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The present calculations represent the first theoretical study of the mechanism of the reactiohtOCI

— products (R1) and H+ HOCI — products (R2). A direct dynamics method is employed to perform the
dynamics calculations of the two reactions. Optimized geometries and frequencies of all of the stationary
points and extra points along the minimum-energy path (MEP) are obtained at the MP2/6&@1l 2p)

level of theory. For the system of HOCI with Cl atoms, two complexes with energies less than that of the
reactants are located in the reactant channel of the Cl abstraction and H abstraction. The energy profiles of
two the reactions are refined with the interpolated single-point energy (ISPE) method at the G3//MP2 level.
The rate constants are evaluated using the improved canonical variational transition-state theory (ICVT) with
a small-curvature tunneling correction (SCT) over a range of temperatures frorr2000 K. Agreement
between the ICVT/SCT rate constants and the experimental values is good. Our calculations show that in the
low-temperature range the branching ratio to the hydrogen abstraction channel for the two reactions is negligible,
and the reactions proceed practically via chlorine abstraction, leading to the formation-6f@jfand OH

+ HCI, respectively; for the reaction Gt HOCI, the hydrogen-abstraction channel appears to be probable

as the temperature increases. Furthermore, the calculated rate constants are also consistent with the study of
the reverse reaction OHt Cl, — CI + HOCI. The tunneling correction has an important contribution in the
calculation of rate constants in the low-temperature range.

Introduction two kinds of proposed reverse viewpoints on the mechanism
(i.e., the abstraction of the hydrodeor the abstraction of the

Hypochlorous acid (HOCI) is known to play a crucial role chloridé as the major product channel):

in the atmospheric chemistry of halogen oxide radicals and in
ozone layer depletioh.The use of HOCI began to attract H+ HOCI—H, + CIO (2a)
attention in 1976 when an atmospheric modeling study sug-
gested that HOCI could serve as a temporary reservoir for active — HCl+ OH (2b)
chlorine atoms in the stratosphérélthough photochemical  Thus, to gain deep insight into the reaction mechanism of above
removal is considered to be its major removal process, the two reactions, further theoretical studies are very desirable. To
reaction of HOCI with atmospheric radical species is of interest the best of our knowledge, little theoretical attention has been
for modeling purposéz’ A few experimental kinetic studies  paid to the reactions of HOCI with Cl and H atoms.
have been performed on the reaction of HOCI with Cl atoms at  Here, a dual-level approach (X//&)°is employed to study
298 K*~% and in the temperature range from 2465 K2 From the kinetic nature of the reactions. In this methodology,
a mechanistic point of view, two reaction pathways are available: information on the potential energy surface (PES) is obtained
directly from ab initio electronic structure calculations. It is
Cl+ HOCI— HCI + CIO (1a) found that a reactant complex with energy slightly less than
—Cl,+ OH (1b) that of the reactant is located in the reactant channel of reactions
la and 1b. Subsequently, by means of the Polyrate 8.4.1
. L . . programt! the rate constants are calculated using the variational
There is a significant discrepancy in the reported values of the ;.. Jcition-state theory (VTST) 24 proposed by Truhlar and co-

p:r(;du(at Erinc_hl?g Pratt;os. -glhteh rtefrl:lts obtgmedff(r;rmggrlns et \vorkers for each reaction channel of the two reactions as well
al”and Kukui et al showed that the reaction o as the reverse reaction of 1b,,G+ OH — HOCI + Cl. The

proceeds predominantly via the Cl-abstraction channel (1b) with
branching ratios of;p/k = (0.91+ 0.06) and (0.96+ 0.05),
respectively, which are at variance with the value of (024
0.11) determined by Vogt et &.The total rate-temperature
expression ok = (3.0 & 0.5) x 10712 exp[-(130 £ 60)/T]

cm?® molecule! s! was presented by Cook et &bver the Calculation Methods
temperature range from 24365 K. For the H+ HOCI
reaction, two kinetic studies were undertaken at 298 K with

specific form of VTST that we used is the improved canonical
variational transition-state theory (ICVff)with the small-
curvature tunneling (SC'”method. The comparison between
theoretical and experimental results is discussed.

The ab initio calculations are carried out by the Gaussian 98
program!® The geometries and frequencies of all of the

*Corresponding author. E-mail:  liujy121@163.com, lyl21@ Stationary points including reactants, complexes (C1 and C2),
mail.jlu.edu.cn. Fax:+86-431-8945942, transition states (TSs), and products involved in two reactions

10.1021/jp0277558 CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/28/2003



4922 J. Phys. Chem. A, Vol. 107, No. 24, 2003 Wang et al.

@ 2.0283 07365 TABLE 1: Calculated and Experimental Frequencies (cnt?)
(1.957) ®w1—1;4}® Efe \t/r(]a? Reactants and Products at the MP2/6-31G(2d, 2p)
@ LS @ G MP2/6-31HG(2d, 2p) exptl

(0.9697) @ (1.2746) @ HOCI 729, 1267, 3804 724, 1239, 3609
ClO 809 854
Cl, 560 560

(0.964 1.695) HClI 3002 299%
1 4578 1.7 OH 3818 3738
‘"D @ (103)

(1.5696) H> 4529 440%
C1 37,104, 240, 732,1299,3753
c2 37,49, 51, 725, 1264, 3804

TSla 3452i, 157, 569, 815, 917,1280
TS1b 627i, 206, 357, 542, 980, 3799

TS2a 2547i, 383, 670,858,1029,2066
TS2b 1207i, 273, 417,983,1244,3823

aFrom ref 26.P From ref 24.¢ From ref 25.

24282

0.96% u.,mmJrurarmmmﬁ@ basis set (MP2/6-31G(2d, 2p)). To obtain more reliable
Cl

reaction energies and barrier heights, single-point calculations
for the stationary points are carried out at the G3 level of
theory*® using the MP2-optimized geometries. The minimum-
@ energy path (MEP) is calculated by the intrinsic reaction
.........m.m...mmamm\ coordinate (IRC) theory with a gradient step size of 0.05 (&%u)
w4434 bohr at the MP2 level to confirm that the TS really connects
with minima along the reaction path. Also, first and second
c2 energy derivatives at geometries along the MEP are obtained
to calculate the curvature of the reaction path and to calculate
the generalized vibrational frequencies along the reaction path.
The dual-level potential profile along the reaction path is further
refined with the interpolated single-point energy (ISPE) meffod,

110.49 1.6246 in which a few extra single-point calculations are needed to
186.14 correct the lower-level reaction path.
(@ On the basis of initial information, the rate constant for each
LAdGR reaction channel is calculated by using the improved canonical
@W““ variational transition (ICVTY¥ theory with the small-curvature
TSla tunneling (SCTY:17 approximation. Because the harmonic

frequencies for the internal rotation in the two transition states
for the Cl+ HOCI reaction are found to be low, whereas for
the H+ HOCI reaction they are rather high, in the present study,
all vibrations are treated in the harmonic oscillator approxima-
“lny, tion for the H+ HOCI reaction; for the reaction G+ HOCI,
K except for the lowest vibrational mode that is treated using the
@ hindered rotor modet all other vibrational modes are treated
as separable harmonic oscillators. The partition function of the
lowest vibrational mode is evaluated using the hindered patrtition
function expressions of Truhlar and ChuaAg? The 2P;/, and
2Py, electronic states of the Cl atom, with an 881-¢raplitting
due to spir-orbit coupling, are used in the calculation of the
electronic partition functions. In addition, for the reverse reaction
1b, Cb + OH— HOCI + ClI, we also include the two electronic
states for the OH radical, with a 140-cinsplitting in the2IT
ground state, in calculating its electronic partition functions. The
curvature components are calculated by using a quadratic fit to
obtain the derivative of the gradient with respect to the reaction
coordinate. Finally, the total rate constant is obtained from the
sum of the individual rate constant.

TS1b

iy . .
"y, Results and Discussion
TS2b @

Figure 1. Optimized geometries of HOCI, C1, C2,,C0H, Hy, HC, 1. Stationary Points.The geometric parameters of all of tht_e

ClO, and four transition states at the MP2/6-313(2d, 2p) level. The ~ reactants, complexes (C1 and C2 located at the reactant side),

values in the parentheses are the experimental v&it’&8ond lengths transition states, and products optimized at the MP2/6-

are in angstroms, and angles are in degrees. 311+G(2d, 2p) level are given in Figure 1 together with the
available experimental valué%.?> The geometries of the

are optimized by using restricted or unrestricted second-orderreactants and products agree with the experimental values to

Mgller—Plesset perturbation theory with the 6-31G(2d, 2p) within 2.08%. In complexes C1 and C2, the-g8l and CHClI
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TABLE 2: Enthalpies (kcal mol~1) at the MP2/6-31H-G(2d, 2p) and G3//MP2 Levels and Available Experimental Values

levels HOCIHH CI—HCI + CIO

HOCI+ Cl— Cl,+ OH

HOCI+H—H,+CIO  HOCI+ H— HCI + OH

2.4
—-1.75
—1.87

2.06
—7.67
—9.07

MP2/6-31HG(2d, 2p)
G3//IMP2
exptP

aFrom ref 25.
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Figure 2. Schematic pathways for the reactions (a)#CHOCI and
(b) H + HOCI. Relative energies with ZPE at the G3//MP2/6-
311+G(2d, 2p) level are in kcal mot. The values in parentheses are
those obtained at the MP2/6-3tG(2d, 2p) level.

bond distances are 2.428 and 3.443 A, respectively, and othe
bond distances (HO and O-Cl) are similar to those of the
reactant (HOCI). In TSla, TS1lb, and TS2a structures, the
breaking bonds HO and Ct+O increase by 23, 10, and 30%,
respectively, compared to the-HD and CO equilibrium bond
lengths in isolated HOCI, and the forming bonds-@&l, Cl—

—45.66
—47.78
—47.09

8

ZPE

Potential energy (kcal mol™)

MEP

T T
-0.5 0.0

s (amu)m'bohr

Figure 3. Classical potential energy curvé/yep), ground-state
vibrationally adiabatic energy curv¥€), and zero-point energy curve
(ZPE) as functions of (amu)? bohr at the G3//MP2/6-31G(2d,
2p) level for Cl+ HOCI| — HCI + CIO.

0.5 1.0 15

Cl, and H-H are elongated by 14, 2.4, and 15% with respect

to the equilibrium bond lengths of the molecules HChL,@hd

H,, respectively. The elongation of the breaking bond is greater
than that of the forming bond, indicating that TS1a, TS1b, and

TS2a are productlike (i.e., the reactions will proceed via late

transition states). However, the geometry of TS2b is much closer
to the reactant structure, and H-abstraction reaction 2b will

proceed via an early transition state.

The harmonic vibrational frequencies are calculated at the
same level of theory to characterize the nature of each critical
point and to make zero-point energy (ZPE) corrections. The
number of imaginary frequencies (0 or 1) indicates whether a
minimum or a transition state has been located. The harmonic
vibrational frequencies of all of the stationary points along with
the available experimental d&ta?® are shown in Table 1. Most
of our calculated frequencies are in good agreement with the
experimental values, with the largest deviation within 5.4%. Two
complexes, which are located in the reactant channels of reaction
R1a and R1b, correspond to all real frequencies. The transition
state is identified with only one negative eigenvalue of the
Hessian matrix. The imaginary frequencies of four TSs are
3452i, 627i, 2547i, and 1207i cri respectively.

The reaction enthalpieg\H3,9 of the Cl+ HOCI and H+
HOCI reactions are listed in Table 2. The MP2 calculations
estimate that reactions 1a, 1b, and 2a are endothermic by 2.06,
2.48, and 4.06 kcal mol, respectively, and these reactions are
exothermic at the G3//MP2/6-3315(2d, 2p) level. The calcu-
lated AHSog results of—7.67,—1.75,—9.03, and—47.78 kcal
mol~1 for the four reactions are in good agreement with the
rcorresponding experimental values-69.07,—1.87,—10.12,
and —47.09 kcal mot?, respectively, which are derived from
the experimental standard heats of formatqi€l, 29.02 kcal
mol~%; Cl,, 0 kcal mol®; HOCI, —17.82 kcal mot?; OH, 9.33
kcal mol%; HCI, —22.08 kcal mot?; CIO, 24.22 kcal mot?;

H, 52.15 kcal mot!; Hp, 0 kcal moit). Note that the spin
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Figure 4. Changes in the generalized normal-mode vibrational
frequencies as function af (amu}’2 bohr at the MP2/6-31£G(2d,
2p) level for(a) Cl + HOCI— HCI + CIO and(b) Cl + HOCI— Cl,

+ OH.
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Figure 5. Plot of the TST, ICVT, and ICVT/SCT rate constants fcm
molecule! s7) calculated at the G3//MP2/6-35(2d, 2p) level
versus 10007 between 220 and 2000 K for (a) & HOCI— HCI +
Cl and(b) Cl + HOCI— Cl, + OH.

with the fact that the bond dissociation energy for@ (93.93
kcal mol1) is much higher than that for €lO (53.87 kcal

contamination is much high for the four TSs than for both the mol~1) at the G3//MP2 level.

reactant and product radicals. For example[$fiévalues before

In addition, we can find that the barrier heights of the reverse

spin annihilation are 0.78, 0.88, 0.80, and 0.85 for the four TSs, reaction 1b) are 13.12 and 3.95 kcal mélat the MP2 and

respectively, whereas thé&values never exceed 0.77 for the

G3/IMP2 levels, respectively. The forward reaction (1b) barrier

product radicals. A schematic potential energy surface of both (1.86 kcal mof?) is less than the reverse reactienl) barrier

reactions obtained at the MP2/6-38®(2d, 2p) and G3//MP2
levels with zero-point energy (ZPE) correction is plotted in

Figure 2a and b, respectively. Note that the energy of reactant

(3.95 kcal mot?), so it may be expected that the forward
reaction may happen more easily than the reverse reaction.
2. Dynamics Calculations. The MEP for each reaction

R is set to zero as a reference. For reactions 1a and 1b, thechannel is calculated by IRC theory at the MP2/6-8%GK2d,

complex (C1 or C2) is first formed, with the relative energy of 2p) level, and the dynamics calculations of the title reactions
2.35 or 1.85 kcal mot! lower than that of the reactant at the are carried out with the VTST-ISPE method at the G3//MP2
G3//IMP2 level; then starting from the complex, the reaction level. Figure 3 depicts the classical potential energy curve
passes through a transition state to form the products. In the(Vmep(s)), the vibrationally adiabatic ground-state potential

case of H+ HOCI, the feature of the PES is the direct energy curve\(:8(s)), and the zero-point energy (ZPE) curve

abstraction mechanism. With respect to the barrier heights, thefor reaction 1a as a function of the intrinsic reaction coordinate
G3 single-point calculations using the optimized geometries of s. Those for the other three reactions are given in Figure S1 of
TSs decrease the calculated results obtained at the MP2/6-Supporting Information. Note that the maximum of the potential

3114+G(2d, 2p) level by about 714 kcal mot?. Also, it is

energy profile at the G3//MP2 level is slightly shifted in the

found that the transition state of Cl abstraction (channel b for direction in Figure 3. This is the case in which the saddle point

each reaction) with a barrier of 1.86 kcal mbfor R1b and
1.12 kcal mot! for R2b lies much lower than that of H
abstraction, which involves 7.77 and 10.54 kcal mddarriers

for R1la and R2a, respectively. As a result, the Cl-abstraction

position of the dual level is generally shifted with the VTST-
ISPE schemé? Similar behavior can be drawn from reactions
1b, 2a, and 2b.

The changes in the generalized normal-mode vibrational

pathway will dominate product formation for both reactions. frequencies along the MEP for reactions 1a and 1b are shown
This result shows that the deactivation of the H position and a in Figure 4a and b, and those for reactions 2a and 2b are given
highly reactive Cl position for Cl abstraction in HOCl is in line in Figure S2 of Supporting Information. In Figure 4a, in the



Cl + HOCI and H+ HOCI Reactions

TABLE 3: Rate Constants (cm® molecule™® s™1) for the
Reaction HOCI + Cl in the Temperature Range from
2202000 K2

T(K)

Kia

Kib

ki

exptl

220
243
258
298

300
365
500
800
1000
1200
1500
1800
2000

5.27x 10°1°
6.51x 1071°
7.52x 10°1°
1.12x 10+

1.15x 107
2.23x 1071
7.80x 10714
5.56x 10713
1.35x 10712
2.70x 10°*2
5.99x 10°*2
1.10x 1011
1.54x 1071

1.25x 1012
1.38x 10°%?
1.47x 1012
1.75x 10°%?

1.76x 1012
2.31x 10°%2
3.80x 10712
8.74x 10712
1.32x 1071
1.84x 101
2.75x 101
3.77x 101!
450x 107!

1.26x 1012
1.39x 10°%?
1.48x 10712
1.76x 10°*?

1.77x 10712
2.33x 10712
3.88x 10712
9.30x 10712
1.46x 1071
211x 101t
3.35x 107!
487x 101!
6.04x 107!

(1.75+ 0.2) x 1071%
(1.79+ 0.08) x 10 1%
(1.4+0.37)x 10%
(1.9+0.3)x 10
(2.28+ 0.09) x 10 %
1.83x 10712b
(2.0840.16)x 10 %

Rate constant (cm’*molecule’s™)

1E-10

1E-11

1E-12

1E-13

1E-14

1E-15
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@ kiaandky, represent the ICVT/SCT rate constants of reactions R1la b
and R1b, and; represents the total rate constant calculated from the
sum of the two ICVT/SCT rate constantszrom ref 3. From ref 4.

4 From ref 5. From ref 6.

1.0+

0.8 &

reactant region at abogt= —2.0 (amu¥’2 bohr, the frequencies | °
are associated with those of complex C1, and in the positive
limit of s (s = +), the frequencies correspond to the products
HCI and CIO. Most of the frequencies except those for mode 5
do not change significantly on going from the reactants to the
products. The frequency curve of mode 5 has the greatest drop
in the region froms = —1.0 to 1.0 (amw? bohr. This mode 0.2 Y
connects the frequency of the+D stretching vibration of HOCI e, K K
with the frequency of the HCI stretching vibration of HCI. ] e la

Therefore, mode 5 can be referred to as the “reactive mode” in °

reaction la. The three lowest harmonic frequencies are the T T . T . T T T T )
transitional modes, which correspond to free rotations and 0 1 2 8 4 5
translations that evolve into vibration. Similar behavior can be 1000/T (K)

drawn ffom reac_t'ons 1b, 2a, and 2b, although for the_d' Figure 6. (a) Plot of the calculated individual rate constakisand
abstraction reaction channels (R1b and R2b) the change in the,,, the total rate constants, and the available experimental values
reactive mode is not as large as that for the H-abstraction versus 10007 between 220 and 2000 K. (b) Calculated branching ratio
channels (R1la and R2a). versus 10007 between 220 and 2000 K.

The rate constants for each reaction channel are calculated
by using the conventional transition-state theory (TST), im- “heavies”, has a relative lower barrier height (1.86 vs 7.77 kcall
proved canonical variational transition-state theory (ICVT), and mol~?) and a narrower barrier width. (The barrier width at half-
ICVT with the small-curvature tunneling correction (SCT) over height, Asip,, is 1.1 and 0.5 A for reactions la and 1b,
the temperature range from 220 to 2000 K at the G3//MP2 level. respectively.) These factors may result in a greater tunneling
The total rate constant for each reaction is obtained from the contribution in the rate-constant calculation for reaction 1b.
sum of the individual rate constants associated with the two The ICVT/SCT rate constants, and ki, and the total rate
channels. constantk; along with the available experimental values are

The TST, ICVT, and ICVT/SCT rate constants of reaction 1 listed in Table 3. Both theoretical and experimental rate
are presented in Figure 5. As can be seen from Figure 5a andconstants are plotted against 100@K~1) in Figure 6a, and
b, the rate constants of TST and ICVT are nearly the same overthe temperature dependence of #agk; andkiy/k; branching
the whole temperature range, which means that the variationalratios is exhibited in Figure 6b. It can be found that the value
effect for reaction 1 is very small or almost negligible. The of kj, is greater than that ok, by about 1 to 2 orders of
ICVT/SCT rate constants are much greater than the ICVT rate magnitude in the low-temperature range from 4@20 K, and
constants in the range from 22600 K. For example, the the total rate constant is almost equal to that of reaction 1b.
kicvtiscikicvr ratios for channel 1a are 799, 16, and 1.4 at 300, The calculated branching ratlayk;, which is 99% at 298 K,
500, and 1500 K, respectively, and the corresponding valuesshows good consistency with the result of Ennis ét(@l91+
of channel 1b are 26, 4.7, and 1.3, respectively. Thus, SCT 0.06) and Kukui et af. (0.96 £ 0.05) within experimental
correction plays an important role for both channels of reaction uncertainty but is in great disagreement with (0420.11) given
1 in the low-temperature range; in particularly, it is more by Vogt et al* Thus, on the basis of our calculations, the major
important for H abstraction than for ClI abstraction. Note that reaction channel of Ct HOCI is chloride abstraction to yield
the tunneling factor is very sensitive to the particle mass and products OH+ Cl, rather than hydrogen abstraction at lower
energy and the barrier height and shapé? It is reasonable temperatures. However, as shown in Figure 6b, the contribution
that the tunneling effect is important in reactions involving H from hydrogen abstraction leading to H&I CIO as a minor
transfer (R1la in this paper). Compared with H-abstraction product channel increases with the increase in the temperature.
channel 1a, Cl-abstraction channel 1b, which involves all For example, th&;/k; ratio is about 2% at 500 K, 18% at 1500

0.6

0.4 1

0.0 o——eo—o o
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Figure 7. Plot of the TST, ICVT, ICVT/SCT, and the available 1000/T(K™)
experimental values versus 100®etween 220 and 2000 K for £t b
OH — HOCI + CI.
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TABLE 4: Rate Constants (cPMolecule1s™%) for the - ] °\Q — Ao ICVT/SCT
Reaction Ch + OH — HOCI + ClI over the Temperature 3 &, e
Range 226-2000 K 2 Ne
=) N
T(K)  TST ICVT ICVT/SCT exptl mg e \ax
220 1.23x 106 1.18x 106 1.61x 10°% X 3 \g\
231 2.10x 1071 2.02x 1071 2.04x 1074 (2.01+0.14)x 10 %a g 0\3\
251 4.97x 1071 479x 107 2.99x 104 (3.024 0.17)x 10 %a 2 O\A\
253 5.37x 1076 518x 1076 3.10x 1074 (4.44+0.4)x 10 8 \Q A\A
273 1.11x 10 1.07x 10°%5 4.31x 104 (4.124+0.10)x 10 %a g 1E-124 N
(6.6+ 1.4)x 10 4p A ] o
293  2.09x 1071 2.02x 10715 579x 104 (6.84 1.0)x 104 \e
295 2.22x 1015 214x 10°%5 596x 104 (5.85+ 0.30)x 10 %a o
297 2.35x 1015 227x 10715 6.12x 104 (5.744 0.43)x 10 %a
298 2.42x 10715 2.34x 1075 6.20x 1074 (5.76+ 0.63)x 10 %a T " L A S X
(6.70+ 0.72) x 104 .
310 3.37x 105 3.26x 10715 7.27x 10 (7.00+ 0.31)x 10 a 1000/T (K7)
313 3.65x 10 3.53x 10°*® 7.55x 107 (9.5£1.0)x 10 b Figure 8. Plot of the TST, ICVT, and ICVT/SCT rate constants fcm
324 4.82x10°'% 4.66x 1015 8.63x 10 (8.72+0.22)x 10 *a molecule® s%) calculated at the G3//MP2/6-3115(2d, 2p) level
333 598x10°* 578x 107 9.59x 10 (11.1+2.6)x 10 b versus 1000V between 220 and 2000 K for (a) # HOCl — H, +
339 6.86x 107 6.63x 107> 1.03x 107 (10.3+0.64)x 10 *a CIO and(b) H + HOCI — HCI + OH.
354 9.49x 1015 9.18x 1075 1.21x 1013 (12.6+ 0.84)x 10 4a
500 8.75x 104 8.44x 1074 3.94x 1013 rate constants is approximately 0.9 to 1.5 in the temperature
800 ~ 8.34x107% 7.98x 107% 1.63x 107 range from 231354 K. The calculated activation energies are
1000 1.98< 107" 1.88x 107 3.03x 10° 2.35 and 2.37 kcal mol, in reasonable agreement with the
1200 3.72x 1012 3.50x 10712 4.94x 10712 i . lval £2 44 and 1.81 kcal ol
1500 7.50x 1012 6.99x 1012 8 76x 10-12 corresponding experimental values of 2.44 and 1.81 kcatmo
1800 1.27x 101 1.17x 1011 1.37x 10°1 in the temperature ranges from 233540 and 253-333 K31
2000 1.69x 1011 154x 101 1.76x 107 respectively. Seen from Tables 3 and 4, the rate constant of the

aFrom ref 30.° From ref 31.¢ From ref 32.

K, and 25% at 2000 K. Consequently, two abstraction pathways

reverse reaction is much lower than that of forward reaction 1b
because of a higher potential barrier.
As shown from Figure 8a and b, where the rate constants of

(i.e., Cl abstraction and H abstraction) will contribute to the TST, ICVT, and ICVT/SCT for reactions 2a and 2b are plotted,
whole reaction rate at high temperature. The calculated raterespectively, the difference between the TST and ICVT rate
constants of reaction R1 are in excellent agreement with the constants implies that the variational effect is very small for
available experimental values in the measured temperature rangehannel 2a, whereas it becomes important for channel 2b. The
from 243-365 K376 The deviation between the theoretical and  kicyriscr/kicyt ratios are 1067 and 2.4 at 298 K, 13 and 1.4 at
experimental values remains within a factor of approximately 500 K, and 1.3 and 1.0 at 1500 K for R2a and R2b, respectively,
0.8 to 1.3. Moreover, the Arrhenius expressiorkpf 6.29 x indicative of much more significant SCT correction in the low-
1012 exp(=372IT) cn?® molecule’? s~ fitted by the ICVT/SCT temperature range on calculations of the rate constants for H
rate constant in the temperature range from-23a5 K is in abstraction than for ClI abstraction, which is similar to the
good accord with that reported by Cook et%.= (3.04 0.5) reaction of HOCI with Cl. The ICVT/SCT rate constants for
x 10712 exp[—(130 & 60)/T] cm® molecule’! s™1. The three- each reaction channel and the total rate contsate presented
parameter expressions using the ICVT/SCT rate constants inin Table 5 and in Figure 9a. The branching ratioksfk, and
the 226-2000 K range for H and Cl abstraction d&g = 5.89 kaw/ko are plotted in Figure 9b. It is seen that the calculated rate
x 10725T407 exp(169.8T) and ky = 1.02 x 107177201 constantk, agrees well with the experimental valéést 298
exp(192.6T) cn® moleculet s, K. The branching ratio to channel 2b ranges from more than
Figure 7 presents the rate constants of the reverse reactiorf9% at 298 K to 86% at 2000 K. The theoretical results suggest
OH + Cl, — CI + HOCI. The calculated rate constants and that the reaction of HOCI with H atoms proceeds predominantly
the corresponding experimental valéfes? are listed in Table  via Cl abstraction over the whole temperature range. The three-
4. The deviation factor between theoretical and the experimentalparameter expressions fitted by the ICVT/SCT rate constants
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TABLE 5: Rate Constants (cn?® molecule™® s™1) for the the convenience of future experimental measurements, the three-
Reaction HOCI + H in the Temperature Range from parameter fits for the ICVT/SCT rate constants for the title
220-1500 K reactions as well as the reverse reaction of R1b within—220
T(K) koa kab ka exptl 2000 K give the following expressions (in émolecule* s71):

220 1.03x 10716 1.52x 10712 1.52x 10712

275 2.50x 10716 2.26x 10712 2.26x 10712 kl = 1.29x 10—18'[' 2'31exp(295.3'[)

208 3.64x 10716 2.62x 10712 2.62x 10712 (3.5+0.7)x 10 1%
(5.0+ 1.4) x 10 %%

400 1.77x 1015 4.39x 10712 4.39x 10712

500 6.70x 10715 6.34x 10712 6.35x 10712 8210

800 1.05x 1018 1.32x 10711 1.33x 1071 K_yp=2.68x 10 **T*exp(-577.0M)

1000 3.43x 1013 1.81x 10711 1.84x 1071

1200 8.31x 10718 2.32x 1011 2.40x 1071 .

1500 2.24x 10712 3.10x 1072 3.32x 101 Conclusions

2 . e . .
;ggg g'ggi igiz z'igz igi g?gz igi In this paper, we employ an ab initio direct dynamic method
' ' ' to study the reactions of Gt HOCI and H+ HOCI, for which
2 kaa andkap represent the ICVT/SCT rate constants of reactions 2a two kinds of reaction mechanisms are presented by experi-
and 2b, respectively, ankb represents total rate constant calculated ments (i.e., the abstraction of the hydrogen or the chloride as
c . . . . .
from the sum of the two ICVT/SCT rate constaritrom ref 4. From the major reaction channel). Dynamics calculations are carried

k,=1.61x 10 *°T ** exp(-121.3)

f7. - L o - -
e out using variational transition-state theory with the interpolated
a w0 —a—k single-point energy method (VTST-ISPE) at the G3//MP2/6-
—o—k, 311+G(2d, 2p) level. The calculated rate constants of the two
A reactions and the reverse reaction of R1b by the improved
1E-11 . o . .
o ref 7 canonical variational transition-state theory (ICVT) with a small-
—t—ref 4 curvature tunneling correction (SCT) are in good agreement with

1E12 the available experimental values. The reaction+CHOCI

proceeds via a complex and then a transition state, and the H
+ HOCI reaction proceeds as a direct H- or Cl-abstraction
reaction without an intermediate complex. It is shown that for
the ClI+ HOCI reaction, chlorine abstraction giving,.C+ OH

as products prevails at low temperatures, and products{Cl
CIO occupy only a small part in the high-temperature range. In
the case of the reaction Ht HOCI, the chlorine-abstraction
pathway to yield the products H&l OH dominates the reaction
over the whole temperature range. The three-parameter expres-
5 sions (in cnd molecule s™1) for two reactions within 226
2000 K arek; = 1.29 x 107187231 exp(295.3T) andk, = 1.61

x 10715 T187exp(—121.3M). We hope that the theoretical results
may be useful for estimating the kinetics of the reactions over
& k,/k a wide temperature range where no experimental data is
< available.

1E-13

1E14

1E-15

Rate constant (cm’molecule™s™)

1E-16

0.8 4

Acknowledgment. We thank Professor Donald G. Truhlar
064 for providing the POLYRATE 8.4.1 program. This work was
supported by the National Natural Science Foundation of China
0.4 (20073014), the Doctor Foundation by the Ministry of Educa-
tion, the Foundation for University Key Teacher by the Ministry
of Education, the Key Subject of Science and Technology by
the Ministry of Education of China, and the Innovational
AL k,/k Foundation by Jilin University.

0.2+

o

0.0+

T T T T T y T " 1 Supporting Information Available: Potential energy, ground-
1 state vibrationally adiabatic, and zero-point energy curves as
1000/T (K™) . n , :

] T functions ofs(amu}’? bohr. Changes in the generalized normal-
Figure 9. (a) Plot of the calculated |nd|V|_duaI rate cqnstamasand mode vibrational frequencies as a functionstdmu)’2 bohr.
kan, the total rate constants, and the available experimental values Thi terial | ilable f f ch ia the Int t at htto://
versus 1000V between 220 and 2000 K. (b) Calculated branching ratio IS material Is avallable iree or charge via the Internet at nttp:
versus 10007 between 220 and 2000 K. pubs.acs.org.

arekoa = 7.31 x 107287489 exp(—214.1M) andky, = 5.27 x References and Notes
1571.20 - 1 o1
10T exp( 1_87'3”) crm® mo_lecwe__ s for the two (1) Scientific Assessment of Ozone Depletion, 194MO Global
Channels Of reaction RZ, respeCtlvely, n the range from—220 Ozone Research Monitoring Project' Repor[ 37, 1995.
2000 K. (2) Prasad, S. Plant. Space Scil976 24, 1187.

Owing to the good agreement between the theoretical and 198513)74022';' J.L.; Ennis, C. A,; Leck, T. J.; Birks, J. \8..Chem. Phys.
experimental value_s, it is reasonable _to believe th_at our @ \'/Ogt"R.; Schindler, R. NBer. Bunsen-Ges. Phys. Chet993
calculated results will provide a good estimate for the kinetics g7 g19.
of the reactions in the high-temperature range. Therefore, for  (5) Enis, C. A.; Birks, J. WJ. Phys. Chem1985 89, 186.



4928 J. Phys. Chem. A, Vol. 107, No. 24, 2003

(6) Kukui, A.; Roggenbuck, J.; Schindler, R. NBer. Bunsen-Ges.
Phys. Chem1997 101, 281.

(7) Ennis, C. A.; Birks, J. WJ. Phys. Chem1988 92, 1119.

(8) Truhlar, D. G. InThe Reaction Path in Chemistry: Current
Approaches and Perspeegis Heidrich, D., Ed.; Kluwer: Dordrecht, The
Netherlands, 1995; p 229.

(9) Truhlar, D. G.; Garrent, B. C.; Klippenstein, S.JJ.Phys. Chem.
1996 100, 12771.

(10) Hu, W. P.; Truhlar, D. GJ. Am. Chem. S0d.996 118 860.

(11) Chuang, Y.-Y.; Corchado, J. C.; Fast, P. L.; Villa, J.; Hu, W.-P;
liu, Y.-P.; Lynch, G. C.; Jackels, C. F.; Nguyen, K. A.; Gu, M. Z.; Rossi,
I.; Coitino, E. L.; Clayton, S.; Melissas, V. S.; Lynch, B. J.; Steckler, R.;
Garrett, B. C.; Isaacson, A. D.; Truhlar, D. @olyrate version 8.4.1;
University of Minnnesota: Minneapolis, MN, 2000.

(12) Truhlar, D. G.; Garrett, B. CAcc. Chem. Re<d.98Q 13, 440.

(13) Truhlar, D. G.; Isaacson, A. D.; Garrett, B. C. The Theory of
Chemical Reaction DynamicBaer, M., Ed.; CRC Press: Boca Raton, FL,
1985; p 65.

(14) Truhlar, D. G.; Garrett, B. CAnnu. Re. Phys. Chem1984 35,
159.

(15) Garrett, B. C.; Truhlar, D. G.; Grev, R. S.; Magnuson, A. W.
Phys. Chem198Q 84, 1730.

(16) Lu, D. H.; Truong, T. N.; Melissas, V. S.; Lynch, G. C.; liu, Y. P;
Grarrett, B. C.; Steckler, R.; Issacson, A. D.; Rai, S. N.; Hancock, G. C.;
Lauderdale, J. G.; Joseph, T.; Truhlar, D.Gamput. Phys. Commuh992
71, 235.

(17) Liu, Y.-P.; Lynch, G. C.; Truong, T. N.; Lu, D.-h.; Truhlar, D. G.;
Garrett, B. CJ. Am. Chem. S0d.993 115 2408.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

Wang et al.

M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. Aaussian 98revision X; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(19) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
Pople, J. AJ. Chem. Phys1998 109, 7764.

(20) Chuang, Y. Y.; Corchado, J. C.; Truhlar, D. &.Phys. Chem.
1999 103 1140.

(21) Truhlar, D. GJ. Comput. Chenl99], 12, 266.

(22) Chuang, Y. Y.; Truhlar, D. GJ. Chem. Phys200Q 112 1221.

(23) Kuchitsu, K. InStructure of Free Polyatomic Molecules: Basic
Data; Springer: Berlin, 1998; Vol. 1, p 35.

(24) Distelrath, V.; Boesl, UFaraday Discuss. Chem. S&00Q 115
161.

(25) Chase, M. W., JJ. Phys. Chem. Ref. Dat998 Monograph 9,
1-1951 (NIST-JANAF Themochemical Tables, 4th ed.).

(26) Junttila, M.-L.; Lafferty, W. J.; Burkholder, J. B. Mol. Spectrosc.
1994 164, 583.

(27) Stern, M. J.; Weston, R. B. Chem. Phys1974 60, 2803.

(28) Stern, M. J.; Weston, R. B. Chem. Phys1974 60, 2808.

(29) Stern, M. J.; Weston, R. H. Chem. Physl1974 60, 2815.

(30) Gilles, M. K.; Burkholder, J. B.; Ravishankara, A.IRt. J. Chem.
Kinet. 1999 31, 417.

(31) Boodaghians, R. B.; Hall, I. W.; Wayne, R. P. Chem. Soc.,
Faraday Trans.1987 83, 529.

(32) Loewenstein, L. M.; Anderson, J. G. Phys. Chem1984 88,
6277.



