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The potential energy surfaces of four reactions including (a) HOCI + H, (b) HOCI + O, (c¢) HOCI + HO, (d)
HOCI + HO,, have been studied by the CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ, CCSD(T)/aug-cc-
pVTZ//CCSD/cc-pVDZ, and CCSD(T)/6-311+G(3df,2p)/BH&HLYP/6-311+G(3df,2p) levels of theory. For
both HOCI + H and HOCI + O, the direct Cl-abstraction channels take place via the lowest energy barriers;
for both HOC1 + HO and HOCI + HO,, the lowest energy barrier channels are the indirect H-abstraction
reactions by HO, (x = 1, 2) via long-lived reaction intermediates. The rate constants for the low barrier
channels have been calculated in the temperature range 200—3000 K by statistical theory. The predicted rate
constants for HOCI + H and HOCI + HO are in good agreement with experimental results whereas that for
HOCI + O was found to be in disagreement with the majority of available experimental data, suggesting a
need for further improvement in theory and/or experiment.

1. Introduction

Hypochlorous acid (HOCI) plays an important role not only
in atmospheric chemistry! but also in the combustion of
ammonium perchlorate (AP), an important propellant today.>
In the former case, HOCI is considered to be a temporary
reservoir of atmospheric chlorine because it can be photolyzed
by sunlight

HOCI + hv — HO + Cl

HOCI can also react with atmospheric radical species, such
as H, O(°P), HO, HO, etc., yielding fragments that can lead to
ozone destruction. In the combustion of AP, following the
sublimation of AP concurrently producing ammonia (NH;3) and
perchloric acid (HCIO,),* the acid decomposition in the gas
phase produces initially Cl1O; and OH radicals. The reactive
chlorine trioxide (ClO3) can be rapidly converted to C1O and
HOCI by reduction reactions involving OH and NH, (x = 1—3)
in high temperature media. Consequently, the reactions of HOCI
with the active radicals H, O’P), HO, and HO, can be expected
to take place and play a significant role in the chemistry of the
AP propulsion process.*

In the literature, there exists only a small number of the
experimental studies on the kinetics and mechanisms of HOCI
reactions with H, O, HO, and HO in the past thirty years.*"!!
In 1988, Ennis and Birks* measured the rate constants of HOCI
reactions with H and HO at 298 K using a low-pressure mass
spectrometry-resonance fluoresence discharge flow system. They
determined k(HOCI+H) and k(HOCI+HO) to be (5.0 &+ 1.4)
x 1072 ¢cm® molecule™! s7! and (1.7—9.5) x 1071 cm?
molecule™ s7!, respectively. In 1993, Vogt and Schindler’
carried out a kinetic study on the reactions of HOCI1 with H, F
and Cl at room temperature in a discharge flow system.
k(HOCI+H) was measured to be (3.5 £ 0.7) x 1072 cm?
molecule™ s~!, which is in reasonable agreement with Ennis
and Birks’ value.* For the reaction of HOCI with OCP), Vogt,
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Schindler, and co-workers® in 1992 and 19967 measured its rate
constants with the values (1.3 £ 0.2) x 107'* cm® molecule™!
s”! at room temperature and (1.7 £ 0.3) x 107" cm?
molecule™'s 7! at 213—298 K, respectively. In addition, on the
basis of the above experimental values Atkinson et al.® recom-
mended in 1997 the rate constant expressions, k(HOCI+HO)
= 3.0 x 107'2 exp(—500/T) cm?® molecule™! s~! for HOCI +
HO and k(HOCIHO) = 1.0 x 107" exp(—1300/7) cm?
molecule™ s~! for HOCI + O, for the low temperature range
200—300 K.

Theoretically, Schindler et al.” in 1996 reported that the lowest
barrier process in the HOCI + OCP) reaction is the Cl
abstraction by O(’P) through ab initio calculations at the G1//
MP2/6-31G(d) level of theory. More recently, Sun’s research
group’™!! studied the reaction mechanisms for HOCI reactions
with H, O, and HO by G3//MP2/6-311+G(2d,2p) for HOCl
+H,” CCSD(T)/6-311++G(3df,3dp)//MP2/6-311+G(2d,2p) for
HOCI + OH,' and G3(MP2)//MPW 1K/6-311G(d,p) for HOCI
+ O.!! They calculated the rate constants by canonical varia-
tional transition state theory on the basis of their predicted
reaction pathways and obtained reasonable agreements with the
aforementioned experimental data.

To provide rate constants for combustion applications up to
3000 K, we have examined the above three HOCI reactions
together with the one involving HO,, which has shown to be a
key product of the HO + ClOj; reaction.*!? These reactions
occurring on their ground state potential energy surfaces have
been studied using more accurate quantum chemical methods
as described below.

2. Computational Methods

In the present study, the geometric parameters of the species
and stationary points related to the four HOCI reactions have
been optimized at the BH&HLYP/6-311+G(3df,2p), CCSD/
cc-pVDZ, and CCSD/aug-cc-pVDZ levels of theory.'>!> The
moments of inertia and frequencies of all the species and
stationary points were calculated with the corresponding opti-
mization methods. For more accurate evaluation of energies,
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higher-level single-point energy calculations of all the species
and stationary points have been carried out by the CCSD(T)/
6-311-+G(3df,2p) and CCSD(T)/aug-cc-pVTZ methods,'*~'> on
the basis of the optimized geometries at the BH&HLYP/6-
311+G(3df,2p), CCSD/cc-pVDZ, and CCSD/aug-cc-pVDZ
levels of theory. Also, for the specific channels of HOCI + O,
the G2 M method'® was used to calculate its single point energy
for comparison. All the electronic structure calculations were
performed by the Gaussian 03 program.!’

Rate constant calculations were carried out with the VARI-
FLEX program'® based on the microcanonical RRKM (Rice—
Ramsperger—Kassel—Marcus) theory'*2! in temperature range
200—3000 K. Eckart tunneling permeability coefficients?> were
used to correct the rate constants for the hydrogen transfer
quantum effects at low temperatures. For a barrierless associa-
tion/decomposition process, the variational transition state theory
(VTST)** was employed with the fitted Morse function, V(R)
= D.{1 — exp[—B(R — R.)]}% which represents the minimum
potential energy path (MEP). In the V(R) equation, D, is the
binding energy excluding zero-point vibrational energy for an
association reaction, R is the reaction coordinate (i.e., the
distance between the two bonding atoms), and R, is the
equilibrium value of R at the stable intermediate structure.

3. Results and Discussion

The potential energy surfaces (PESs) of HOCI reactions with
H, OCP), and OH systems were predicted at the CCSD(T)/6-
311+G(3df,2p)//BH&HLYP/6-3114+G(3df,2p), CCSD(T)/aug-
cc-pVTZ//CCSD/cc-pVDZ, and CCSD(T)/aug-cc-pVTZ//CCSD/
aug-cc-pVDZ levels of theory, while that of the HOCl + HO,
reaction was evaluated with the first method only. All PESs
are presented in Figure 1. The geometric parameters of all the
transition states of the H, O, and OH reactions optimized at the
BH&HLYP/6-311+G(3df,2p), CCSD/cc-pVDZ, and CCSD/
aug-cc-pVDZ levels of theory and those of the HO, reaction
computed with the first method are shown in Figure 2. The
vibrational frequencies and moments of inertia for the reactants
and transition states are summarized in Table 1 for the kinetic
calculations. Figure 2 shows that the bond distances at the
CCSD/cc-pVDZ level are almost identical with those obtained
at the CCSD/aug-cc-pVDZ level, while the maximum difference
of the bond lengths between the BH&HLYP/6-311+G(3df,2p)
level and the CCSD/aug-cc-pVDZ level is 0.07 A. In additoin,
Figure 1 illustrates the energy difference in the transition states
between the CCSD(T)/6-311+G(3df,2p)//BH&HLYP/6-311+
G(3df,2p) level and the CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-
pVDZ level; they are less than 1.0 kcal/mol for systems smaller
than HOCI + HO,, for which the CCSD(T)/6-311+G(3df,2p)//
BH&HLYP/6-3114+G(3df,2p) method was employed.

3.1. HOCl + H. The three potential reaction channels
considered for this reaction system are shown in Figure 1A.
The lowest barrier channel is Cl abstraction by H to form OH
+ HCI through a-TS1 with a barrier of 1.6 kcal/mol at the
CCSD(T)/aug-cc-pVTZ level. The second channel is the H-for-
Cl substitution via transtion state a-TS2 producing H,O + CL
The reaction barrier is 5.3 kcal/mol at the CCSD(T)/aug-cc-
pVTZ level, which is 3.7 kcal/mol higher than a-TS1. The third
channel occurring by a-TS3 is a H-abstraction reaction with
the highest barrier of 10.0 kcal/mol in these three reaction
channels. Wang et al.® calculated two of the transiton states for
this reaction at the G3//MP2/6-3114+G(2d,2p) level in 2003;
their predicted values of a-TS1 and a-TS3 are 1.1 and 10.5 kcal/
mol, which agree well with our results, 1.6 and 10.0 kcal/mol,
respectively.
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Figure 1. Potential energy profiles of the reaction of HOCI1 with H/O/
OH/HO,; in units of kcal/mol. The numbers on the top, middle, and
bottom lines in (A), (B), and (C) are obtained at CCSD(T)/6-
311+G(3df,2p)//BH&HLYP/6-311+G(3df,2p), CCSD(T)/aug-cc-pVTZ/
CCSD/cc-pVDZ, and CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ
levels of theory, respectively. The numbers in (D) are calculated at the
CCSD(T)/6-311+G(3df,2p)//BH&HLYP/6-311+G(3df,2p) level of
theory.

From the heats of formation from NIST? (AH°,(HOCI) =
—17.1 £ 0.5 kcal/mol, A:H°y(H) = 51.6 kcal/mol, AH®(ClO)
= 24.2 kcal/mol, A¢H°y(Hy) = 0.0 kcal/mol, A¢H°(HCl) =
—22.0 £ 0.1 kcal/mol, AiH®y(Cl) = 28.6 kcal/mol, AH°,(H,0)
= —57.1 kcal/mol) and Ruscic et al.?® (A{H°(OH) = 8.8 +
0.1 kcal/mol), the reaction heats of three channels are —10.3 £+
0.5, —47.7 £ 0.7, and —63.0 £ 0.5 kcal/mol for the products
CIO + H,, OH + HCI, and CI + H,0, respecitvely. Comparing
with the calculated data at the CCSD(T)/6-311+G(3df,2p)//
BH&HLYP/6-3114+G(3df,2p), CCSD(T)/aug-cc-pVTZ//CCSD/
cc-pVDZ, and CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ
levels of theory, the literature values agree well with the
calculated results for the OH + HCI and CI + H,O product
channels. But, for the CIO + H, product channel, the second
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Figure 2. Main geometric parameters (A) of transition states of the
reaction of HOCI with H/O/OH/HO,. The numbers on the top, middle,
and bottom lines are optimized by the BH&HLYP/6-311+G(3df,2p),
CCSD/cc-pVDZ, and CCSD/aug-cc-pVDZ methods, respectively. The
numbers in d-TS5, d-TS6, d-TS7, and d-LM2 are optimized by the
BH&HLYP/6-311+G(3df,2p) method.

and the third calculation methods give smaller exothermicity
than the literature estimation by over 2 kcal/mol.

Figure 3A displays the predicted rate constants of the HOCI
+ H reaction with available literature data. They were predicted
with the aforementioned energies and the molecular parameters
presented in Table 1 at the CCSD/aug-cc-pVDZ level of theory.
The results indicate that the three reaction channels take place
with vastly different rates because the barrier at a-TS1 is less
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TABLE 1: Vibrational Frequencies and Moments of Inertia
Calculated at the CCSD/aug-cc-pVDZ Level of Theory for
Reactants and Transition States of HOCI + H/O/HO and at
the BH&HLYP/6-311+G(3df,2p) Level of Theory for
Reactants and Transition States of HOCI + HO,

species Ia, I, Ic (au) frequencies (cm™!)
HOC1 2.9, 124.9, 127.9 732, 1299, 3794
(2.8, 115.6, 118.4)¢ (810, 1318, 3967)¢

HO 32,32 3715

HO, 2.7,51.3, 54.1 1265, 1522, 3835

a-TS1 3.8, 153.0, 156.1 1802, 117, 223, 678, 1219,
3783

a-TS2 3.9, 1634, 1674 11107, 167, 350, 664, 1271,
3770

a-TS3 16.4, 135.1, 151.6 12182, 385, 619, 744, 1078,
1731

b-TS1 15.5, 380.5, 391.2 1379, 307, 369, 501, 1150,
3781

b-TS2 60.4, 415.6, 476.0 12949, 152, 540, 595, 754, 867

b-TS3 7.4, 555.8, 563.2 1961, 242, 252, 383, 1226,

3772

12461, 147, 239, 444, 742,
918, 1311, 1632, 3784

848, 207, 310, 410, 513,
1079, 1225, 3777, 3779

245, 286, 426, 431, 482,
1103, 1116, 3771, 3773

12526, 78, 128, 355, 398, 607,
776, 931, 1177, 1495, 1646,
3891

13365, 46, 92, 174, 238, 432,
723, 963, 1354, 1460, 1544,
3949

1514, 118, 188, 244, 327, 428,
497, 907, 1025, 1504, 3900,
3929

1729, 69, 166, 242, 256, 417,
542, 1115, 1201, 1528, 3878,
3945

1975, 109, 180, 351, 421, 438,
670, 788, 930, 1460, 3474,
3957

12658, 187, 214, 406, 439,
658, 683, 821, 914, 1380,
1766, 3952

11739, 171, 221, 306, 558,
849, 920, 984, 1331, 1533,
2225, 3504

“ At the BH&HLYP/6-311+G(3df,2p) level of theory.

c-TS1 62.5, 430.5, 486.3
c-TS2 19.0, 559.9, 569.0
c-TS3 21.0, 407.1, 417.0

d-TS1 145.0, 560.2, 699.7
d-TS2 68.8, 1137.9, 1185.3
d-TS3 69.3, 695.4, 737.4
d-TS4 62.6, 1002.0, 1048.6
d-TS5 163.5, 418.0, 565.7
d-TS6 189.8, 333.9, 489.4

d-TS7 150.5, 527.6, 616.8

than those at a-TS2 and a-TS3 by 3.3 and 6.3 times, respectively.
Thus, k,(a-TS3) is the smallest one even though it appears to
have the bigger tunneling effect at low temperatures resulting
from its large imaginary frequency (12182 cm™') for the
H-abstraction process. The total rate constant is contributed
mainly from k,(a-TS1). Comparing with the experimental data
at 298 K measured by Ennis and Birks* and Vogt and Schindler,’
our predicted k,(total) agrees with them quite well. However,
the rate constant predicted by Wang et al.’ in the temperature
range of 200—2000 K is noticeably less than our k,(total) value,
especially at high temperatures.

3.2. HOCI + OCP). Similar to the HOCI + H system, three
O-atom attack channels were considered in the HOCI + O
reaction, as shown in Figure 1B. Of these reactions, both Cl-
and H-abstraction channels lead to the same products OH +
CIO. The former takes place via b-LM1, b-TS1, and b-LM2
with the energies of —0.8, +3.5, and —6.6 kcal/mol, respec-
tively, relative to the reactants predicted at the CCSD(T)/aug-
cc-pVTZ level. The latter occurs through b-LM3, b-TS2, and



8814 J. Phys. Chem. A, Vol. 113, No. 30, 2009

1E-9
1E-104
1E-11 4
o e
o 1E-12+4
=
8 1E-134
° NS
g — k(tota) .
g 1EMq ok (aTsY) N,
O, ~
NS Eoeeen k (a-TS2) <.
x 1E159 . (aTs3) T .
o (@) = e
1E169 w @) el
- (ac)
1E-17 . : T T T
0 1 2 3 4 5
1000/T /K]
1E-10
v (ba)
3 B)
1E-11 4 —o—(be)
\ o (bd)
L IE124 Y TG
12 LN
2 1E134
3 \
8 1E144
.
5 \ .
< 1E-154 \
= \  ——k(total) ... <
Y --kb-TSY) el
1E-16 o Ve k(b-TS2) -
A e k(b-TS3)
1E-17 —— : : T
(] 1 2 3 4 5
1000/T /K™
1E-10
1E-11 4
f: 1E-124
"
=]
8 1E-135
o
£
£ 1E-14 ~
= ——k(c-TS1) ..
x< - ===k (c-TS1, no tunneling) ~~
1E-154 —=—(ca) Sso
—O—(cb) R
JR— - (Oc) ~ N
1E-16 T T T T T
0 1 2 3 4 5
1000/T /K]
1E-124 D
1E-14 ®)
3 : — ktotal)
1E-16 § - k(TS1)
=1 NN\l k(TS2)
= 1E-18 \ —==- k(TS8)
° 1 \ a
§ 1E-20 \
g 1E-22 } \'\
o .\
§, 1E-24-1, \
x ] .
1E-26 5 AN
3 \
1E-28 § "\ .
1 N KN
1E-30 T T A T T |
0 1 2 3 4 5
1000/T /K]

Figure 3. Predicted rate constants and comparison with the data of
literature. (A) HOCI + H, (B) HOCI + O, (C) HOCI + OH, and (D)
HOCI + HO,: (aa) ref 4; (ab) ref 5; (ac) ref 9; (ba) ref 6; (bb) ref 7;
(be) ref 8; (bd) ref 25; (be) ref 11; (ca) = (aa) ref 4; (cb) = (bc) ref 8;
(cc) ref 10.

b-LM4, similar to the first channel, with the relative energies
of —2.0, +10.4, —6.4 kcal/mol, respectively. The energy of
b-LM3 is slightly lower than that of b-LM1 while that of b-LM4
is almost equal to that of b-LM2. The transition state b-TS2 is
higher than b-TS1 by 6.9 kcal/mol. However, Wang et al.'!
reported the energies at the G3(MP2)/MPW1K/6-311G(d,p)
level of theory for these two reaction channels with rather large

Xu and Lin

differences from ours. The energies of four complexes relative
to the reactants calculated by Wang et al. are about 3 kcal/mol
lower than the values predicted by us. They predicted the barriers
of b-TS1 and b-TS2 to be —0.9 and +15.1 kcal/mol, respec-
tively, while Schindler et al.” predicted +1.4 and +12.9 kcal/
mol, respectively, at the G1/MP2/6-31G(d) level, which are
close to our values. Due to the importance of the lowest energy
reaction channel via b-TS1, we also performed a series of higher
level calculations and sumarized the results in Table 2. It can
be seen that the values of b-TS1, calculated by all methods
except G3(MP2)//MPW1K/6-311G(d,p), are positive and lie in
the range 0—16.8 kcal/mol. CASPT2 and MRCI give the values
4.2 and 6.4 kcal/mol, respectively, which are slightly higher
than those calculated by CCSD(T)/aug-cc-pVTZ. G3(MP2)/
MPWI1K/6-311G(d,p), one of the lowest levels of theory
employed, gives the only negative value of b-TS1 (—0.87 kcal/
mol), which may be underestimated and questionable.

The third reaction channel of HOCI + O is the substitution
of the CI atom by O via b-TS3 to yield the products Cl1 + HO..
The potential energy barrier of this channel at the CCSD(T)/
aug-cc-pVTZ level was predicted to be 19.6 kcal/mol, which is
close to the result of Schindler et al. (21.0 kcal/mol)’ at the
G1//MP2/6-31G(d) level. Because b-TS3 is higher than b-TS1
by 16.1 kcal/mol and b-TS2 by 9.2 kcal/mol, this substitution
channel cannot compete with the abstraction channels.

In addition, from the heat of formation of HOO given by
Litorja and Ruscic** (AH°o(HOO) = 4.0 & 0.8 kcal/mol) and
the above cited literature data, the heats of reaction for the C1O
=+ OH and Cl + HO, product channels are computed to be —8.9
4+ 0.6 and —9.3 + 1.3 kcal/mol, respectively. The theoretical
values of the CIO + OH channel given in Figure 1B, calculated
by CCSD(T)/6-311+G(3df,2p)//BH&HLYP/6-311+G(3df,2p),
CCSD(T)/aug-cc-pVTZ//CCSD/cc-pVDZ, and CCSD(T)/aug-
cc-pVTZ//CCSD/aug-cc-pVDZ, are 2.0, 4.0, and 3.7 kcal/mol
greater than the former (—8.9 4 0.6 kcal/mol); on the other
hand, those of the Cl + HO, channel predicted by the three
methods are within the error limit of the latter (—=9.3 £ 1.3
kcal/mol).

Figure 3A shows the rate constants of the HOCI + O reaction
occurring via the three product channels in the range from 200
to 3000 K. Evidently, k,(b-TS3) is far less than k,(b-TS1) and
kn(b-TS2), which has a substantially large tunneling effect
resulting from its large imaginary frequency of 12949 cm™'.
Nevertheless, ky(b-TS1) is still greater than k,(b-TS2) below
about 1500 K, attributable to the barrier difference of about 7
kcal/mol. But at 7 > 1500 K, k,(b-TS2) becomes competitive
with kp(b-TS1). This means that the dominant products, C10 +
OH, can be produced by the Cl-abstraction channel at temper-
atures below 1500 K and by both CI- and H-abstraction channels
over 1500 K.

From Figure 3B, one sees that the predicted ky(total) is
consistent with the estimated value by DeMore and his
coauthors® but is much less than the experimental data reported
by Vogt and Schindler and co-workers®’ and the recommended
value by Atkinson et al.> We notice that the previous theoretical
rate constant calculated by Wang et al.'! agrees well with the
recommended value, attributable to the employment of an
underpredicted energy barrier at b-TS1 (—0.87 kcal/mol relative
to the reactants) with the G3(MP2)/MPW1K/6-311G(d,p)
method. However, as stated above and summarized in Table 2,
b-TS1 predicted by higher levels of theory are all higher than
the reactants, thus giving rise to a noticeably lower value than
experimentally measured results. The reason behind the large
discrepancy between theory and experiment is not clear at this
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TABLE 2: Comparison of Predicted Energies for b-LM1, b-TS1, and ClIO + OH by Different Methods

method” relative energy [kcal/mol] to reactants (HOCI + O)
optimization method single point correction method (b-LM1) b-TS1 CIO + OH
MPW1K/6-311G(d,p) —2.0 8.5 —3.2
G3(MP2)//MPW 1K/6-311G(d,p) —6.7 —0.87 —6.2
G3//MPW1K/6-311G(d,p) —5.2 0.07 —5.2
G2M//MPW 1K/6-311G(d,p) —1.5 2.4 —5.1
MPW1K/6-3114+G(3df,2p) —0.74 39 —8.3
G3//MPW1K/6-311+G(3df,2p) —3.3 1.7 —8.2
G2M//MPW 1K/6-3114+G(3df,2p) —0.60 5.7 —5.0
BH&HLYP/6-311+G(3df,2p) —0.97 7.3 —7.6
G3//BH&HLYP/6-311+G(3df,2p) —2.6 0.21 =75
G2M//BH&HLYP/6-311+G(3df,2p) —-1.2 29 —5.6
CCSD(T)/6-311+G(3df,2p)//BH&HLYP/6-311+G(3df,2p) —-1.2 2.6 —6.8
CCSD/cc-pVDZ —-1.1 16.8 1.4
CCSD(T)/aug-cc-pVTZ//CCSD/cc-pVDZ —0.87 3.6 —4.9
CCSD/aug-cc-pVDZ —0.74 10.7 -1.9
CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ —0.82 3.5 —5.2
CASPT2(8,9)/6-311+G(d,p) =72 4.2 —24
MRCI(8,9)+Q/6-311+G(d,p)//CASPT2(8,9)/6-311+G(d,p) —2.4 6.4 —8.3

“MPWIK: ref 27. CASPT2: ref 28. G3: ref 29. G2M: ref 30. MRCI: refs 31 and 32. CASPT2 and MRCI were performed by MOLPRO

(ref 33).

point and should perhaps be re-examined in the future experi-
mentally and/or computationally.

3.3. HOCI + OH. In this reaction system, the H-abstracted
channel takes place by two H-bonding complexes c-LM1 and
¢-LM2 and a transition state c-TS1 to form H,O + ClO. At the
CCSD(T)/aug-cc-pVTZ level, c-LM1 and c-LM2 lie below the
reactants by 3.6 and 22.8 kcal/mol, respectively, and c-TS1 is
above the reactants by 3.4 kcal/mol, which is a bit higher than
the value of Wang et al. (2.8 kcal/mol)!® calculated at the
CCSD(T)/6-311++G(3df,3dp)//MP2/6-311+G(2d,2p) level. For
the Cl-substitution reaction, the hydroxyl radical attacks the O
atom of HOCI to simultaneously undergo the Cl—O bond
breaking and the O—O bond forming, giving rise to the products
CI + H,0,. This process needs to overcome a higher potential
barrier of 18.6 kcal/mol at the CCSD(T)/aug-cc-pVTZ level via
the transition state c-TS2, which is much higher than c-TS1 in
energy. Actually, there exists a Cl-abstraction channel with a
reaction barrier of 3.7 kcal/mol in the HOCI + OH reaction
producing OH + CIOH, resulting in the exchange of the OH
radicals. Also, based on the heats of formation of H,O, from
NIST? (AsH°,(H,O0,) = —31.0 kcal/mol), the heat of reaction
for the Cl + H,0, product channel is 5.9 & 1.6 kcal/mol, which
is very close to the theoretical values, while the heat of reaction
for the ClO + H,O product channel is —24.6 £ 0.7 kcal/mol,
which is slightly less than the predicted values shown in Figure
1C.

The predicted rate constants are shown in Figure 3C;
kc(c-TS1) for formation of Cl1O + H,0 is predominant and is
much greater than k.(c-TS2) for Cl + H,0, production. So,
k.(c-TS2) can be ignored from this figure. Because of the
large imaginary frequency, i2461 cm™!, of ¢-TS1 in the H-
abstracton channel, k.(c-TS1) has a remarkably large tun-
neling effect at low temperatures. For example, the tunneling
effect increases the rate constant by 1700, 68, and 5 times at
200, 300, and 500 K, respectively. However, the effect can
be reduced by multiple reflections above c-LMI1. For
example, at 200 and 300 K, the rate constant is decreased
by multiple reflections by a factor of 10 and 1.9, respectively.
Combination of these effects leads to a reasonable agreement
with experimental data, as shown in Figure 3C. Comparing
the result with that of Wang et al.,'% our evaluations are
somewhat higher than theirs in the low temperature and lower

in the higher temperature range. Experimentally at 298 K,
Ennis and Birks* measured the rate constant for HOCI +
OH — CIO + H,O to be (1.7 — 9.5) x 107'3 cm?® molecule™!
s~!, while Atkinson et al.® recommended the expression 3.0
x 107'2 exp(—500/T) cm?molecule™ s~!, for 200—300 K
based on the same data, as shown in Figure 3C. Our predicted
rate constants are in good agreement with the experimental
values.

3.4. HOCl + HOO. This reaction potentially involves
more reaction channels as given in Figure 1D predicted
only at the CCSD(T)/6-311+G(3df,2p)//BH&HLYP/6-311+
G(3df,2p) level of theory because of the limitation of
computing resources. The first one is a barrierless association
from the reactants to form the intermediate complex d-LM1,
which is a five-membered ring structure connected by two
hydrogen bonds. This hydrogen bonded complex was pre-
dicted to be 6.1 kcal/mol below the reactants and can further
decompose to ClIO + H,0, and H,0O + Cl + Oz(lAg) via
d-TS1 and d-TS2, with barriers at 14.3 and 21.8 kcal/mol
above the reactants, respectively. The second reaction channel
is a direct Cl-abstraction pathway via d-TS3 to yield the HO
+ CIOOH products. The potential barrier of d-TS3 is 24.9
kcal/mol, which is 3.1 and 10.6 kcal/mol higher than d-TS2
and d-TS1, respectively. The third channel produces Cl +
HOOOH by Cl-substitution, whose reaction barrier is higher
than d-TS1 by 17.5 kcal/mol. As for the fourth channel, it
takes place in two stages via two transition states (d-TSS5
and d-TS6) and one intermediate complex (d-LM2) to give
the products H,O + OCIO. Because the barrier of the first
step is as high as 49.6 kcal/mol, this reaction cannot occur
readily in spite of the large reaction exothermicity of 14.3
kcal/mol. Finally, the fifth reaction channel has the highest
barrier of 57.2 kcal/mol, suggesting that the rate of production
of H,O + ClOO is negligibly small and can be kinetically
ignored.

The heats of reaction for the CIO + H,0,, H,O + OCIO,
and H,O + ClOO product channels can be calculated by the
heats of formation of OCIO and CIOO from NIST?
(AtH°o(OCI0O) = 23.7 £ 1.9 kcal/mol and AH°,(Cl100) =
23.8 4+ 0.7 kcal/mol), which are +6.3 £+ 1.4, —20.4 £+ 3.2,
and —20.3 £ 2.0 kcal/mol, respectively. From Figure 1D,
we can see that C10 + H,O, is theoretically over reactants
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by 8.4 kcal/mol, which is close to its reaction heat. But H,O
+ OCIO and H,0 + CIOO are predicted to be less than the
reactants by 14.3 and 14.7 kcal/mol, which are about 6 kcal/
mol greater than the values given above. In view of such
large deviations, we tried to calculate the heats of reactions
for both HOC1 + HOO — H,0 + CIOO0, and HOCI + HOO
— H,O + OCIO by other theoretical methods. For example,
at the G2M(ccl)//BH&HLYP/6-311+G(3df,2p) level, the
heat of the former reaction is —15.2 kcal/mol and the heat
of the latter reaction is —15.7 kcal/mol. At the CCSD(T)/
aug-cc-pVTZ//CCSD/aug-cc-pVDZ level, H,O + ClOO lies
at —16.9 kcal/mol, but the relative energy of H,O + OCIO
is only —7.3 kcal/mol. This shows that there is a strong
electronic relation effect for the radical OCIO. It should be
treated by the multireference configuration interaction method.
Unfortunately, this cannot be done at present because of the
limitation in our computational resources. However, both
HOCI1 + HOO — H,0 + CIO0O/OCIO product channels are
not important for the kinetics of the HOCI + HOO reaction
due to their high reaction barriers, the question on their
theoretical heats of formation may be left for a future
study.

For kinetic prediction, we consider only the first two product
channels with the lower reaction barriers. Figure 3D shows the
predicted rate constants; kq(d-TS3) for OH + HOOCI formation
is much less than ky(d-TS1) and k4(d-TS2) for production of
CIO + HOOH and H,O + Cl + Oy('A,), respectively. The
imaginary frequencies of d-TS1 and d-TS2 are 12526 and 13365
cm™! at the BH&HLYP/6-311+G(3df,2p) level of theory; these
big imaginary frequencies result in the apparent large tunneling
effect. Particularly at a low temperature of 200 K, the tunneling
transmission coefficients reach 5.51 x 10° and 2.24 x 10° for
the C1O + HOOH and H,O + CI + Oz(lAg) product channels,
respectively. However, with increasing temperature, the tun-
neling effect decreases quickly; for example, at 300, 400, and
500 K, it is predicted to be 90, 15, and 6, respectively, for the
former channel and 2.84 x 103, 136, and 27, respectively, for
the latter channel. Figure 3D shows that k4(d-TS1) is much
greater than ky(d-TS2) in the low temperature range because
d-TS1 lies below d-TS2 by 7.5 kcal/mol. With increasing
temperature, kq(d-TS1) and k4(d-TS2) approach each other and
cross at about 1400 K, becoming comparable. Therefore, the
major products are predicted to be CIO + H,O, at low
temperatures and the mixtures of H,O + CI + 02(1Ag) and CIO
+ H,0, at high temperatures.

4. Conclusions

Four reactions of HOCI with H, O, HO, and HO, have been
studied by ab initio quantum chemical calculations with their
rate constants predicted by the microcanonical VIST/RRKM
theory. Their lowest energy transition states are predicted to be
a-TS1 for HOCI + H, b-TS1 for HOCI + O, ¢-TS1 for HOCl
+ HO, and d-TS1 for HOCI + HO, with the potential barriers
of 1.6, 3.5, 3.4, and 14.3 kcal/mol, respectively. The predicted
rate constants can be represented by the expressions

k,(HOCI-+H) = 1.01 x 10~'°7"*° exp(—212/T)
(200—3000 K)

Xu and Lin

k,(HOCI+0) = 5.50 x 10~ *'7>% exp(—801/T)
(200—3000 K)

k (HOCI+OH) = 2.19 x 10" 7°°" exp(1351/T)
(200—3000 K)

k,(HOCI+HO,) = 1.47 x 107> exp(—3512/T)
(200—3000 K)

-1 1

in units of cm® molecule™ s7! in the temperature range
200—3000 K. k,(HOCI+H) and k. (HOCI+OH) are in good
agreement with the experimental data, whereas k,(HOCIH+O)
predicted by the higher levels of theory in the present work
was found to be much less than the limited experimental data.
In this regard, further improvement in theory and/or experiment
is recommended.
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