolecule region may have contributed
reaction Cl4+ HO, — HCI + O, increases the proportion of to an increase in secondary iemolecule reactions that could
HCI production coming from side reactions, and therefore have affected the DCI experiments at 180 Torr. The second
decreaseg;p, however, a 50% increase ky leads to only a modification to the experimental apparatus was that the shape
20% decrease in the calculated valuekgf Furthermore, the of the turbulizer, on the end of the movable injector, was
fitting procedure is not very sensitive to changes in the rate redesigned to better enhance turbulent mixing in the flow tube
constantk;, for the major channel of the OH+ CIO reaction. at increased pressures. In our DCI experiments, an open, fan-
For example, changinig, by 50% leads to less than 15% change shaped turbulizer was used for the measurements at both 95
in the calculated value df;p. In the modeling procedure we  and 180 Torr. However, in recent mixing tests we found that a
assumed thaki, = k;. This assumption was necessary in the modified turbulizer design helped to improve mixing at 200

a Rate constants are from refs 1, 29, and 31, at 298 K and 100 Torr.
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TABLE 2: Summary of Experimental Conditions and Results for the Branching Ratio Studies of the OH+ CIO Reaction

[OH], [CIO], Kib branching ratio
expt no. T (K) P (Torr) (10" molecule cm?®) (10" molecule cm?d) (10" cm® moleculel s™) (kap/kz)
1 298 98 35 6.0 10.2 0.070
2 298 94 2.2 6.1 9.5 0.065
3 298 97 1.8 8.3 10.4 0.071
4 298 96 14 7.9 8.6 0.059
5 298 96 1.9 4.9 10.2 0.070
6 298 94 12 8.2 9.1 0.062
7 298 191 2.2 7.0 8.3 0.057
8 298 201 1.3 5.7 9.1 0.062
9 298 203 1.9 6.6 10.2 0.070
10 275 171 2.2 6.9 10.2 0.064
11 259 152 15 5.8 105 0.062
12 246 157 14 6.2 12.2 0.068
13 233 152 1.8 5.6 13.1 0.068
14 217 140 1.7 6.6 15.1 0.071
15 207 127 25 6.5 145 0.064
T (K) TABLE 3: Comparison of Measured Branching Ratios for
g © 2 q s the OH + CIO Reaction
T T I T A branching ratio
2.0 technique T(K) P (Torr) (Kan/ky) ref
~ DF-LF/RF 298 1.6-35 <0.35 20
‘o DF-LF/RF 243-298 1.6-5.0 0.15+ 0.2 21
o DF-LF/LMR 293 1.0 0.14£0.14 22
§ DF-LF/EIMS 298 0.50.9 0.02+0.12 23
E DF-TF/CIMS 211 100 0.06:0.02 1
- 298 0.05+ 0.02 OD+ CIO
5 DF-TF/CIMS 207298 106-200 0.074+ 0.03  this work
= OH+ CIO
o 1.0
- aKey: DF, discharge flow; LF, laminar flow; TF, turbulent flow;
-~ RF, resonance fluorescence detection; LMR, laser magnetic resonance
detection; EIMS, electron impact mass spectrometry detection; CIMS,
chemical ionization mass spectrometry detection.
0.7 T T T
3.0 3.5 4.0 45 5.0

1000 (K1 4 ot - -
describing the statistical rate theory calculations. The branching

Figure 3. Arrhenius plot for the reaction OH CIO — HCI + O,. ratios (in/ky) reported in Table 2 were calculated using the
The least-squares fit to the data yields the expresk(@n= (3.2 + measured Arrhenius expression for the overall rate constant of
0.8) x 107 exp[(325 60)/T] cm® molecule™ 57 the OH+ CIO reaction from our previous publicatioky(T) =
(5.54 1.6) x 10712 exp[(292+ 72)/T] cm® molecule’? s71).1

The branching ratio for the OH- CIO reaction has been
determined to be 0.0F 0.03; within the error of the measure-
ment, the branching ratio does not appear to have a strong
temperature dependence. The reported error for the branching
ratio is an estimate of the systematic error and the uncertainty

for thg OH-+ CTIO reaction were con(_jucted using this modified of the model fitting procedure based on a sensitivity analysis.
turbulizer design. In the DCI experiments at 180 Torr, insuf- In our previous studies of the OB CIO reactiort we found

ficient mixing may have contributed to error in the measurement .+ the branching ratio to form DCI ranged from 0-85.02
of the branching ratio. Overall, the discrepancy between the ;i 593 K t 0.06+ 0.02 at 210 K. In the OH- CIO branching
HCl and DCI measurements at higher pressures is certainly aiq studies at low temperatures, there may exist a slight trend
within the reported errors of the measurements. However, we 4\yarq increasing branching ratios at lower temperatures.

believe that these two recent improvements to the apparatusyowever, within the error of the OH CIO branching ratio
have produced more accurate measurements of the branching,easurements. it is difficult to identify a trend of1%.

ratio for the OH+ CIO reaction at 200 Torr. Therefore, we conclude that the branching ratio is essentially
We performed several measurements of the branching ratioindependent of temperature under conditions relevant to the
for OH + CIO at temperatures between 207 and 298 K in order atmosphere. Overall, the isotope effect on the branching ratio
to establish the temperature dependence of the rate cokgiant appears to be small. The observed isotope effect and its
for conditions relevant to the stratosphere. From the data listed agreement with theoretical predictions will be discussed further
in Table 2 and plotted in Figure 3, we obtain the Arrhenius in the next section describing the statistical rate theory calcula-
expressiorkyy(T) = (3.2 & 0.8) x 10712 exp[(325 £ 60)/T] tions.
cm? molecule® s™%. The uncertainty represents the two standard ~ Our results for the branching ratio of reaction 1 are consistent
deviation statistical error in the data and is not an estimate of with the results of previous studies, which are listed in Table
systematic errors. The negative temperature dependerigg of 3. Previous attempts to measure the branching ratio were
indicates that reaction 1b goes through an intermediate com-unsuccessful in ruling out an HCI yield of zero for the minor
plex3435The fundamental reaction dynamics of the @+CIO channel, due to uncertainties in the results. Leu and’land
system will be discussed in more detail in the next section Burrows et ak! used chemical titration to convert the KO

Torr. In the new design, the gas in the movable injector is forced
through a series of small holes punched in several pieces of
Teflon tubing that protrude into the flow tube perpendicular to
the direction of the main flow. All of the branching ratio studies
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formed by reaction 1a back into OH, which was then detected The kinetic quantities of a chemical activation system can
by resonance fluorescence. The ratio of fHH@rmed (deter- be derived by solving the appropriate master equdfiot,
mined by the regeneration of OH) to [OH] lost was used to which describes the balance over all gain and loss processes
calculate the branching ratio. A problem with this indirect for a given energy levek;, of the intermediate, i.e., in our case
method is that the ratio of HJormed to OH lost is not exactly ~ of HOOCI:
equal to the branching ratio due to additional loss mechanisms
for HO,, such as self-reaction or reaction with other species in dn,
the system, i.e., Cl, OH, and CIO. Using this indirect method, E = Riomfi —om + wzpijnj = (Kogy F Kyg + Ky Iy
Leu and Lin were able to place only an upper limit on the ) (13)
branching ratio. Burrows et al. modeled the system and found
that a correction of almost 50% was necessary to convert theHere,n; = n(E) is the concentration of the intermediate with
measured HEIOH ratio into a branching ratio. These authors an internal energy. Rom represents the overall rate of its
measured the branching ratio between 243 and 298 K and foundformation andf; = f(Ej) its normalized nascent distribution
no temperature dependence, in agreement with our currentfunction as generated by this formation reaction. The second
results. Hills and Howard were able to detect HOdirectly and third term characterize the collisional depopulation and
using laser magnetic resonance. They measured th¢QttD population, respectively, of the energy level in question with
ratio and then used modeling to extract the branching ratio, in being the collision frequency anB; the probability for a
a manner similar to Burrows et al. Of the four reported branching transitionE; < Ej. Finally, the last term describes the unimo-
ratio studies, only Poulet et &l were able to detect HCl using lecular reaction steps of the energized adduct with the specific
electron impact mass spectrometry. They measured the branchrate constantk; = k.(E;) for the reaction pathway The energy,
ing ratio by observing the HCI/OH ratio as the OH discharge in general, is counted from the rovibrational ground state of
was turned on and off at a fixed injector position. However, HOOCI.
they did not have sufficient sensitivity to observe HCI production ~ Equation 13 can be cast into matrix fofft*and assuming
over the reaction time. As in the other studies, the errors were steady-state conditior{8,dni/dt = 0, one obtains
too large to rule out an HCl yield of zero. Because of the indirect
methods used and the large reported errors, all four previous RiomF = [w(l — P) + ZK,]NSE IN® (14)
studies were unable to positively establish the existence of the r
minor channel. In contrast, our direct measurements of HCI
production from reaction 1b over the experimental reaction time
have positively established the existence and kinetic significance
of the minor channel under atmospherically relevant conditions.
Modeling by Statistical Rate Theory.As already outlined s_ -1

e A N°=Rmd F (15)
above, the overall reaction is assumed to proceed via an
addition—elimination mechanisrtf:21-36To verify and rationalize
the experimentally determined branching ratios and to character-
ize the influence of isotopic substitution, we performed a detailed
modeling, using master equations and statistical rate theory. D = Z(K NS) (16)
Moreover, the temperature and pressure dependence of the <o
overall rate constant was examined, because an adequate
description of these different quantities by a common model The symbol K); formally stands for théth diagonal element
could provide additional evidence for the postulated mechanism. of a matrixX. Combination of egs 15 and 16 leads to the relative

where the vector/matrix symbols correspond to the symbols in
eq 13, and denotes the unit matrix. The steady-state population
NS now follows by inversion of the matrid as

and the rate of theth unimolecular stepD;, is obtained by
averaging the rate constaris over this distribution:

Within this model, the reactions branching fractions
OH + CIO — HO, + Cl (1a) D, i
— =3 (KIF) (17)
and orm [
and the yield of the stabilized intermediate is obtained from
OH+ CIO—~HCI+ O, (1b) mass conservatioom = D-1 + D1y + D1y + S as being
correspond to the following microscopic steps, where an asterisk IS D,
denotes vibrational and rotational excitation: —=1-Y— (18)
Rform r Rform
OH + CIO = HOOCI* Q) ) . ] .
. In this way, all branching ratios of interest can be calculated.
HOOCI = HO, + Cl (1d) The measurable bimolecular rate constant at a given temper-
. | ature and pressurky(T,P), can be related to the corresponding
HOOCI —HCI + O,(aA,) (10) capture or high-pressure limiting valua®(T), by the relation
* =
HOOCI* + M = HOOCI+ M (12) o — ol D_(TP) .
Because the electronic ground state of the intermediate, HOOCI, (TP) = k(M) 1~ Reorm(T) (19)

is most likely a singlet state, reaction'lib assumed to yield

02(*A) due to spin conservatidif:21:36:3"The thermochemistry ~ Here,k; is expressed as the product of the pressure independent
of the system is characterized by using the following heats of capture rate constant and a yield factor, which can be calculated
formation, AfH°ok (in kcal moi™): CIO, 24.4%8 OH, 9.32%8 from eq 17 and which characterizes the fraction of the
Cl, 28.59%8 HO,, 4.183839HOOQCI, 1.5%7 intermediates that does not redissociate (see, e.g., ref 35). One
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TABLE 4: Rotational Constants and Frequencies Used in CI0+0H (1)
the Modeling Calculations 1012}k

species A B,C(cm™?) vi (cm™) 101+
OH 18.92 3738 = 100} Cl+HO,(1a) | 2
oD 10.02 2727 a , <
clo 0.623 854 1 107 HCL+0,(16") a
HO; 20.82,1.154,1.097 3459, 1370, 1161 g 108

DO, 11.40,1.087,0.993 2548, 1173, 1009 <l T=200K 10.003
HOOCI 1.606, 0.201, 0.182 3589, 1372, 851, 610, 407, 353 -10.002
DOOCI 1.454,0.193,0.175 2615, 1013, 850, 609, 361, 202 T=400K 40.001
HCI-0O#  1.213,0.139,0.125 3154, 1494, 972, 443, 189

1200013000 14000 15000
E (cm™)

Figure 4. Specific rate constants for the different decomposition
pathways and nascent molecular distribution functions for HOOCI
generated from OH+ CIO at two different temperatures. The open

circles mark the threshold rate constaki{&o).

DCI-O,f  1.117,0.138,0.124 2299, 1129, 928, 396, 185 10000 11000

2 Reference 542 Reference 55¢ Calculated ab initio at the UMP2/
6-311+G(d,p) level with Gaussian 9% frequencies scaled by a factor
of 0.943%" The values for HQagree very well with experimental data
given in ref 58.9 Reference 1% Transition state of reaction 1b

should note that the temperature dependenégisfa combined transferred per collision of about20 cnT15 This is a
effect of the temperature dependence of Uq_t‘hand the yield reasonable value compared to other molecules of similar
factor, whereas the pressure dependence is only governed by, iitation energy and siZ8.Moreover, it turns out that the
the Iatter.. The ,qua,nt,'t)R‘OTm does not need to be specified, .50y ated branching ratios are again quite insensitive to this
because it only implicitly appears within the ratidgRem. For quantity (see below). The collision frequency of HOOCI in air,
CIO -+ OH, it would follow thatRem = ki"(T)[CIO][OH], and w, is based on a Lennard-Jones collision number of 107
because this represents a capture rate, it is not pressuréroi-1g-1 4t 300 K8 The inversion of the tridiagonal matrix

dependent. J is achieved by standard di¥asith in size of 10
The methods applied for the calculation of the different Crlns—?c 1eved by standard proce & grain size 0

quantities in eqs 1317 are briefly described next. The nascent
population of HOOCIf(E), is approximated by a shifted thermal
distributiorf®-42

The relative branching fraction (yield) for the channel leading
to HCI + O is expressed as

Dyy
—(E— EO(,l)) Yy = "=—"T= T < (22)
WhoocE — Eg-1)) €X —kBT Diyg t Dy +S
f(E) = (20) It is accessible via eqs 17 and 18, where the rate of formation,

ﬁ, Whooc((€) eXF(k'T-gr) de Riorm, Ccancels. One should note thBt 1 is missing in the
denominator, because it merely represents the reaction back to
OH + CIO and, therefore, must not be included in the balance
governingYiy.
As already mentioned, the specific rate constants for the
dissociation reactions1 and laare calculated by the statistical
adiabatic channel model. With the molecular data for the

where Eq—1) represents the threshold energy for reactieh

and Whooc) denotes the sum of states of HOOG is
Boltzmann'’s constant. The specific unimolecular rate constants
are calculated by statistical rate theory?a$?46

W(E — Eqp) reactants and reaction products from Table 4 and the thermo-
k(E) = ! 0 (21) chemical data given above, there remains one parameter to be
NoLooclE) fixed, the so-called anisotropy ratio/3.47~4° In principle, this

quantity could be adjusted to thermal high-pressure limiting rate

with the density of states of the intermediat®ociand Planck’s constants for the corresponding association reactions. However,
constanth. For the number of open reaction channdls one obviously the measured rate constants for ®K10 and HQ
has to distinguish between two different cases. Reactiohs  + Cl do not represent high-pressure limits but are decreased
and 14 are simple bond fissions and; is calculated by the by falloff effects (see below). Hence, we generally employ a
statistical adiabatic channel model (SACM) in its simplified value ofo/ = 0.5 in our calculations. It was sho#f4that in
version?’~4% Reaction 1h on the other hand, proceeds via a many cases, specific as well as the corresponding thermally
well-defined transition-state configuratiéh®®and accordingly, averaged dissociation and recombination rate constants can be
Wiy is identified with its sum of states (RRKM modé. predicted reasonably well by using this “standard” value. The

All densities and sums of states are determined by direct specific rate constants obtained in this way for the reactions
counting proceduré® 5 for a total angular momentum quantum —1 and l&are shown in Figure 4.
numberJ = 15. This value corresponds to an average, which  Reaction 1h which proceeds through a tight transition state,
can be estimated from the angular momenta of the reactantsis described by RRKM theory. The molecular parameters used
and the orbital angular momentum associated with the captureare compiled in Table 4. The Ty molecular parameters in
proces$253|t turns out that the influence dfon the branching Table 4 are from the ab initio calculations reported in ref 19.
ratios is very weak within the range accessible at temperaturesAs already discussed in ref 19, the calculation of a reliable
between 200 and 300 K (8 J < 25). The molecular geometries  barrier height for the four-center transition state involved is not
and frequencies employed in our calculations are compiled in without problems. Therefore, we treBgy) as an adjustable
Table 4. parameter, which is fitted so as to reproduce the observed

For the transition probabilitie3;, a stepladder model obeying  relative yieldY1y = 0.07+ 0.03 atT = 300 K. A value of 31.1
detailed balancing is uséé:#3 For the step size, we assume = 0.6 kcal moi? is obtained. This lies-1.2 kcal mof! below
AEs. = 100 cnt?!, which corresponds to an average energy the thermochemical limitta) K for OH + CIO and essentially
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TABLE 5: Relative Branching Fractions for HOOCI (DOOCI) Formed from OH (OD) + CIO, P = 100 Torr, AEs. = 100 cnt?
(exp: Experimental Values)

HOOCI DOOCI
T (K) D-1/Riorm D1a/Reom D1/Riorm Y1y Yz (exp) Y1y Y (expy
200 0.3010 0.6506 0.0484 0.0693 0.0588 0t06.02
250 0.3733 0.5831 0.0436 0.0695 0480.03 0.0599
300 0.4362 0.5241 0.0396 0.0703 0.0613 0106.02
400 0.5341 0.4319 0.0340 0.0730 0.0647

aReference 1° T = 210 K.

agrees with the results from ref 19. The corresponding specific calculated directly from the canonical version of the SA¢¥E

rate constants are also shown in Figure 4. For reaction 1, OH+ CIO — HOOCI*, it can be written &8
The calculated branching fractions from eq 17 and the relative " ST riaid
yields Yy from eq 22 are compiled in Table 5. It is evident k“(T) =k, (D) (23)

that the temperature dependenceYgf is very weak, which is

in agreement with the experimental findings. The reason Here, the first factor,

becomes clear by inspection of Figure 4. The curves of the T s \ap HOOCI

specific rate constants for the two product channels, HC), K PST(T) _fs![_h Qel ) o) (24)

and Cl+ HO,, do not cross and are nearly parallel in the energy 1 h \27uksT| Q. (OH)Q,(CIO) ="

range, where the main part of the HOOCI population is located.

Consequently, a shift of this population to higher energies by represents the rate constant in the loose or phase-space limit,

increasing the temperature will hardly change the branching i.e., in a purely isotropic potential, and a rigidity factéigid

ratio. Whether the ratio is slightly decreasing (as might be < 1538586globally accounts for the anisotropy. In eq 24,

suggested by the experiments with the deuterated specfes, denotes the reduced mass of OH and CIO &g the

also Table 5) or increasing (as suggested by the presentcorresponding electronic partition functions. For the discussion

calculations) cannot be decided unambiguously. Here, muchof the temperature dependence lgf°, one can essentially

more detailed information on the properties of k$and on concentrate ork;PST, since the rigidity factors are often only

the adiabatic channel pattern for reactionisaequired, where  slightly temperature dependéf€®Thus, provided the electronic

especially the latter is beyond the capabilities of current quantum partition functions are known, the main task remaining is the

chemical calculations. determination of the centrifugal partition functi@en: It can
Table 5 also shows that the influence of deuteration turns be calculated from the maximégyJ), of the effective potential

out to be very weak. The calculated yieMg, for OD + CIO

are, on an absolute scale, oni1% lower than those for OH Ver(@) = V() + Beep(@)IQ + 1) (25)
+ CIO. This is again in agreement with the experimental
findings. as follows:

By averaging the specific rate constants over the molecular - E,1(J) — Ey(J = 0)
distributions, a lifetime of~5 ps can be estimated for the QM= (23 + 1) exd - o) o) (26)
vibrationally excited HOOCI* generated from CI& OH. cen ;3 kT

Therefore, collisional stabilization is negligible under atmo-

spheric conditions, and the branching ratios are virtually whereq s the interfragment distance between OH and CIO. In
independent of pressure. For instancePat 100 Torr, the  the original version of the simplified SACKE4? a Morse
relative fractl_on of stabilized HOOCI lies betweenx1 107 potential was adopted faf(q) and approximate expressions for
and 1x 1077 in the temperature range 26800 K, and al = he effective rotational constartey were employed. In our
300 K, the HCI+ O yield increases from 0.070 30 at 1 Torr  cajcylations, we used the quasitriatomic model for the I4ter,
to 0.07035 at 760 Torr. This general picture is also not ang the rigidity factors as given in ref 63 (formally multiplied
influenced by a change of the energy-transfer parameter of thepy 4 factorQ* cen{Qeens because eq 24 contai@eninstead of
stepladder model. Q*centused in ref 63). All electronic partition functions were
Equation 19 and the values fBr1/Rom from Table 5 reveal  set identical to the corresponding ground-state degerfénaiti
that the overall rate constant for OHCIO under atmospheric  the exception of OH/OD, for which the partition function was
conditions is not in its high-pressure limit, sine80 to~45% calculated with a spinorbit splitting of 139.7 cm1.55
redissociation occurs, depending on the temperature. Conse- The results are shown in Figure 5. One can realize that the
quently, a comparison of the predicted and observed overall predicted rate constants based on a Morse potential and a value
rate constants is useful in order to evaluate the quality of our of a/8 = 0.5, kM, are likely to be somewhat too small, and
model and to derive additional information on the reaction theijr temperature dependence is probably too weak. The latter
mechanism. Furthermore, it can be shown from eq 19 that theis a known deficiency of this simple approximation, and the
pressure dependence of the rate condtaig governed solely  situation can be improved by using a more adequate interfrag-
by the relative branching fractidd_1/Ri,m. The latter, however, ment potentiaf®
proves nearly independent of pressure. For exampld, at Because both OH and CIO have comparably large dipole
300 K, it varies from 0.4359 to 0.4363 upon increasing the moments gon = 1.66 D,ucio = 1.24 D)5* the corresponding
pressure from 1 to 760 Torr (see the discussions above). Thusjong-range electrostatic interaction is a better description of the
the pressure dependencekefis negligible in this range. potential range that governs the capture process. From the
Whereas the yield factor in eq 19 follows from the master isotropic part of the dipoledipole interaction, it followsv(q)
equation, the high-pressure limiting rate constaq®(T), is = —2uonucio/g® and the centrifugal rotational constant becomes
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of the two curves_;(E) andk;4(E) sensitively governs the yield
D_1/Rsorm for HOOCI formed from OH+- CIO and in this way
affects the recombination rate const&ntSmall uncertainties

in the threshold energies would lead to slightly different energy
dependencies &(E), as becomes obvious from eq 21. Because
of the similar slopes df-1(E) andki4(E) near the crossing point,
the location of the latter could be considerably shifted even by
these small uncertainties, and therefore, the rate conlstast
strongly influenced. On the other hand, the branching between
Cl 4+ HO, and HCI+ O is much less sensitive to variations in
Eo(, because at the relevant energies abByes), the corre-
sponding curvesk;4(E) andkiy(E), are nearly parallel. There-

Figure 5. Calculated and reported experimental rate constants for the fore, small uncertainties in the differences of the zero-point

reaction OH+ CIO. Experiments:H, Burrows et al2* O, Hills and
Howard?? @, Lipson et alt v, Ravishankara et &l. The calculated
values are based on a Mor$g'°) and a dipole-dipole ;°°) potential
for k;>, respectively (see text).

Been(Q) = h%(2u?).8%70For such types of effective potentials,
the evaluation 0Qc.ntis straightforward, because the maxima,
Eow)(J), can be calculated analyticali§ It turns out that in the

temperature range from 200 to 400 K, the average (Boltzmann

weighted)J in Qcent Varies from 49 to 55. The corresponding
maxima of the effective potentiaq)(J = 49) andEgy(J =
55), are located at interfragment distances of 9.640710 and
7.7 x 1071°m, respectively. That is, the main part Qfentis
indeed sampled over a range, where the dipdipole interac-
tion is likely to provide the dominating contribution to the

potential energy and where valence forces to a first approxima-

tion can be neglected. The rate constaky?, obtained in this
way are also shown in Figure 5. Here, a rigidity fadi@#id ~
0.354 was used, which is independent of temperature for a
pure dipole-dipole interactiof! The agreement with the

experimental data is reasonable, and we note again that the onl

adjustable parameter iEouy). Because the dipotedipole

potential is probably more adequate than the Morse potential,

energies for the two isotopomers may have a stronger influence
on the rate constak than on the branching fractioviy. For
instance, if the thresholBo1) is lowered by 270 cm! from

11 310 to 11 040 cmt (cf. Figure 4), the rate constant for OH

+ CIO decreases by a factor of 1.38, which is on the order of
the observed isotope effect. The HCI yield thereby increases
from 0.0703 to 0.0928. The HCI yield, though not drastically
changed, is increased here because dify:) was lowered.
This simple variation is shown here only to demonstrate the
sensitivity of the different quantities with respect to the energetic
parameters and does not correspond to our model for#OD
ClO.

In principle, the proposed model should also be capable of
characterizing the kinetic behavior of the complementary
reaction, HQ + CI. For this reaction, an overall rate constant
of ~4.2 x 10711 cm® molecule® s71 is recommendeé® It is
nearly independent of temperature and pressure in the range
250—-400 K and 1760 Torr38 Relative branching fractions of
0.21 4 0.0162 and 0.184 0.067 for the channel leading to

>pH + CIO have been determined experimentally at temperatures

near 300 K. Our SACM approach based on a Morse potential
with o/ = 0.5 leads to a high-pressure rate constant 0f2.3

our calculations favor the experimental rate constants with the 10 ** cm® molecule™ s™*. A yield factor of 0.3 (70% redisso-

stronger temperature dependence.

The influence of deuteration on the recombination rate is
potentially underestimated by the calculations. In our earlier
work! an isotope effect of;(OH + ClO)/k,(OD + CIO) ~ 1.4
was determined experimentally in the temperature range-200
300 K. From our model, based on the dipot#ipole potential,

a value of~ 1.03 is obtained. However, it is important to note
that the uncertainty in this determination is large, since it

ciation) finally results in a measurable rate constant of 6.9
102 cm?® molecule® s71, which is too low by a factor of 6 as
compared to the experimental value. One reason might be that
the predicted high-pressure recombination rate constant is too
small. However, even in the phase-space limit, the calculated
observable rate constant stays below the experimental value.
Moreover, the relative branching fraction for the GHCIO
channel is overestimated. A value of 0.70 is obtained wifh

involves independent measurements of OH and OD decays;= 0.5, and in the phase-space limit, it is merely decreased to
hence, considering the experimental error, a value of 1.03 is 0-55, which is still too high. We were only able to bring the
not excluded by the measurements. Considering furthermore thecalculated and experimental rate constants and branching ratios
uncertainties in the calculations, the predicted isotope effect andcloser to each other, if a parallel direct abstraction channe}, HO

the measured isotope effect farare in reasonable agreement.

+ Cl— HCI + O,, is assumed so as to reproduce the measured

Nonetheless, it is interesting to raise the question of whetheroverall rate constant. Then, with the above values for the

the rather small isotope dependence of the branching Yagio
given above can be correctly predicted (cf. Table 5). The

situation is most conveniently analyzed in terms of eq 19. Here,

branching ratios, a yield of 0.12 for the O#H CIO channel
would be obtained (0.7 6.9 x 1071%4.2 x 10°4). To
reproduce the experimental branching fractions near ¢:20,

one has to distinguish between the influence of the isotopic the high-pressure rate constant for 70 Cl — HOOCI would

substitution on the capture rate constdat, and on the yield
factor, (1— D-1/Riom). From our model, the respective ratios
due to isotopic substitution arel.02 and~1.01. Because the
influence onk;” is mainly governed by the mass difference of

have to be increased te4 x 10711 cm® molecule’ s™1. This

is a factor of 2 higher than the value obtained above with the
Morse function; however, as was already demonstrated for OH
+ CIO, deviations on this order of magnitude can well arise

the two isotopomers, the effect is small and probably reproducedfrom the approximate nature of the intermolecular potential.

in the correct order of magnitude by the SACM approach. The

Moreover, in the case of HOt ClI, the long-range electrostatic

main influence on the yield factor, on the other hand, is caused interactions are too weak to provide a reasonable basis for the
by the shift of the threshold energies relative to each other due description of the centrifugal maxima, and detailed channel

to the different zero-point energies of the isotopomers. Inspec-

tion of Figure 4 reveals that the location of the crossing point

potentials for intermediate distances are required. Present
guantum chemical methods are not accurate enough to make
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the latter accessible; therefore, these considerations remain (21) Burrows, J. P.; Wallington, T. J.; Wayne, R. R.Chem. Soc.,

essentially qualitative in character for the time being. Neverthe-

less, our calculations indicate that a direct reaction path; HO
+ Cl — HCI 4+ O,, cannot be ruled out in addition to the
association-elimination route.

Conclusions
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