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The kinetics of the H@+ CIO reaction was studied using the flash photolysis/ultraviolet absorption technique
over the temperature range 20364 K and pressure range-5800 Torr of Nb.. In contrast to previous work,

the temperature dependence displayed linear Arrhenius behavior over the entire temperature range with the
rate constant being described by the expreskfoh= 2.84 x 102 exp{ (3124 60)/T} cn® molecule®s™2.

Ab initio calculations of intermediates and transition states have been carried out on the singlet and triplet
potential energy surfaces. These calculations show that the reaction proceeds mainly through-tH®LIO
complex on the triplet surface; however, collisionally stabilized HOOOCI formed on the singlet surface will
possess an appreciable lifetime due to large barriers toward decomposition to HCI and HOCI. Termolecular
rate calculations using ab initio parameters lead to a strong collision rate constahiof0 32 cmf molecule?

s 1 for HOOOCI formation. This intermediate may be important under both laboratory and atmospheric
conditions.

Introduction under stratospheric conditions in recent yéafghere has been

. . . . relatively little work on the CIO+ HO; reaction. In particular,
According to a recent international assessment of stratospherlcthere has been only one study of the temperature dependence

ozzne, tthe Totsrt] cquent tv(\;ot-dln:jepsllonal n10dt6| Cﬁlcglatlons of the overall rate coefficient in the last 20 yearshis study
En e][est|mafe2 €o s;r_}/ﬁ_ rendin fot\;]ver ? ra osr;]) erI(flzzoneobtained nonlinear Arrhenius behavior leading to the suggestion
y a factor of 2 or more.This region of the atmosphere ( that the reaction mechanism is dominated by hydrogen abstrac-

24 km. altitude) is characterized by chgmlca}l and dynamlcal tion above 298 K and complex formation at lower temperatures.
processes that are strongly coupled. While this complicates the The idea that | | le in th d
analysis, there is a strong suspicion that these trends aret el tea (? con;p EXES (r:]an piay alroe |nf the plzféfllge an
attributable to increases in anthropogenic halogen-containing emperaturé dependence pnenomenoiogy or the

compounds that destroy stratospheric ozone by catalytic mech.réaction has been reinforced by recent thermochemical and ab

- : : ; 15 o
anisms. In the lower stratosphere at midlatitudes, the most MU0 Stl:jd;ﬁs of IHCll'Q .'mi.rmedf'al:eogd fStIml-pl?)eogoaL .
important catalytic cycles for ozone destruction are the ones propose € cyclic elimination of 1 rom At an
for which the reactions possibly HCI from HOOOCI intermediates as reaction pathways

at low temperature. Mozurkewi€lwas able to reproduce the
negative temperature dependence observed by Stimpfle et al.

ClO + HO, —~ HOCI+ G, @ using two-channel RRKM calculations. He concluded that there
BrO + HO, — HOBr + O, ) would be large barriers for cyclization of HOOOCI and

HOOCIO and that the reaction proceeded primarily through a

BrO + CIO — products 3) hydrogen-bonded intermediate on the triplet surface. Buttar and

Hirst!2 carried out calculations at the MP2 level of theory for
are the rate-limiting steps® While there has been considerable hoth singlet and triplet surfaces. They proposed a complex
experimental work on the Br& HO, and BrO+ CIO reactions mechanism for the singlet surface which involved a 1,2-
hydrogen shift from HOOOCI to form HOCtH O,. Francisco
" Corresponding author. E-mail: ssander@jpl.nasa.gov. Fax: (818) 393- and Sandép carried out extensive MP4 calculations, obtaining
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Figure 1. Schematic diagram of flash photolysis/ultraviolet absorption apparatus. The CW probe consists of a 150 W deuterium lamp and a 300
W xenon arc lamp combined with a dichroic beam splitter. Both probes traced the same 720 cm optical path within the flash photolysis cell. A
second dichroic beam splitter at the exit separated the probes into a long-wavelength component for CIO detection and a short-wavelength component
for HO, detection.
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secondary reactions, two different photolytic schemes were usedcomponent was directed into a 0.5 m monochromator with 500
for reactant production. Extensive ab initio calculations of the um slits (resolution 0.5 nm fwhm) used for H@etection. The
structures and energetics of HGlDtermediates and transition  long-wavelength component was further divided using a 50:50
states were carried out using coupled-cluster and densitydichroic beam splitter into two beams directed into separate
functional methods. The results are used to interpret the observednonochromators. A 0.3 m monochromator (148 slits, 0.3
pressure and temperature dependence behaviors of the reactionm fwhm) was set at the maximum of the CIO (A,= 12—

kinetics. X, ' =0, Q = 3/,) subband transition at 275.2 nm, and a 0.25
m monochromator (150m slits, 0.3 nm fwhm) was set at the
Experimental Section adjacent minimum at 276.4 nm. This arrangement permitted CIO

detection with high selectivity using the differential absorption
method. The proper alignment of the CIO detectors was verified
by ensuring that the two CIO detection channels gave identical

The flash photolysis/long path length UV/vis absorption
apparatus has been described previoifslyhe photolysis cell
is based on a concentric design with a temperature control jacket, .
xenon flash lamp, light filter, and reaction volume. Identical absorbqnce sgnals when both were tuned to the-Q)ZIO0
cells made of quartz (photolysis wavelength200 nm) and ~ @psorption maximum.

Pyrex (photo]ysis Wa\/e|ength 300 nm) were emp]oyed_ A Photomultiplier OUtpUtS from the two CIO channels and the
schematic of the experimental apparatus is shown in Figure 1.HOz channel were separately recorded and signal averaged using
Transient Absorption Spectrometry_ For this experiment, a 14-bit 100 kHz dlgltal OSCiIIOSCOpe. Absorption Signals were
several modifications were made to the optics of the long-path analyzed after averaging 100 shots. Absorbances for each data

absorption system. Two analytical light sources were used, achannel were derived from calculations oflpil) wherel was

300 W xenon |amp Optimized for Wa\/e|ength5 |0nger than 250 the time-dependent signal V0|tage fO”OWing initiation of the
nm and a 150 W deuterium lamp optimized for the 2280 reaction by the flash lamp aridwas determined by averaging
nm spectral region. The beams from both lamps were collimated @bout 80 preflash data points for each data channel. The CIO
and coaligned along the probe beam axis using a dichroic beamdifferential absorption signal was determined by subtracting the
splitter. The combined probe beam was directed through an iris calculated absorbance for the 276.4 nm channel from the
and into a reaction cell equipped with White-type optics. The calculated absorbance for the 275.2 nm channel.

total optical path length was 724 cm. Another dichroic beam  Radical Production. Two different chemical sources were
splitter divided the probe exit beam into a 262860 nm employed for formation of the CIO and HQn the first source,
component and 4> 250 nm component. The short wavelength F,—H,—0,—CI,O mixtures were photolyzed in the quartz cell
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with N as the bath gas. The flash lamp photolyzed bothrfel

Nickolaisen et al.

TABLE 1: Concentration Ranges of Precursor and Radical

Cl,0 to initiate the reaction mechanism (all rate constants are Species for CIO+ HO; Kinetic Measurements

from DeMore et al’ unless otherwise indicated):

F,+hv (4> 220 nm)— 2 F
F+H,—~HF+H
k(T) = 1.4 x 10 *°exp{ —500/T} cm® molecule*s*
H+0,+M—HO,+ M
k(T) = 5.7 x 10 **(T/300) *®cm° molecule s *
CL,O + hv (A>220 nm)— CIO + Cl

—0+cl,

Cl + CLO— ClO + Cl,
k(T) = 6.2 x 10 " exp{130/T} cm® molecule*s™*

To minimize the photolysis of 9the filter jacket of the quartz
cell was filled with neat NO at a total pressure of 1 atm. The
absorption of MO limited photolysis toA > 220 nm. The
effectiveness of the O filter was verified by observing that
Os production was negligible in the photolysis of purgwhich
set an upper limit of 1x 1075 for the fraction dissociated in
the quartz cell. GO was introduced into the reaction cell by
flowing helium at 5 psia through a bubbler containing theCCl
sample. The bubbler was immersed in an 2-propanai(§O
slush at 196 K at which temperature the@Wlapor pressure is
about 5 Torr.

The photolysis of GIO at wavelengths in the range 260
250 nm produces GPR) with a quantum vyield of 0.3 or
less®>18-20 The primary loss process for the ®) will be
through recombination with 9to form Gs. The resulting @
concentration will be somewhat more than 10% of the initial
CIlO concentration. At this level, the contribution to the measured
absorbances of HCOand CIO are negligible as are the effects
associated with secondary reactions af O

In the second reactant source,€Cl,O—CHz;OH—0O, mix-
tures were photolyzed in the Pyrex cell with lds the bath
gas. The mechanism for H@nd CIO formation was

Cl, + hw (A > 300 nm)— 2 Cl
CLO + hw (A > 300 nm)— CIO + Cl

Cl+ CLO—CIO + Cl,
k(T) = 6.2 x 10 ™ exp{130/T} cm® molecule*s™*
Cl + CH,OH — CH,OH + HCl
k(T)=5.4x 10 *cm®* molecule*s™*
CH,OH + 0,— HO, + CH,0
k(T)=9.1x 10 *cm®* molecule*s™*

Cl, was the only species photolyzed in the Pyrex celbCCl
was handled in a manner identical to that used in theH>—
0O,—CI,0 experiments. CkDOH was introduced into the reaction
cell by flowing helium at 5 psia through a bubbler containing
the CHOH sample at 233 K. Chlorine (10% £ih helium),
0O,, and N were combined with GO and CHOH in the mixing
manifold.

All reagents were mixed in a manifold prior to entering the

concentration range

species (molecule cm?)
F>/Cl,0/H2/O» System

[Falo (1.5-7.0) x 106
[CI:0]o (8.0—-20) x 10'?
[Oz]o (3.0-4.5) x 10~
[Hz]o (3.5-4.5) x 10V
[CIO]o (2.8-53) x 10%?
[HO2o (1.6-15) x 10*®

Cl,/CH3;OH/CI,0/O; System

[CH3OH, (1.5-30) x 101
[C1,0], (1.4-3.5) x 101
[Cl2lo (2.0-3.0) x 106
[O2o (5.5-7.5) x 107
[CIO], (9.3-80) x 1012
[HOZ]o (4.9-12) x 10'3

concentrations of reactants and initial CIO and4t®ncentra-
tions are summarized in Table 1. In both the-H,—0O,—CI,O

and Ch—CIl,0—CH3;OH—0, experiments, H@and CIO were
formed on time scales which were much shorter than their loss
by reaction 1 or by other reactions. The effect of secondary
reactions on the reaction kinetics will be discussed in detail
below.

Both chemical systems resulted in reproducible kinetic decays.
The FR,—H> system had the advantage that [(J@hd [HO]o
could be controlled somewhat more easily than with the-Cl
CH30H source because the two radicals had different precursors
(Cl,O and R, respectively). In the G+CH3zOH system, the
precursor is Gl for both radicals. In the G+CH3zOH system,
aerosol formation was observed under certain conditions. The
onset of aerosol formation was a sensitive function of temper-
ature and [CHOH] and the time dependence of the aerosol
extinction was highly reproducible at a fixed set of conditions.
It was necessary to limit the range of initial radical concentra-
tions that could be employed at temperatures below 235 K in
order to avoid the aerosol formation. Aerosol was not observed
in the K—H, system under any conditions.

Materials. The gases used in this study had the following
stated purities and were used as supplied: 1094%¥9.5%) in
He (99.9995%), 5% £ (>98%) in He (99.9999%), K
(99.9999%), @ (99.999%), He (99.9999%), Ar (99.9993%).
CH30H (99.93%) was purified by several freeze/pump/thaw
cycles. CJO was synthesized by the method of Cady.
Ultraviolet and infrared analysis showed that the only impurity
in the CbO was C} at the level of 5% or less.

Ab Initio Computational Methods. All of the calculations
presented here were performed with the GAUSSIAN 94
software package on the JPL Cray J90 supercomptter.
Searches for minima and saddle points employed the Becke’s
nonlocal three-parameter exchange with the-L¥ang—Parr
density functional (B3LYP) metho;24 with 6-31G(d,p) and
6-311++G(3df,3pd) basis sets. In the searches for the pathways
for the HG, + CIO reaction, the linear synchronous transition
state following method was used to obtain initial structures. No
restrictions on symmetries were imposed on the initial structures,
so that geometry optimizations for saddle points occurred with
all degrees of freedom. All stationary points were characterized
by harmonic vibrational frequency calculations. In addition,
energies were calculated with the coupled-cluster method, which

reaction cell. Flows of all gases were measured with calibrated included singles and doubles excitations, plus a perturbational
mass flowmeters, and concentrations were calculated from theestimate of the effects of connected triple excitations [CCSD-
measured flow rates and the cell temperature and pressure. Thé€T)].2> These energies were calculated with the 6-B31-
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Figure 2. Absorption spectra of species involved in the H© CIO
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TABLE 2: 210 nm Absorption Cross Sections at 298 K
Used in the Kinetic Analysis by FACSIMILE

cross section

species

(cr? molecule’?)

reference

HO,
ClO
ClL,0,
H20,
HOCI
Cl,0
F>

3.91x 1018
2.2x 10°71°
2.51x 10718
3.57x 1071
5.7x 1020
2.38x 10°%°
42x 102

Mariq et al?’

DeMore et alt’

DeMore et alt’

DeMore et al”

DeMore et al”

DeMore et al”
Steunenberg and Vodeél

small step change in the measured absorbance immediately after
the flash. For the fluorine system, the species contributing to
the measured absorbance at 210 nm includ®©CF,, ClO,
Cl,0,, H20,, and HOCI. The latter four species are products of
secondary reactions. For the chlorine system, the absorbers at
210 nm are CIO, GD,, H,0O,, and HOCI. For both chemical
systems, the time-dependent absorbance of each species was
calculated by the computer program FACSIMACRIsing the
absorption cross sections listed in Table 2. The,H@bss
section used in the model is taken from Maricq and Szé&nte.
This value is somewhat lower than the NASA recommendtion
but provided excellent agreement with the literature value of
the HG, + HO; rate coefficient when used in the fitting routine

kinetics studies. Arrows denote the wavelengths used for the detectiondescribed below.

of HO, at 210 nm and CIO by differential absorption at 275 nm.

T T T T

0.21

0.18

The expressions used in FACSIMILE to calculate the 210
nm absorbances for the fluorine and chlorine systems are given
below:

A|2:210(t) = {010,[HO] + 0¢ 0 [Cl,0;] + 06y 0 [H,0,] +
Onoc[HOCI] — OFZ([Fz]o —[Fl) — OC|20([C|20]0 -

0.15 [C1,01)}
8 012 &) = {00 [HO,] + 0¢, 0 [C1,05] + 0y [H,05] +
E OoclHOCI] = 0, 6,(IC1,0], — [C1,0)}
—2 0.09
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Figure 3. Example of time-resolved absorption signals for the- F

H>—0,—Cl,0O system: (a) 210 nm absorption channel gHQb)

wherel is the absorption path length angis the cross section
of species. The stoichiometry of the source reactions constrains
the initial conditions for the numerical simulation, i.e.,

[C1,0], — [CI, 0], = [CIO],
and
1
[F2]o - [F2]t = E[F]o

In both the fluorine and chlorine systems, the contribution to

differential absorption signal from 275.2 and 276.4 nm channels (CIO). the change in the 210 nm absorbance by species other than HO
The solid lines are fits obtained using FACSIMILE as discussed in the 5 |ess than 7.5%.

text.

(3df,3pd) basis set using the geometry obtained at the B3LYP/

6-311++G(3df,3pd) level of theory.

Results

For the two absorption channels near 276 nm, there are
several species that contribute to the absolute absorbance
including ChO, Ch, CIO, and k. Only CIO contributes to the
differentialabsorbance due to its banded structure. The spectra
of the other species are continua with relatively small differential
cross sections. Room-temperature CIO cross sections were taken

Spectrometry. The absorption spectra of several important from the work of Simon et &8 The temperature dependence

species in the two chemical systems are shown in Figure 2, of the CIO differential cross section was obtained from the
and an example of the time-dependent 210 nm and differential expression

275.2/276.4 nm signals is shown in Figure 3. The absorption at
210 nm is dominated by H© however, a number of other

species contribute to the background absorbance at this wave-
length. To a first approximation, these background absorptions
do not change over the time scale of reaction 1 but cause awhereocio(298 K) = 4.10 x 10718 cn?. This expression was

104.9 , 3033
T T?

Olio = ;g{ 1.011- ==+
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TABLE 3: Reaction Mechanism Used in Analysis of Data
Obtained Using the F/CI,O/H,/O, Source Chemistry

Nickolaisen et al.

TABLE 4: Reaction Mechanism Used in Analysis of Data
Using the CL/CI,0/CH3;0H/O, Reactant Source Chemistry

reaction

rate coefficient

reaction

rate coefficient

CIO + HO, — HOCI + O,
H02+ HOZA’Hzoz‘FOz
F+H,—~HF+H
F+0,+M—FO,+M

H+ 0+ M —HO, +M
H02+H02+M—’H202+M
Cl+ CL,O— CIO + Cl;

Cl 4+ HO, — HCl + O,

Cl+ HO,— CIO + OH
F+HO,— HF + O,

F+ Cl,O— CIF+ CIO

H + HO, —2 OH
ClO + CIO +M — Cl,0, + MP

Cl,O,+M — CIO+ CIO+ M
CIO+ CIO—Cl,+ O,
CIO+CIO—2Cl+ 0O,

CIO + CIO— OCIO+ Cl
Cl+0OCI0O—2CIO

a Units for bimolecular reactions are émolecule® s~1. Units for
termolecular reactions are émolecule? s 1. Rate coefficients are
from DeMore et al’ P Rate constants for CI@- CIO + M reaction

ki

ka

1.4 x 1079 exp(—500/T)
4.4 x 10-3%(T/300) 12

5.7 x 1073(T/300) 16

1.7 x 10733 exp{ 1000}
6.2 x 10 exp{130/T}
1.8 x 10~ exp{ 170/}
4.1x 10" exp{ —450/T}
8.3x 10"

1.5x 10 0 exp{ —47/T}
2.8x 10710 exp{ —440/T}
kot 2.2 x 10732 (T/300) 31
ko: 3.5 x 10712 (T/300) 0
Keq= 1.3 x 10727 exp{ 87441}
1.0 x 10 2 exp{ —15907T}
3.0 x 10~ exp{ —24501}
3.5x 10 Bexp[—13701}
3.4x 10~ exp{ 160/T}

are calculated using the falloff equation in DeMore et’al.

CIO + HO, — HOCI + O,
HOz + HOz" HzOz + 02

Cl + Cl,O0— CIO + Cl,

Cl + CH;OH — CH,OH + HCI
CH,OH + O, — HO, + CH,0
H02+H02+ M_’H202+ M
Cl+ HO,— HCl + O,

Cl 4+ HO, — CIO + OH

Cl + CH,0 — HCl + HCO
HCO+ O, — CO+ HO,
HCO+ Cl,—~ HCOCI+ Cl
CIO+ CIO + M — CL,O, + MP

ClLO, +M —CIO+ CIO+ M
CIO+ CIO—Cl,+ O,
ClIO+CIO—2Cl+ O,
ClIO+ CIO— OCIO+ ClI
Cl+ Clez —Cl+ C|2 + Oz
Cl+ OClO—2CIO

k
ka

54x 101

9.1x 10712

1.7 x 1033 exp{ 10001}
1.8 x 10~ exp{ 170/}
4.1x 10 exp{ —450/T}
8.1x 10 ™ exp{ —30/T}
3.5 x 1072 exp{ 140/}
6.1 x 102 exp{ —36/T}
Ko: 2.2 x 10732 (T/300) 31
ko: 3.5 x 10712 (T/300) %0
Keq= 1.3 x 10727 exp{ 87441}
1.0 x 10712 exp{—1590m}
3.0 x 10 exp{ —24501T}
3.5 x 107 exp{ —1370m}
1.0x 10710

3.4x 107 exp{ 160/T}

aUnits for bimolecular reactions are émolecule? s, Units for
termolecular reactions are émolecule? s™1. Rate coefficients are
from DeMore et al’ P Rate constants for CIG- CIO + M reaction
are calculated using the falloff equation in DeMore et’al.

determined by fitting the temperature-dependent CIO cross and CLO from photolysis, and the rate coefficients for the CIO
section data of Sander and Frieth an empirical equation. + HO,— HOCI + Oz and HQ + HO, — H20, + O reactions.

As discussed below, the reaction mechanism for €160, By varying the initial F atom and CIO concentrations, FAC-
may involve the formation of stable intermediates such as SIMILE was able to fit the initial absorbances from both signal
HOOOCI, particularly at low temperatures and high pressures. channels. The H9+ HO; rate coefficient was allowed to vary
While it is doubtful that this species contributes to the to obtain the best fit to the HOdecay profile. Values of the
differential absorbance at 275 nm, it is possible that there would HO2 + HO; rate coefficient calculated by this method were
be an interference with the H@neasurement at 210 nm. The well within the uncertainty limits for this reaction as determined
effect of such an interference would be to cause the rate by DeMore et al
coefficient to be underestimated. Because the reaction proceeds The reaction mechanism used in the analysis of the chlorine
mainly through channels that do not involve long-lived complex system is given in Table 4. The four parameters varied in the
formation, and the concentration cannot exceed that of the minorfitting procedure were [Cl]and rate coefficients for the CIO
species (CIO), it is unlikely that any such spectral interference + HO, — HOCI + O,, HO, + HO, — H,0, + O,, and Cl+
will be significant. Cl,0 — CIO + Cl, reactions. Gl photolysis was the initiation

Data Analysis. Analysis of the time-resolved decay profiles step that produced both the CIO and H@dicals. Variation of
of HO, and CIO is complicated by several factors. While it is the rate constant for the &l CI,O reaction provided the degree
desirable to establish first-order conditions in excess IO of freedom required to fit the initial absorbances in the 210
CIO to minimize the sensitivity toward the absolute concentra- and 275 nm signal channels since this parameter affects the
tion of the minor species, this cannot be achieved in practice. relative rates of H@and CIO formation. The best-fit values of
While excess CIO conditions have the advantage that the ClOthe HQ, + HO, and Cl+ Cl,O rate constants were typically
self-reaction is relatively slow, the formation ofCk at low within 25% of the accepted valuésFitted decay profiles to
temperatures causes significant spectral interference with theexperimenta| data from the,Fand C} systems are shown as
detection of HQ at 210 nm. Most of the experiments were the solid lines in Figure 3.
tBthL?srs fa?;rlggn?tj;m:kf‘ﬂ% [ﬁlg]; Irr;, wﬁhri?ln;g?acé{o%r t?.S The results of the rate constant measurements are summarized

. 2 in Table 5. Data were obtained over the pressure range 25
of those for ClO+ HO;, the time scales for HPand CIO 600 Torr and temperature range 284 K. For each temper-

disappearance were comparable, as shown in Figure 3. SlnCeature and pressure, at least five runs were carried out varying

gféifcgﬁjf?rglgr?%fstrﬁ?énaz?; 35;?: ;iilflt'zr;%ngﬁ(ﬁg;gﬁ the initial concentrations of CIO and HOThe averaged results
’ Y Yfor all data recorded using each reactant source mechanism are

using FACSIMILE code. In this approach, rate constants are . . 2 . .
varigd to obtain the best fit betweeFr)lpthe kinetic mechanism and plotted in Arrhenius fo”.“ In Figure 4. The results ob_talned with
the measured time-dependent absorption signals from the 210the CE source are consistently lower than those which used the
and 275 nm channels. Separate mechanisms were used for the? source, b.Ut the d!ﬁerences lie well W'ﬂ.“n the @rror limits.
fluorine and chlorine systems. These mechanisms included all he Arrhenius plot is linear over the entire temperature range.

the reactions that had a significant effect on the formation and The best fit to the data from both the &nd C}, systems resulted

removal of ClO and H@ in the following Arrhenius expression:

The mechanism used in fitting the fluorine source chemistry k(T) =
data is given in Table 3. Four parameters were varied in the "'/ —
fitting procedure. These were the fractional dissociation 0of F 2.84x 10 exp{(312+ 60)/T} cm® molecule*s*
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TABLE 5: Summary of Rate Coefficient Data, Uncertainties, and Number of Measurements Performed for Each Chemical
System at Specified Experimental Temperatures

temp source k (1072cm? [CIO), (10 [HOZ), (10 no. of
(K) chemistry molecule*s™) molecule cm?) molecule cm?) [CIO)o/[HOZ]o experiments
203 R 12.15+ 2.20 0.6-5.3 2.4-10.1 0.06-1.45 13
215 Ck 10.60+ 1.49 2.3-8.0 4.5-12.2 0.22-1.67 10
F 13.62+ 1.62 2.1+28 6.7~12.7 0.22-0.34 5
221 ) 13.67+ 1.49 1.3-14 3571 0.18-0.40 5
228 Ck 10.95+ 1.43 1.9-5.7 6.5-10.6 0.17#0.83 15
F 12.13+1.43 1.+29 2.2-12.0 0.24-0.59 10
240 Ck 9.35+1.25 1.+45 6.2-11.0 0.16-0.67 15
F 10.93+1.38 0.63-1.3 3.0-8.9 0.1+0.42 15
252 R 10.37+1.20 1.3-14 3.5-8.7 0.16-0.39 5
265 Cb 8.65+ 1.05 1.3-54 5.1-10.0 0.14-1.07 15
F 9.11+1.30 0.5-3.3 1.6-9.7 0.12-0.70 23
277 Ch 8.164+ 0.95 1.3-8.0 54123 0.1+1.48 10
285 R 9.08+1.35 0.4-1.2 2.8-55 0.08-0.29 9
299 Ch 7.78+0.83 1.5-3.9 7.9-12.1 0.12-0.50 15
F 8.26+1.38 0.675.0 1.6-7.3 0.12-0.94 25
314 Cb 7.344+0.82 1.5-4.6 8.2-11.7 0.14-0.55 13
F 7.894+1.16 1.2-3.3 5.0-15.0 0.170.36 15
339 Cb 6.824+ 0.82 1.6-5.9 5.9-11.6 0.13-0.97 15
F 7.554+1.03 1.3-2.3 4.6-14.1 0.14-0.39 15
364 Ck 6.55+ 0.74 0.93-9.6 2.0-9.0 0.12-4.85 15
F 7.064+ 0.90 0.80-2.4 4.1-10.8 0.170.38 15

aF, denotes F—H,—0,—CIl,O system, Gl denotes GICl,O0—CH;OH—0, system.

Temperature (K)
360340 320 300 280 260 240 220 200

lecule” s-l)

3

cm mo

-11
Keiormo, (10

T T T f T T T I T

1 o 1 1 L 1

0.0030 0.0035 0.0040 0.0045 0.0050
Temperature'1 (K'l)

Figure 4. Arrhenius plot of temperature dependence data for the CIO
+ HO; reaction: @) this work, data obtained using the-FH,—O,—
Cl,O system; M) this work, data obtained using £ICH;OH—O,—
Cl,0 system; £) fit to the combined data from both chemical systems;
(— - - —) fit to the data of Stimpfle et af;(- - -) recommendation
from JPL 974 Data Evaluatiof{(- — +) data obtained using the
discharge flow/mass spectrometry technique at 1 Torr from this

laboratory3*

where the stated uncertainties areghd include both random
and systematic errors as discussed below.

The possible effect of pressure on the rate coefficient was successfully with CIG+ HO, for removal of CIO. Overall, these
examined by performing a series of room temperature measuretwo reactions resulted in an uncertainty kp of up to 4%.
ments where the pressure was varied systematically betweerlUncertainties in rate constants involving other secondary
50 and 700 Torr. No clear trend with respect to pressure could reactions had a negligible effect on the determinatiok;of
be observed. Because the lowest practical pressure attained in As expected, the derived value kf is also sensitive to the
the experimental apparatus was 50 Torr, we cannot precludeabsorption cross section of H@t 210 nm. A+10% change in

the possibility of a pressure effect that is exhibited at lower
pressures but reaches a high-pressure limit near 50 Torr.

Discussion

Secondary ReactionsSystematic errors in the determination
of ky can arise primarily as a result of secondary reactions which
form or remove CIO (the minor reactant) or through errors in
the spectroscopic determination of the H&ncentration (the
excess reactant). All of the known secondary reactions that can
affect CIO production and loss have been incorporated into the
kinetic model. The rate constants for these reactions were
systematically varied to assess their sensitivity on the determi-
nation ofk;. Uncertainties in the spectroscopic measurement
of ClO and HQ arising from imprecise measurement of baseline
changes and absorption by other species were also assessed by
this method.

A number of factors contributed to the rate coefficient
uncertainties determined in the fitting process. The most
significant of these were the uncertainties in the absorption cross
sections and, to a lesser extent, the uncertainties in rate constants.
The sensitivity of the fits to each of these factors was determined
by randomly selecting a number of data sets that encompassed
a range of temperatures, pressures, and initial reactant concen-
trations. FACSIMILE runs were performed as described previ-
ously, but with the value of an individual rate constant or cross
section altered by the reported uncertainty in its literature value.
The effect ork; is reported as a percent difference in Table 6.
This was repeated for all parameters that were not varied within
the fitting procedure. Table 6 lists the rate constants and cross
sections whose uncertainties resulted in a corresponding un-
certainty fork; that was larger than 0.1%.

The two reactions that had the largest effect on the fitted value
of ky involved the formation and dissociation of the CIO dimer.
This was true particularly under conditions of low temperature
and/or high pressure where dimer formation competes more
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TABLE 6: Sensitivity of Fitted Value of k; to Uncertainties
in Other Parameters Used in Least-Squares Fitting Routine
Reported as a Percent Change

parameter uncertairity sensitivity (% change)
Keiot+cloem +15%/—25% +0.27~0.23%
k(;|202+|\/| B = +£85C +138/—027%
OHo, +10% +9.21/-8.65%
ocio (275 nm) +10% +0.89+1.01%
ocio (210 nm) +20% +0.30~0.27%
01,0, +30% +1.49/-0.59%
0C1,0, +50% +0.09/~-0.06%
OHocl +40% +0.25~0.17%
0cl,0 +10% —0.394-0.37%

aTaken from the assessment of DeMore et’al. The percentages
represent the maximum change when vankgdk., m, andn by their
stated uncertainties in the falloff expression used by DeMore €t al.
¢ The value of theB parameter in the expression for the equilibrium
constant given in DeMore et al. was varied by its stated uncertainties.

oHo, resulted in at9% change irki. The fits also displayed a
small sensitivity to the differential cross section of CIO at 275.2
nm and to the 210 nm absorption cross section gHHIn the

Nickolaisen et al.

located at potential energy minima, only HOOOCI and HOOCIO
can be formed as nascent products of the;HGCIO reaction.
The structures of these two species were calculated previously
by Buttar and Hirs# at the MP2/6-31G** level of theory and
by Francisco and Sandeat the MP2/6-31G* and MP2/6-311G-
(2df,2p) levels of theory. In the present study, the geometries
of HOOOCI and HOOCIO were re-examined at the B3LYP/6-
311++G(3df,3pd) level of theory. These structures are pre-
sented in Table 7. Like the earlier studies, we find that the
minimum energy structures for HOOOCI and HOOCIO have
skewed straight chain geometries. The HO@edral angle
for HOOOCI is 77.9 at both the MP2/6-311G(2df,2p) and the
B3LYP/6-31H+G(3df,3pd) levels of theory. The OOC
dihedral angle at the MP2/6-311G(2d,2p) level of theory is
79.3, while at the B3LYP/6-311++G(3df,3pd) level of theory

it is 82.5°. The minimum energy structure for HOOCIO has
dihedral angles of 93%8for the HOOCI group and 78%2for

the OOCIO group at the MP2/6-311G(2d,2p) level of theory.
At the MP2/6-311G(2df,2p) level of theory, the HOOCI dihedral
angle remains the same while the OOCI@hedral angle
decreases to 72.3At the B3LYP/6-31#+G(3df,3pd) level

case of the 275.2 nm CIO cross section, the measured ratepf theory, these angles are 924hd 80.2, respectively. These

coefficient was relatively independent of the CIO reactant

results suggest that the B3LYP/6-31+G(3df,3pd) geometries

concentration because experiments were typically performed are reasonable and compare well with MP2/6-311G(2df,2p)

under conditions with excess HQOAs a result, derived values
of k; were relatively insensitive to the CIO differential cross

results.
The key reactions on the singlet H& CIO reaction surface

section. The combined effect of uncertainties in cross sectionshat are considered in the present work are

and rate coefficients results irdal 3% uncertainty in the fitted
values fork;.
Comparison with Previous Studies.Rate constants for the

HO, + CIO reaction have been measured several times at 298

K7:29-32 and once over the temperature range2393 K.” The
results of these studies have been discussed extensively b
DeMore et alt” and Atkinson et at® The published room-
temperature results lie in the range B@®5) x 10712 cm?®
molecule! s™1. The temperature dependence results of Stimpfle
et al. displayed nonlinear Arrhenius behavior with the data
showing essentially no dependence on temperature above 29
K and a temperature dependen&g/R) of —700 K below 298

K. The current recommendations of both the NASAnd

HO, + CIO— HOCI + O, (*A)
—HCI+ O,

)f\/lore specifically, we have considered whether these products

can be produced from the HOOOCI and HOOCIO intermediates.
We have located three transition states corresponding to the
pathways HOOCIG—~ HOCI + O3 (*A), HOOOCI— HOCI +

> (*:A), and HOOOCH HCI + Os. The geometric parameters
or the three transition states are given in Table 7, and the
structures are illustrated in Figure -5a.

IUPACS data evaluation panels are based on an average of the The HG; + CIO pathway that proceeds through the HOOCIO

results from the 298 K studies combined with the temperature
dependence below 298 K from Stimpfle et al. As shown in

Figure 4, the results from the present study show linear
Arrhenius behavior over the 26364 K temperature range with

a fitted value ofE4/R that is smaller than that of Stimpfle et al.

intermediate to form HOCH O, (A) involves a five-center

transition state. This transition state is illustrated in Figure 5a.
The transition state is a nonplanar structure. Comparing the OCI
bond distance in the transition state and in the HOOCIO
intermediate, we find that the OCI bond in the transition state

Over the temperature range of interest in the lower/middle iS significantly elongated (2.282 A for the transition state
of Stimpfle et al. Also shown in Figure 4 are the results of a length decreases from 1.422 A in the intermediate to 1.306 A
recent temperature dependence Study from this |ab0rat0ry Wh|ch|n the transition state. The HO bond Iength increases from 0.969
uses the discharge flow/mass spectroscopy technique at a tota]O 1.027 A Intrinsic reaction coordinate (|RC) calculations show

pressure of about 1 Toff. The results from this experiment
give a near-zero temperature dependence over the range 233
380 K (E4/R = 72 + 42 K) and a value okygg that is about a

that a transition state connects the intermediate (HOOCIO) to
the products (HOCIH+ O, (*A)). As shown in Table 8,
vibrational frequency calculations show that the transition state

factor of 2 smaller than the present study and 20% smaller thanis a first-order saddle point because there is one imaginary

the NASA recommendation.
Ab Initio Calculations of Reaction Pathways.Geometries

frequency.
The reaction pathway that proceeds through the HOOOCI

and Vibrational Frequencies for Intermediates and Transition intermediate to form HOCH O, (*A) involves a four-center
States.To make sense of the negative temperature dependenceransition state. This transition state is illustrated in Figure 5b.
of the overall rate coefficient and the observation of O This transition state is a nonplanar structure. The HOOO
formation at low temperaturés,it is necessary to understand dihedral angle is-32.5, showing that the hydrogen is consider-
the structures and energies of the reaction intermediates andably twisted out of the OOO plane. However, we note that the

transition states. Francisco and SaAtlexplored the possible
isomers of HCIQ that can result from the HO+ CIO reaction
on the singlet potential energy surface. Of the four structures

HOOQO dihedral angle in the transition state is significantly
different from that in the HOOOCI intermediate. The OO bond
length is significantly shorter in the transition state (1.288 A)
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TABLE 7: Geometries of Reactants, Intermediates, and (@)
Transition States in the HO, + CIO Reaction?
species parameter B3LYP/6-3t1+G(3df,3pd)
Reactants and Products
Clo Clo 1.576
O(2A) 00 1.203
Oy(1=g) 00 1.203
HCI HCI 1.281
HOCI HO 0.966
Clo 1.700
HOCI 103.7
HO; HO 0.975
0]e} 1.324
HOO 105.5
O3 (0]e} 1.251
000 118.3
HOOCIO HO 0.969
(0]6} 1.422
Clo 1.503
Clo' 1.750
HOO 102.2
OOCI 111.2
OCIlO 113.6
HOOCI 92.2
0OO0cCIOo 80.1
HOOOCI HO 0.970
(0]6) 1.423
(0]e} 1.387
O'Cl 1.740
HOO 102.1
000 108.8
(e]o]@]] 111.2
HOOO 77.9
(e]e]e]e| 82.5
Transition States
HOOCIO— HOCI + Oy(*A) HO' 1.581
HO 1.027
0]e} 1.306
Clo 2.282
Clo' 1.609
HOO 105.1
OO0CI 94.3
OocClOo 85.1
OHO 121.9
CIO'H 100.2
HOOCI 44.3 Figure 5. Transition state structures for reaction pathways on the
OocCIlo —-154 singlet surface of the HO+ CIO reaction. Structures are calculated at
HOOOCI— HOCI + O,(*A) HO 1.029 the B3LYP/6-31%+(3df,3pd) level of theory: (a) transition state for
e]0] 1.288 the pathway HOOCIG~ HOCI + O,(*A); (b) transition state for the
oo 2.236 pathway HOOOCH HOCI + Oy(*A); (c) transition state for the
ocl 1.649 pathway HOOOCH HCI + Os.
HO' 1.572
HOO 100.4
000 71.3 The other pathway by which the HOOOCI intermediate can
oacl 151.2 proceed is through the products HEIOs. This pathway passes
OOH 22.6 through a five-center transition state, as illustrated in Figure
HOOO —32.5 . " .
000cl 713 5c. This transition state is nonplanar, as well. The OH and CIO
HOOOCI— HCI + 05 HO 1.193 bonds are significantly elongated relative to the HOOOCI
(o]} 1.354 intermediate. The OOQangle in the transition state is also
o0 1.254 between the angle for the HOOOCI intermediate (OGO
Sgll i'ggg 108.8) and ozone (OOC= 118.3). Vibrational frequency
HOO 08.1 calculations given in Table 8 show that the transition state
000 111.8 structure is a first-order saddle point. Given the magnitude of
OOCl 94.9 the imaginary frequency for this transition state, i.e., 1106i,
OCH 55.6 tunneling may play a role for this pathway.
HOOOI —37.3 In addition to exploring the reaction pathways on the singlet
0ooC 44.8 surface, the H® + CIO reaction was also examined on the
aBond distances in A and bond angles in degrees. triplet surface. In these searches, two levels of theory were used

to explore the reaction pathways. UMP2/6-31G(d) was used in
than in the intermediate (1.423 A) and the Q®@nd length in the preliminary search. Once a transition state was found, a
the intermediate (1.387 A) is also elongated relative to the vibrational frequency calculation was performed to confirm that
transition state (2.282 A). the structure was a first-order saddle point. The Hessian from



316 J. Phys. Chem. A, Vol. 104, No. 2, 2000 Nickolaisen et al.

TABLE 8: Calculated Vibrational Frequencies and
Zero-Point Energies of the Species in the HO+ CIO
Reaction

frequencies  zero-point energies

species (cm b2 (kcal mol1)2
Reactants and Products
Clo 833 1.2
HO; 3581, 1429, 1176 8.9
HCI 2958 4.2
HOCI 3761, 1273, 723 8.2
O,(*A) 1643 2.3
0,(32g) 1658 2.4
3 1266, 1241, 735 4.6
HOOCIO 3693, 1408, 964, 12.1
922, 479, 449,
317,214,110
HOOOCI 3703, 1404, 918, 12.6
722,597,531,
416, 301, 154
Transition States
HOOCIO— HOCI + O,(*A) 2865, 1543, 1217, 11.2
842, 484, 403,
278, 185, 428i
HOOOCI— HOCI + Oy(*A) 2820, 1453, 1248, 10.7
792,532, 313,
277, 83, 395i
HOOQOCI— HCI + O3 1539, 1257, 1051, 9.3
884, 734, 450,

365, 200, 1106i

a Calculated at the B3LYP/6-31G(d,p) level of theory.
TABLE 9: Total Energies (in Hartrees) of the Species in the

HO, + CIO Reaction on the Singlet Potential Energy
Surface

B3LYP CCSD(T}
species 6-311++G(3df,3pd) 6-311++G(3df,3pd)
Reactants and Products
CIO —535.36509 —534.72879
HO, —150.96833 —150.71339
HCI —460.83904 —460.33066
Oy(*A) —150.31815 —150.08002
0,(33g) —150.37948 —150.12825
O3 —225.49798 —225.13259
HOCI —536.02204 —535.38893
HOOCIO —686.33089 —685.44542
HOOOCI —686.35353 —685.47076
Transition States
HOOCIO— HOCI + O,(*A) —686.32061 —685.43718
HOOOCI— HOCI + O,(*A) —686.29479 —685.42872
HOOOCI— HCI + O3 —686.31358 —685.42935
a Calculated using the geometries of the B3LYP/6-8%1G(3df,3pd) . . . .
level of theory. Figure 6. Transition state structures for reaction pathways on the triplet

surface of the H@ + CIO reaction. Two values are given for each

the UMP2/6-31G(d) calculation was then used to search for the g‘igd dlength. The upper value is the result obtained at the UMP2/6-
transition state at the CCSD(T)/6-31G(d) level of theory. @ Iev?l of theory, while the I_ower value is obtained using the

) . - CCSD(T)/6-31G(d) level of theory: (a) triplet state complex; (b) cis
Geometries from these two searches are given in Figure 6.  ansition state; (c) trans transition state.

Energetics of Reaction Pathways for the H@ CIO

Reaction.The total energies for reactants, products, intermedi- uncertainty of the CCSD(T) calculations, and we assume that a
ates, and transition states are given in Table 9. Relative energiesimilar uncertainty applies to the calculated transition state
of all the species along both reaction channels are given in Tableenergetics. The reaction of H@- CIO to produce the HOOCIO
10. The relative energies for the reaction of HOCIO on the intermediate is estimated to be nearly thermoneutkéd, o =
singlet surface are presented schematically in Figure 7. It can—0.02 kcal mof?). The barrier to the products HOGH O,
be seen from Table 10 that the B3LYP/6-311G(3df,3pd) (*A) from the HOOCIO intermediate is calculated to be 4.3 kcal
and CCSD(T)/6-314++G(3df,3pd) results are consistent with  mol~! at the CCSD(T)/6-314++G(3df,3pd) level of theory. If
available experimental results. The average difference in ener-the reaction proceeds by the HOOOCI intermediate, the reaction

gies between the experimental and CCSD(T)/6-81G- is exothermic by 15.4 kcal mol, but the formation of the
(3df,3pd) results is about 1.2 kcal méffor the HOCI+ O,(3%) products HOCH- O,(*A) has to proceed through a barrier that
and HCI+ Os channels. The difference for the HO&l O,- is 24.5 kcal mot! above the HOOOCI intermediate. This
(*A) channel is somewhat higher, about 6 kcal MolThis implies that there is a barrier that is 9.1 kcal miohbove the

energy difference is a conservative estimate of the overall level of the HQ + CIO reactants.
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TABLE 10: Relative Energies (in kcal moi~1) for Singlet Reaction Pathways in the HQ + CIO Reaction

6-311++G(3df,3pd)

6-311++G(3df,3pd)

reaction B3LYP CCSD(T) exptl
HO, + ClO — HOCI + O,(32g) —42.1 —46.6 —45.6+ 3.5
HO; + CIO — HOCI + O4(*A) —-3.8 —16.4 see text
HO, + CIO— HCI + O3 —3.6 —14.5 —15.8+0.5
HO, + CIO— HOOCIO 3.6 —0.02
HO, + CIO— HOOOCI —10.1 —15.4
HOOCIO— HOCI + Oy(*A) 7.4 —16.4
HOOCIO— [HOCI + O,(*A)]* 5.6 43
HOOOCI— HOCI + Oy(*A) 6.3 -1.0
HOOOCI— [HOCI + O,(*A)]* 35.0 245
HOOOCI— HCI + O3 6.6 0.9
HOOOCI— [HCI + Og]* 21.8 22.7
. . TABLE 11: Comparison of ab Initio Calculations on
/ [Hoooct] HOOOCI Energetics
10 3 [HooociT [ 5¢ AHI(298 KF
; reference method kcal mol?t
Stimpfle et al. (1979) group additivity 25
€10 HO.T Buttar and Hirst (1994) MP2/6-31G** -0.1
j — [cio-HO, Rohlfing (1995) G2 9.3
‘ CIO+HO f Phillips and Quelch (1996) MC1 9.0
e :1 NHOQCIO i | - Phillips and Quelch (1996) FVMC 155
1 N i [C10-HO, ], Francisco and Sander (1996) G2 7.4
E| | i this work CCSD(T)/6-31%+G(3df,3pd) 10.8
8| CIO-HO, i this work B3LYP/6-311+G(3df,3pd) 16.1
x| |/ i
3 { ! aDerived from parameters quoted in the references using JPL97
§ _;,d' . ’0@ values ofAHf (298 K) for HG; and CIO, JANAF values ofAH?(0K)
W ; %,é — AH?(298K)) and AH?(OK) — AH?(298K)) for HOOOCI from this
2| . %q work (1.7 kcal mot?).
= |/ : )
3 HCI+O, i % i I L 1
i T L@ § from ab initio calculations is 11.4 3.6 kcal mot. The present
HOCI+O,('4) work is the first high-level ab initio calculation of the transition
| -20 Sinatet i state energies. Grela and Cold8sistimated a barrier for the
sl,r?ace . HOOCIO reaction to form the products HOG O,. Using
. “ MNDO, they estimated an overall barrier for the H® CIO
Triplet . . .. .
reaction to be 9.8 kcal mot. This value is in fair agreement
Surface HOCI+O,(°%) - ’
s 2 with the results obtained here.

Figure 7. Schematic diagram showing energy levels and reaction
pathways for the H@+ CIO reaction along the singlet and triplet
pathways. Numbers next to chemical symbols refer to the figures
showing the corresponding structures.

The reaction channel leading to HGt Os through the
HOOOCI intermediate has a 22.7 kcal mblbarrier. Even
though the H@ + CIO reaction to produce the HOOOCI
intermediate is exothermic by 15.4 kcal mylthere is a 7.3
kcal mol? barrier above the total reactant energy for this

On the triplet surface, the reaction occurs via direct abstraction
of hydrogen by CIO from H@and correlates with %) and
HOCI as reaction products. The enthalpy of reaction for the
HO, + CIO — HOCI + Oy(®2) reaction is estimated as47.1
kcal mol! at the CCSD(T)/6-31++G(2df,2p) level of theory.
There is a difference of 1.6 kcal mdlbetween the calculated
and experimental heat of reaction. The reaction is found to
proceed on théA" surface and gives the correct orientation
for the hydrogen abstraction. This is consistent with the
calculations of Toohey and Anders®dnFrom the relative
energies in Table 12, the complex is estimated to be bound by

channel. This channel should be energetically forbidden, but 2.8 kcal mot? at the CCSD(T)/6-31++G(2df,2p) level of

considering the size of the imaginary frequency for the transition
state for the HOOOCH HCI + Oz channel, tunneling should
play an important role in the kinetics and the rate may be
nonnegligible. Several previous experiments either failed to
observe @ as a product or could attribute its formation to

theory. The complex is formed in the cis configuration (Figure

6a). As the CIO continues its approach toward the hydrogen, it
can remain in the cis configuration (Figure 6b) or rotate into a
trans conformation (Figure 6c¢). We find that the transition state
in the trans conformation has a barrier of 0.7 kcal Thalbove

secondary reactions thereby setting an upper limit of 2% or lessthe HG, + CIO reactant level. On the cis approach, the barrier

for the HCI+ Oz branching ratic®3°37In contrast, Finkbeiner

is 2.4 kcal mot?! below the HQ + CIO reactant level. These

et al. concluded that secondary reactions could not account forresults suggest that there is a fork at the entrance channel for

all the O; observed in their static photolysis/matrix-FTIR
experiment and that the branching ratio ist52% at 210 K
and 2+ 1% at 240 K35 This experiment was carried out at a
total pressure of 700 Torr, implying some stabilization of the
HOOOCI intermediate under these conditions.

The results of previous ab initio calculations of the enthalpy
of formation of HOOOCI are compared in Table 11. Neglecting
the group additivity estimate of Stimpfle et al. and the MP2
results of Buttar and Hirst the average valueAd#;°(298 K)

the HGQ, + CIO reaction on théA" surface. The most favorable
orientation for hydrogen abstraction is via the cis approach. The
only previous calculation of this transition state was carried out
by Toohey and Anders8mwho calculated a barrier of 5.3 kcal
mol~! at the UMP4/6-31G** level of theory. This is significantly
larger than the value determined in this study.

Pressure Dependence of the HO+ CIO — HOOOCI
Pathway. As discussed in the previous section, the formation
of HOCI + O, or HCI + O3 on the singlet surface at atmospheric
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TABLE 12: Relative Energies on the Triplet Surface for the HO, + CIO Reaction for Reactants, Products, Complex, and
Transition States

HO;, + CIO — [CIO~HO,]*

HO, + CIO — CIO-HO, transition states
theory/basis set complex cis trans H@+ CIO — HOCI + O5(%%)
UMP2/6-31G(d) -2.5 2.2 5.1 —64.1
CCSD(T)/6-31G(d) -3.0 -0.9 2.3 —47.8
CCSD(T)/6-311G(d,p) 2.7 -1.8 -0.2 —50.2
CCSD(T)/6-311G(2d,2p) -3.1 -2.8 0.3 —48.9
CCSD(T)/6-31#+G(2df,2p) -2.8 —2.4 0.7 —47.1
exptl —45.5

TABLE 13: Parameters Used in Calculations of the Rate
Constant for the Reaction HG, + CIO + M — HOOOCI +
M

AHP(OK)  AHP(300K) S (300K) 1ot
species  kJ mol? kJ mol?® J(mol K)™* ref K
HO, 13.39 10.46 229.0 41
Clo 101.3 101.22 226.74 41
HOOOCI 50.21 43.14 295.31 this work

109"

molecule™ 5”1

temperatures is unlikely because of the large energy barriers
on these pathways. Because HOOOCI is bound by about 15 <

€

kcal mol-! with respect to decomposition to reactants and about =

25 kcal mot?® with respect to product formation, this species § 109 ¢

may be long-lived on the experimental time scale. The formation 35

of HOOOCI is therefore expected to be pressure-dependent. The §

low-pressure limiting rate constant for the association reaction £

can be estimated using the theory of ¥ as developed by o 10 L

Patrick and Goldet and the NASA Panel for Data Evaluatih. £ ;

This method estimates the strong collision rate constant for

unimolecular decomposition of the adduct. The rate constant

for the association reaction is obtained using the equilibrium 10 . . L A L A L .
constant. The thermochemical parameters used in the calculation 2 4 &6 &8 0 12 4 16 18 20
are given in Table 13. HOOOCI frequencies are from Table 8 AH, (0K, HOOOCI), kcal mole”

and structural parameters are from Table 7. Fhé&, andC Figure 8. Rate constants for the reaction KH® CIO + M — HOOOCI

rotational constants corresponding to these parameters are M vs AH{{OK) for HOOOCI at 300 K (solid lines) and 200 K (dashed
18.0264148, 3.4782429, and 3.1368345 GHz, respectively. lines). At each temperature the uncertainty band associated witl0%

The results of the calculations are shown in Figure 8 which uncertainty in the HOOOCI vibrational frequencies is indicated.

gives the strong collision association rate constgffio° as

a function of the HOOOCI enthalpy of formation at 200 and z;/;gﬁ{gceofozhgog)%exleggniﬁg?é érpear; fgﬁmbfrwognhoesrgﬁe
300 K. Also shown in the figure are the uncertainty limits Y b ' P

associated with a-10% variation in the HOOOCI vibrational gxplanatlons for this |nclud!ng insufficient |r!strumentall sensitiv-
frequencies K99 is a sensitive function ofAH?(OK ity or band strength of the isomers, errors in the predicted band
QUENCIES. Kreg e | e functl P(0K), positions, and secondary reactions which remove the isomers

ranging from (2-70) x 10733 cmf molecule? s71 at 300 K ; . ; . ) X
and (4-200) x 10-% crb molecule? s at 200 K over the :grzgﬁglggs[ilgr%tolyys and the reaction with ClO or other radicals

assumed uncertainty range AHf(0K). The 10% uncertainty

in vibrational frequencies results in about a factor of 3 .
. HOOOC Conclusions
uncertainty inkg; o

At the upper limit of these estimates, the reaction to form  The results presented here lead to a significantly different
HOOOCI would influence the measurement of the overall rate rate expression for the temperature dependence of thetCIO
constant for the H9+ CIO reaction at high pressures. At 50 HO, rate constant than the results of Stimpfle et al. In contrast
Torr, assuming that the reaction is in the low-pressure limiting to the previous work, the reaction displayed linear Arrhenius
regime, the recombination would enhance the observed rate ofbehavior over the entire temperature range with a temperature
reactant disappearance by about 10%. Assuming no falloff, thedependence that is smaller than earlier measurements. This is
association channel would nearly double the rate at 700 Torr, also supported by recent discharge-flow results from our
although significant falloff is expected at this pressure. These laboratory. Since the rate expression from the NASA recom-
estimates are not corrected for weak collisions. Since significant mendation has a smalléx factor than of Stimpfle et al., the
pressure dependence was not observed in this study betweemesults of present study and JPL 97-4 differ by less than 20%
50 and 700 Torrkiooo® must be smaller than about & over the 206-250 K temperature range.

10731 cmf molecule? s~ If HOOOCI were to form, it would The existing database on the temperature dependenge of

either accumulate as a stable product or react with anotherdoes not reveal a consistent pattern. The two studies from our
species in the system. Finkbeiner etalsearched for IR laboratory obtain a temperature dependence that is smaller than
absorption bands attributable to HGI@omers in their static ~ that measured by Stimpfle et al., but the flash photolysis results
photolysis/matrix FTIR experiment using the ab initio band from the present study are consistently larger than the discharge
positions of Buttar and Hirst but were unable to obtain any flow results. The resulting spread in the measured rate constants
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at temperatures relevant to the lower stratosphere-220 K) (10) McGrath, M. P.; Clemitshaw, K. C.; Rowland, F. S.; Hehre, W. J.
is a factor of 3-4. This has significant implications for the ~J- Phys. Cheml99Q 94, 6126-6132.

ability of atmosphgric models to preqlict the rate of the important 83 gﬁtlf;f'bé‘ d‘i’ri rgfﬂ’,\ﬂ'\ﬁ'_@hzgysé&hfg?:ja?ﬁgn&fgg '
CIO + HO;, catalytic ozone destruction cycle. It will also affect 1811-1817.

the comparison between atmospheric measurements of HOCI (13) Rohlfing, C. M.Chem. Phys. Letfl995 245, 665-670.

and model calculation@. (14) Phillips, D. H.; Quelch, G. EJ. Phys. Chem1996 100, 11270~

New ab initio calculations on the energetics of HEIO 11275. ) )
intermediates and their transition states show that the formation57g(f5) Francisco, J. S.; Sander, S..P.Phys. Cheml996 100 573-
of HOOOCI and HOOCIO is energetically favorable; however, (16) Nickolaisen, S. L.; Friedl, R. R.; Sander, SJPPhys. Chenl994
there are large barriers on the singlet potential energy surface98,(15)5—169. § y
for formation of products from these intermediates. The ter- _ (17) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;

. . I Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
molecular formation rate_ of HOOOCI is sensitive to. the M. 3/ Chemical Kinetics and Photochemical Data for Use in Stratospheric
calculated well depth and is therefore somewhat uncertain. TheModeling. JPL Publication 97-4 Jet Propulsion Laboratory, California
primary reactive pathway probably occurs on the triplet surface Institute of Technology: Pasadena, CA, 1997. »
through a weakly bound hydrogen-bonded intermediate. (18) Nickolaisen, S.; Miller, C.; Sander, S.; Hand, M.; Williams, 1.;

. . Francisco, JJ. Chem. Physl996 104, 2857-2868.

If HOOO_CI is formt_ad in the lower stratosp_her(_e and possesses (19) Tanaka, Y.; Kawasaki, M.; Matsumi, Y.; Fujiwara, H.; Ishiwata,
an absorption band in the near-ultraviolet, it will photolyze to T.: Rogers, L.; Dixon, R.; Ashfold, MJ. Chem. Phys1998 109, 1315~
give HO, + CIO and OH+ CIOO. The first channel is a null ~ 1323. _
cycle with respect to ozone loss, but the second channel is,,(20) Moore. T.; Okumura, M.; Minton, TJ. Chem. Phys1997 107
equivalent to the catalytic cycle involving C® HO; reaction 1) Cady G. Hinorg. Synth.1967, 5, 156
on the triplet surface. If photolysis of HOOOCI is slow, then it (22) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;

may react with other radicals such as Cl, CIO, or OH. Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,

; J. S.; Gonzalez, C.; Martin, R. J.; Fox, D. J.; Defrees, B. J.; Baker, J.;
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spectrometry technique at about 1 Torr total pressure obtained (33) Atkinson, R.; Baulch, D. L.; Cox, R. A;; Hampson, R. F.; Kerr, J.
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