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Ab Initio and RRKM Study of the Reaction of Cl1O with HOCO Radicals
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The reaction pathways for the C1O + HOCO reaction have been explored using the coupled-cluster method
to locate and optimize the critical points on the ground-state potential-energy surface. Results show that the
ClO + HOCO reaction can produce Cl + HOC(0)O, HOCI + CO,, HCI + COs;, and HCIO + CO; via an
addition or a direct hydrogen abstraction reaction mechanism. The reaction kinetics has been studied using
the variational RRKM theory. It is found that the C1IO + HOCO reaction is fast and has a negative temperature
dependence at low temperatures. At room temperature, the thermal rate coefficient is obtained as 4.26 x
107" cm?® molecules™' s™! with product branching fractions of C1 (0.518), HOCI (0.469), HCI (0.01), and
HCIO (0.003) at zero pressure. The Cl + HOC(O)O products are major, compared to the HOCI + CO,
products, because of the loose transition state along the dissociation pathway to eliminate CI. In addition, the

RRKM/master equation simulations indicate that the stabilization of the HOC(O)OCI intermediates is noticeable

at moderate pressures as its thermal rate constants reach about 6.0 x 107" cm?® molecules

~1's71. In contrast,

the other product branching ratios for the C10 + HOCO reaction are weakly dependent on pressure.

I.. Introduction

The HOCO radical is a key intermediate that plays an
important role in the oxidation of CO to CO, involving OH

radicals' ¢ via

OH + CO — HOCO* — H + CO,
VIM
HOCO

DeMore’ and others® '” have shown that the HOCO radical is
stable and has noticeable abundance in atmospheric and
combustion environments. It has two conformers:!'"!? cis-HOCO
and trans-HOCO, while the stable trans-HOCO has been
observed by a few groups'*~!” using millimeter-wave, infrared
magnetic resonance (FIR-LMR), and infrared action spectro-
scopic techniques. There are a few experimental studies that
focus on the reactions of HOCO with other radicals. Moore et
al.?% and Smith et al.*! measured the thermal rate coefficients
for the O, + HOCO reaction. The reaction rate constant (2.1 x
107'2 cm® molecules™' s7') is only moderate due to a small
classical barrier of 0.7 kcal/mol in the entrance channel.??
Another reaction is the Cl + HOCO reaction.?* Experimental
results show that the reaction is quite fast and produces only
the products HCl1 + CO, at room temperature. Recently,
molecular dynamics calculations®* predict a thermal rate constant
of 3.0 x 107" cm® molecules™" s™! (298 K) for the C1 + HOCO
— HCl + CO,; reaction, which is consistent with the experi-
mental results of Li et al.?®

In addition to the experimental studies of the reactions of
HOCO, there are several theoretical dynamics and/or kinetics
investigations on the reactions of the HOCO radical with other
small radicals®>**~% such as H, Cl, O, O,, NO, OH, HO,, and
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CH;. For more details, the reader can refer to the recent
comprehensive review on HOCO radical chemistry.’! In general,
the HOCO radical acts as a donor of hydrogen to the reaction
partners. Here, it is worth mentioning the reaction of OH radicals
with HOCO, which, at room temperature, has a calculated
thermal rate coefficient*” of 1.0 x 107! cm?® molecules™ s7!
that is nearly 2 orders of magnitude larger than that of the OH
+ CO reaction. Therefore, the OH + HOCO reaction has
important ramifications for the removal of HOCO radicals in
both atmospheric and combustion processes®? and has apparent
implications for the lifetime of the HOCO radical from
laboratory studies. In other words, the two-step reaction
mechanism, (a) OH + CO — HOCO and (b) OH + HOCO —
H,0 + CO,, becomes competitive with the one-step OH + CO
— H + CO; reaction for the oxidation of CO to CO, involving
OH radicals.

Chlorine oxide, CIO, is an important chlorine species in
atmospheric chemistry. The study of the reaction of CIO with
HOCO is interesting, but in fact, little is known about this
reaction. If using the general hydrogen abstraction mechanism
mentioned above, one can expect that HOCI and CO, would
be the major products in the C1O + HOCO reaction, similar to
the C1O + HO, reaction®**° and the OH + HOCO reaction.?’
In this work, the CIO + HOCO reaction is investigated using
high-level ab initio quantum chemistry methods and kinetics
approaches. The essential critical points on the potential-energy
surface are examined to understand the details of the reaction
mechanism. Variational RRKM (Rice—Ramsperger—Kassel —Marcus)
theory is used to investigate the kinetics of the reaction, where
the thermal rate coefficients and product branching ratios are
determined.

II. Computational Method

The potential-energy surface for the ClIO + HOCO reaction
is explored with two levels of theory. The first one is the
quadratic configuration interaction with single- and double-
excitation method (QCISD)* with the Dunning correlation-

© 2009 American Chemical Society

Published on Web 10/15/2009



Reaction of Cl1O with HOCO Radicals

consistent cc-pVDZ basis set.*>* It is used in preliminary

searches of global minima and transition states. Full geometry
optimizations are performed for all structures using Schlegel’s
method* with tolerances to better than 0.001 A for bond lengths
and 0.01° for angles, with a self-consistent field convergence
of at least 107 on the density matrix. The residual rms (root
mean square) force is less than 10™* au. Vibrational frequency
calculations are performed to determine whether the critical
points obtained are either minima or transition states on the
potential-energy surface, i.e., all positive frequencies (minima)
or one imaginary frequency (first-order saddle points). The
Hessians from these optimizations are then used to search for
the global minima and transition states using the second level
of theory, the coupled-cluster method (CCSD(T)) including
single and double excitations along with a perturbative correction
for the triple excitations.*>*® The following eigenvalue method
is used with the Hessians from QCISD optimizations. Vibra-
tional frequency calculations are repeated to confirm the critical
points reoptimized at the CCSD(T)/cc-pVDZ level of theory.
To improve the energetics, optimizations are carried out with
the CCSD(T) method using the larger cc-pVTZ basis set. In
addition, a single-point energy calculation is performed at the
CCSD(T)/cc-pVTZ geometries using the CCSD(T)/cc-pVQZ
method. As spin contamination may produce inaccurate total
energies when performing these calculations, the total spin value
(8?) is closely monitored. The largest preannihilation deviation
from the expected (S?) value of 0.75 for open-shell species is
less than 3%, and therefore, spin contamination is considered
negligible for the reaction system.

The kinetics of the reaction is investigated using a RRKM
approach. The bimolecular rate coefficients of the C10 + HOCO
reaction are approximately calculated by the variational RRKM
theory as*’~#

S, QLD =
_—_ 2J +1
8T Boa Mmoo 22+ D

f NYE, Jispe 7T dE - (1)

k(D) =

where the sum of states of the transition state for a given total
angular momentum J at energy E is computed by integrating
the tunneling corrected density of states (p*(E,J)) as

J ~
NUE Ty = Y, [5 k@' lE — Vi) —
K=—J

EfL(J.K:s),J1de  (2)

with the rotational energy of the transition state

Efm(*]a K;S]’) = %(B +OJJ+ 1)+ (A — %(B + 0 K2
3)

and A, B, and C are rotational constants. ;(¢) is the tunneling
correction factor, which is evaluated using the Eckart barrier
model.”® The barrier height and curvature are determined from
the one-dimensional vibrationally adiabatic ground-state poten-
tial curve
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for the jth pathway at the maximum point. Here, Vygp(s;) is the
potential along the minimum energy path s; and vi(s;) are the
projected frequencies orthogonal to the reaction path. Further-
more, g. and O, are the electronic statistical factor and the
number of degenerate reaction paths for the jth bimolecular
reaction pathway, respectively. The superscript “+” refers to the
variational transition state that minimizes the rate coefficient
ki(T) along the reaction path. Q(T) are the partition functions
per unit volume of the reactants and transition state. They are
calculated in the usual manner. The subscript “tr” denotes only
the translational component of partition functions.

The microcanonical RRKM reaction rate constant of a
unimolecular reaction to the product channel p is given by

ap(ljlilf)“zNU(Ei)

e PN

(&)

Here, o, is the number of degenerate reaction paths obtained
from all isomers. I% are the moment of inertia of the (variational)
transition state. By using its vibrational density of states p(E)
and the corresponding Eckart tunneling transmission coefficient
(k\(€)), the sum of states is computed by

E—E,

N(E%) = t/:EO Kk (e)p(E* — E, — €) de (6)

p=(E*) is the density of states of the HOC(O)OCI intermediate.
As the intermediate has four stable isomers, the density of states
can be written as

p(B) = Y, (LILIY"p\(E — E)) )

le isomers

where E} is the zero-point energy level of the I’s isomer. Since
the molecule of interest is heavy, its rotational energy spacings
are rather small. In this work, the rovibrational convolution
integrals for the sum of states and the density of states have
been integrated using an energy shift approach in the rotational
degrees of freedom. We also used the fact that the four isomers
are separated by very low barriers (~8.0 kcal/mol) according
to our ab initio calculations, so that they are nearly free to
convert from each other at the collision energies of the C1O +
HOCO reaction. In other words, the system is treated as a single-
well problem rather than a multiwell one. The averaging factor
of four conformers is considered in the parameter o, in eq 5.
For instance, o, is four for the Cl + HOC(O)O product. After
taking the isomerization summation factor in the density of states
in eq 7 into account, the final net contribution of the degenerate
paths to ky(E") is unity as it should be. In calculations, both the
sum of states and the density of states are calculated using the
Beyer—Swinehart direct count method.**

Furthermore, the lifetime of the HOC(O)OCI intermediate
can be written as

T(E*) = (8)

1
Dk (E®)
p
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Cl+HOC(O)O Cl1+HO +CO,
38D
ky
ky, k3
CIO + HOCO T‘ HOC(0)OCl1 HCl + CO,

"] HCl
k5 TSHCIO k2 I TSHOCI
HCIO + CO, HOClL +CO,

Figure 1. Reaction scheme for the C1IO + HOCO reaction, where the
transition states are also labeled by TSs.

where the summation runs over all the dissociation paths of
the intermediate. The product branching fractions are determined
by

JAE™) = ky(E¥)T(E™) (€))

and the thermal average (with respect to the CIO + HOCO
reactants) results are given approximately by

f 2(21 + Df(EXNNE, J;s)e ™" dE
J

[ D@+ DNYE. Jispe ™" dE
J

£(1) =

(10)

Since the thermal average is performed for the bimolecular
reaction, the energy E is relative to the asymptote of CIO +
HOCO. However, the fractions f,(E*) are evaluated in terms of
the HOC(O)OCI intermediates. Therefore, the corresponding
energy used should be converted by the relationship E* = E +
D,, where Dy is the bond dissociation energy of the complex
into C1IO + HOCO. The sum of states N*(E,J;s_,-) is given in eq
2.

All electronic structure calculations on stationary points are
carried out using the Gaussian 03 program,* while the intrinsic
reaction paths are performed with the MolPro program pack-
age.%

III. Results and Discussion

A. Reaction Pathways for the C10 + HOCO Reaction.
There are two major pathways for the C1O + HOCO reaction
as shown in Figure 1. One is direct hydrogen abstraction from
the HOCO radical by ClO. The second route is through the
addition of the ClO radical into HOCO to form a HOC(O)OCI
intermediate that can be stabilized or undergo unimolecular
decomposition to generate products. A schematic energy
diagram including the zero-point energy corrections is also
displayed in Figure 2. It is not plotted according to the intrinsic
reaction coordinate IRC. On the IRC paths, the TSgoc transition
state is connected with both (trans,cis) and (cis,trans) conformers
whereas TSy links to the (trans,trans) one.

The direct abstraction of hydrogen from HOCO by CIO
involves the approach of the incoming atom (either oxygen or
chlorine) of ClO along the HO axis to HOCO. If the incoming
atom is Cl, the HCIO + CO, products will be produced. The
corresponding transition state is denoted as TSycyo in Figure 3.
It is noticed that the barrier height is very sensitive to the basis
set size. In this work, we determined that the vibrationally
adiabatic ground-state barrier height is 2.7 kcal/mol at the
CCSD(T)/cc-pVTZ//ICCSD(T)/6-311G(2df,2p) level of theory.
On the other hand, if the incoming atom is O, the products are
HOCI and CO,. At the QCISD level of theory, we are unable

Yu and Francisco

CIOHHOCO _.moucio
ofF ——""27 4
00 1 |
i 3
=
g -20 -35.0
% , ‘x TSuar
g CHOCOO | 3 HCIO+CO, ! N
240 F — “, HCH+CO; 1]
i -39.8 i TSyoar
2 412 ! { e
5 a7y 459
§ 60 F i i
2
= TSwo
) i —_— [
z -80 | 181 7 765 . 843 | 7
min(trans,cis) min(cis,cis) {HOCI+CO,
-100 | 941 ]

Reaction Coordinate

Figure 2. Schematic energy diagram for the C10 + HOCO reaction
calculated at the CCSD(T)/cc-pVQZ level of theory, where the zero-
point energies are taken from the CCSD(T)/cc-pVDZ results. The
energy for the TSycjo transition state is taken from the CCSD(T)/cc-
pVTZ//CCSD(T)/6-311G(2df,2p) result.

to locate such a direct H abstraction transition state for the HOCI
+ CO; products. Because the CIO radical approaching HOCO
along the HO axis moves off the axis to add onto the carbon
atom in HOCO due to the potential ridge at the CI—O—HOCO
configurations. This finding indicates that the addition reaction
of CIO to form HOC(O)OCI intermediate is the preferable route
to the direct hydrogen abstraction pathways.

B. Formation of the HOC(O)OCI Intermediate. The
HOC(O)OCI intermediate has four conformational structures.
They can be classified by the two dihedral angles: T7(HOCO”)
and 7(O”CO’Cl). A dihedral angle of 0° (or 180°) refers to cis
(or trans). The conformers of HOC(O)OCI are defined in Table
1 and also displayed in Figure 4. All four conformers have been
optimized at the CCSD(T)/cc-pVDZ and CCSD(T)/cc-pVTZ
levels of theory. Vibrational frequency calculations show all
positive frequencies for each species, thus indicating that they
are stable minima.

Table 2 shows that the most stable conformer is the (cis,cis)
structure. The least stable one has the (trans,trans) conformation.
The energy difference between the (cis,cis) and the (trans,trans)
structures is only 4.3 kcal/mol at the best level of theory,
CCSD(T)/cc-pVQZ//CCSD(T)/cc-pVTZ. In particular, the isomer-
ization barrier is rather low. The barrier height (TSiso) from
the (cis,cis) conformer to the (trans,cis) one is predicted be 8.8
kcal/mol at the CCSD(T) method. If the zero-point energy
corrections are included, the vibrational ground-state adiabatic
barrier height becomes 7.8 kcal/mol. The isomerization barriers
were also examined using the B3LYP/6-31G(d) DFT method.
The energy difference between the (cis,cis) and (trans,trans)
conformers is obtained as 3.7 kcal/mol, whereas the TSiso
barrier height is 8.6 kcal/mol from the (cis,cis) structure. The
B3LYP results are in good agreement with the high-level
CCSD(T) values, which allow us to estimate the barrier heights
among the conformers at the cheaper DFT method. It gives the
isomerization barriers as 9.3 kcal/mol from (trans,cis) to
(trans,trans), 7.6 kcal/mol from (trans,trans) to (cis,trans), and
8.7 kcal/mol from (cis,cis) to (cis,trans).

C. Dissociation Pathways for HOC(O)OCI. The optimized
geometries for species involved in the CIO + HOCO reaction
are collected in the Supporting Information.’” The vibrational
frequencies and rotational constants of these species are sum-
marized in Table 3, whereas their electronic energies and zero-
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Figure 3. Structures for transition states involved in the CIO + HOCO reaction. TSyoq is the four-center transition state for HOC(O)OCl —
HOCI + CO,. TSqq is the five-center transition state for HOC(O)OCI — HCI1 + CO;. TSgcio is the direct hydrogen abstraction transition state to
HCIO + CO,. TSiso is the isomerization barrier between (cis,cis)-HOC(O)OCI and (trans,cis)-HOC(O)OCI conformers, and TS;pp is the transition

state for the HOCOO — OH + CO, reaction.

TABLE 1: CCSD(T) Geometries for the HOC(O)OCI Conformers and the Isomerization Transition State TS;so between the
(cis,cis) and (trans,cis) Conformers (where lengths are Angstroms and angles in degrees)

(cis,cis) (cis,trans) (trans,cis) (trans,trans) TSiso
coordinate  cc-pVDZ  cc-pVTZ  cc-pVDZ  cc-pVTZ  cc-pVDZ  cc-pVTZ  cc-pVDZ  cc-pVTZ  cc-pVDZ  cc-pVTZ
ocl 1.741 1.700 1.758 1.712 1.739 1.700 1.768 1.715 1.750 1.707
Cco’ 1.376 1.366 1.369 1.362 1.393 1.383 1.400 1.393 1.379 1.371
co” 1.201 1.195 1.203 1.197 1.194 1.187 1.196 1.190 1.196 1.189
CO 1.347 1.341 1.343 1.337 1.346 1.339 1.336 1.330 1.367 1.360
OH 0.972 0.965 0.972 0.966 0.972 0.965 0.972 0.967 0.967 0.963
o”co’ 128.0 127.6 118.7 119.0 127.4 127.0 115.9 116.6 127.2 126.8
co’Cl 112.3 112.4 117.3 117.5 113.2 113.1 117.2 117.3 112.9 113.0
COH 104.5 105.4 104.3 105.1 107.7 108.9 109.6 110.3 107.4 109.1
HOCO” 0.0 0.0 0.0 0.0 180.0 180.0 180.0 180.0 92.2 92.4
0”COo’C1 0.0 0.0 180.0 180.0 0.0 0.0 180.0 180.0 —0.7 —0.5

point energies are listed in Table 4. The equilibrium structures
of some important transition states are also displayed in Figure
3.

To check the reliability of the calculations for the energetics,
the heat of reaction for the CIO + HOCO — HOCI + CO,
route is examined. The heats of formation of all the species are
well known from the literature: HOCI (—16.7 & 0.6),°® CO,
(—93.97 £ 0.01),> HOCO (—43.9 & 0.5),%° and CIO (24.20 &
0.02)°" in kcal/mol at 0 K. Using these heats of formation, the
heat of reaction obtained is —92.2 & 1 kcal/mol (0 K). The
CCSD(T) methods (see Table 5) predict a heat of reaction of
—94 kcal/mol with an error of 1.8 kcal/mol. The results also
suggest that the most thermodynamically favorable pathway is
the formation of HOCI + CO,.

The well depth for the formation of the HOC(O)OCI (cis,cis)
conformation is 84.3 kcal/mol (see Figure 2) relative to the C1O
+ HOCO reactants at the CCSD(T)/cc-pVQZ//CCSD(T)/cc-
pVTZ level of theory. However, with respect to the asymptote
of HOCI + CO,, this intermediate is unstable. However, its
dissociation has to overcome a noticeable barrier.

There are three major dissociation pathways for the HO-
C(0O)OCI intermediate in addition to such energy-inaccessible
dissociation pathways as H + OC(O)OCI and HCO + ClO,.
The first is the four-center elimination reaction to produce HOCI
+ CO, via the transition state TSgoc shown in Figure 3. The
TSuoq transition state has the following equilibrium geometries:
a HOC angle of 83.6°, a OCO’ angle of 89.9°, a C—0O’ bond of
1.755 A, and a O—H bond of 1.201 A. Compared with the
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Figure 4. Structures of four HOC(O)OCI conformers with their
definitions.

corresponding bond lengths in the HOC(O)OCI intermediate,
they are longer by 28% for the C—0O’ bond and 24% longer for
O—H. The structural changes suggest that the HOC(O)OCl —
HOCI + CO, reaction has a late transition state (for the complete
structural parameters, see the Supporting Information’). The
vibrational frequencies of TSuoc) show that the transition state
is a first-order saddle point with an imaginary frequency of 1644i
cm™ L. In particular, it has a (trans,cis) configuration of HO-
C(0)OCl.

Since the global minimum of HOC(O)OCI has the (cis,cis)
conformation, in order to access the four-center HOCI + CO,
reaction pathway, the HOC(O)OCI (cis,cis) conformer has to
rotate into the (trans,cis) conformation through a small barrier
(see TSiso in Figure 3) with a barrier height of 7.8 kcal/mol.
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Nevertheless, the barrier height for the HOC(O)OCI (trans,cis)
— HOCI + CO, dissociation reaction is as high as 35.5 kcal/
mol, calculated at the CCSD(T)/cc-pVQZ//CCSD(T)/cc-pVTZ
level of theory.

The second dissociation pathway involves breaking the O’—Cl
bond to give the products Cl and HOC(O)O. The O’—Cl bond
dissociation energy is calculated to be 43.1 kcal/mol from the
HOC(O)OCI (cis,cis) conformation at the CCSD(T)/cc-pVQZ//
CCSD(T)/cc-pVTZ level of theory. The C1O + HOCO — Cl
+ HOC(O)O reaction will release a heat of 41.2 kcal/mol. Since
the C1 + HOC(O)O asymptote is only 6.5 kcal/mol above the
transition state (TSgoq), leading to the HOCI1 + CO, products,
the HOC(O)OCI — HOC(O)O + CI dissociation could be a
competitive reaction with HOC(O)OCI — HOCI + CO,. This
is because the former dissociation process does not involve any
classical barrier. Interestingly, the product HOC(O)O may have
enough energy to further dissociate into OH + CO,. The
CCSD(T)/cc-pVQZ//ICCSD(T)/cc-pVTZ calculations predict the
barrier height to be 18.9 kcal/mol, which is substantially smaller
than the reaction exothermicity of 41.2 kcal/mol. Therefore, the
resulting HOC(O)O radicals may carry sufficient internal energy
to overcome the barrier to produce OH + CO,. Consequently,
this secondary decomposition reaction would lead the overall
reaction to the three-body dissociation reaction: C10 + HOCO
— Cl + OH + CO,.

The third dissociation involves the formation of HCI + CO;
through a five-center transition state TSy, as shown in Figure
3. The H-O and CI—Q’" bonds of TSy (see ref 57) are
elongated to 1.504 and 2.226 A from the equilibrium geometries
0.965 and 1.700 A of HOC(0)OCI (cis,cis), respectively. Like

TABLE 2: Energy Analysis for the HOC(O)OCI Conformers and the Isomerization Transition State TSyso

CCSD(T) energy/au

relative electronic energy/kcal.mol™!

structure 7(HOCO”) 7(C1I0’CO”) cc-pVDZ cc-pVTZ cc-pvVQZ cc-pVDZ cc-pVTZ cc-pvVQZ
(cis,cis) 0.0 0.0 —723.36397 —723.71085 —723.81816 0.0 0.0 0.0
(cis,trans) 180.0 0.0 —723.36060 —723.70738 —723.81475 2.1 22 2.1
(trans,cis) 0.0 180.0 —723.36185 —723.70879 —723.81616 1.3 1.3 1.4
(trans,trans) 180.0 180.0 —723.35532 —723.70357 —723.81122 54 4.6 43
TSiso 0.0 92.29,92.4% —723.34972 —723.69688 —723.80419 8.9 8.8 8.8

@ CCSD(T)/aug-cc-pVDZ-optimized results.  CCSD(T)/aug-cc-pVTZ-optimized results.

TABLE 3: Vibrational Frequencies® and Rotational Constants® for the Species Involved in the CIO + HOCO Reaction (min

refers to the minima of HOC(O)OCI)

rotational constants/GHz

species vibrational frequencies/cm™! A B C
ClO 753 0 18.078 18.078
CO, 2399, 1338, 650, 650 0 11.614 11.614
CO; 2060, 1074, 1018, 670, 568, 538 24.017 9.320 6.715
HCl 3018 0 316.190 316.190
HCIO 2595, 880, 591 337.746 17.765 16.877
HOCI 3770, 1240, 675 607.801 14.875 14.520
HOCO 3820, 1895, 1271, 1083, 611, 531 164.610 11.398 10.660
HOCOO 3776, 1617, 1374, 1204, 1027, 757, 554, 507, 462 13.801 11.180 6.177
min(cis, cis) 3807, 1900, 1416, 1203, 982, 771, 767, 634, 516, 436, 251, 134 11.565 2.678 2.174
min(cis, trans) 3799, 1888, 1428, 1211, 951, 762, 735, 589, 563, 450, 261, 109 11.301 2.715 2.189
min(trans, cis) 3798, 1950, 1365, 1192, 957, 776, 755, 642, 472, 437, 242, 135 11.200 2.682 2.164
min(trans,trans) 3771, 1929, 1384, 1196, 895, 743, 711, 600, 462, 440, 278, 104 11.098 2.708 2.177
TSiso 3835, 1908, 1268, 1190, 971, 756, 695, 647, 435, 248, 167, 498i 11.298 2.650 2.161
TSuoa 2225, 2011, 1273, 1254, 832, 751, 679, 558, 402, 143, 121, 1664i 8.683 2.549 2.114
TSua 1929, 1508, 1270, 1057, 827, 797, 724, 512, 410, 232, 177, 852i 10.736 2.504 2.030
TSucio 2260, 1572, 1228, 993, 854, 653, 559, 357, 190, 116, 80, 1600 8.211 2312 2.0434
TS:ep 3727, 2111, 1251, 965, 669, 615, 447, 287, 4151 14.066 9.205 5.643

@ Calculated at the CCSD(T)/cc-pVDZ level of theory. ” Calculated at the CCSD(T)/cc-pVTZ level of theory. ¢ Calculated at the CCSD/
6-31G(d) level of theory. ¢ Calculated at the CCSD/6-31G(2d,2p) level of theory.
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TABLE 4: CCSD(T) Energies (in au) and Zero-Point Energies (ZPE, in kcal/mol) for the Species involved in the C1O +

HOCO Reaction

CCSD(T) energies

reactants and products cc-pVDZ cc-pVTZ cc-pvVQZ? ZPE"
Cl —459.61222 —459.67622 —459.69474 0.0
HCI —460.25463 —460.33722 —460.36213 43
ClO —534.57566 —534.73436 —534.78270 1.1
HOC1 —535.22970 —535.39469 —535.44450 8.1
HCIO —535.11962 —535.29880 —535.35432 5.8
CO, —188.14826 —188.32722 —188.38451 7.2
CO; —263.04838 —263.30396 —263.38301 8.5
HOCO —188.65022 —188.83646 —188.89477 13.2
HOCOO —263.70861 —263.96965 —264.05127 16.1
transition states cc-pVDZ cc-pVTZ cc-pvVQZ! ZPEY
TSiso —723.34972 —723.69688 —723.80419 17.3
TShoa —723.30357 —723.64756 —723.75411 14.7
TSucio —723.20334¢ —723.563944 —723.67724¢ 12.7
TSucr —723.28956 —723.62652 —723.73204 13.5
TS3sp —262.67610 —263.93680 —264.01843 14.4

“ Single-point energy calculated with the CCSD(T)/cc-pVTZ-optimized geometry. ? Zero-point energies are calculated with the CCSD(T)/
cc-pVDZ method. ¢ Single-point energy calculated with the CCSD(T)/6-31G(d)-optimized geometry. ¢ Single-point energy calculated with the

CCSD(T)/6-311G(2df,2p)-optimized geometry.

TABLE 5: Relative Energetics (kcal/mol) Including the ZPE Corrections for the C10 + HOCO Reaction (min refers to the

minima of HOC(O)OCI)

CIO + HOCO —

method HOC(0O)OClI HOC(O)O + HOCI+ HCIO + TSpao HCl+ min(trans,cis)= min (cis,cis)—~ HOCOO —
Cl CO, CO, CO;4 TShoa TSua TS:sp
CCSD(T)/cc-pVDZ —82.6 —55.5 —944 —27.7 12.5 —49.9 325 42.0 18.7
CCSD(T)/cc-pVTZ —83.8 —45.2 —93.8 —35.9 2.7  —45.7 349 48.2 18.9
CCSD(T)/cc-pVQZ —84.3 —41.2 —94.1 —39.8 —14 —418 354 45.6 18.9
expt.>¥736 —91.6 £ 1

the four-center (HOCI + CO,) elimination reaction, the five-
center elimination reaction is also a late transition state,
exhibiting product-like character in the transition state. Although
this barrier is located 35 kcal/mol below the asymptote of the
CIO + HOCO reactants, it is still higher by 12.6 kcal/mol than
the transition state TSgoq, leading to the HOCI + CO, products.
The result suggests that the HCl + CO; products should be
minor for the C10 + HOCO reaction.

D. Kinetics for the C10 + HOCO Reaction. Since the
dissociation reaction of HOC(O)OCI into either C10 + HOCO
or C1 + HOC(O)O is barrierless, we need their potential energies
and projected vibrational frequencies along the reaction paths
in order to compute the rate coefficients of the relevant reactions.
It is formidable to compute these quantities using the high-level
ab initio method CCSD(T) owing to the lack of analytic Hessian
matrix calculations. In practice, one often encounters the size-
consistent and spin contamination problems with the single-
determinant-based CCSD(T) method for this radical—radical
reaction at large separation distances. Alternatively, in this work,
the energies and frequencies are calculated using a multirefer-
ence second-order perturbation theory®* CAS(2,4)RS2 together
with the 6-31G(d) basis set. That is, the complete active space
(CAS) is formed by two electrons and four molecular orbitals
(MO). At the dissociation limits, the two electrons are the
unpaired electrons whereas the four MOs are the HOMO
(highest occupied MO) and LUMO (lowest unoccupied MO)
of two moieties. Results are shown in Figure 5. The reaction
coordinate is defined by (Rpo — Roo) for the CIO + HOCO
channel or by (Roci — Roa) for Cl + HOC(O)O, where Roo
and Roc are the broken bond lengths and R%o and R are the
equilibrium values of the HOC(O)OCI intermediate. One can

see that there is no classical barrier for both dissociation
reactions. For both branches, the potential curves can be well
fitted by the extended Rydberg function®

V(R) = D {1 — [1 + a,AR + a,AR* + a,AR’Jexp(—

PAR)}, AR = IR — Rl (11)

The obtained parameters are D, = 4.27746, a; = 5.26321, a,
= 1.65645, a; = 27.66761, and b = 4.76006 for CIO and D, =
1.71323, a; = 2.56761, a, = —3.37138, a3 = 1.19426, and b
= 2.36503 for CI (in units of eV and A). In order to improve
the accuracy of the variational RRKM calculations, the potential
curves along the intrinsic reaction path are scaled according to
the CCSD(T)/cc-pVQZ bond dissociation energy. Simply, the
corresponding bond energies are replaced with D.,(O—0) =
3.8284 eV and D.(O—Cl) = 2.2438 eV. The scaled curves are
also shown in the top panel of Figure 5.

The vibrational frequencies along the reaction path are
displayed in the bottom panel of Figure 5 from the ClO +
HOCO reactants to the C1 + HOC(O)O products. There are
three disappearing modes for the unimolecular dissociation of
the HOC(O)OCI intermediate into C1 + HOC(O)O, whereas
there are four modes for that of HOC(O)OCI to CIO + HOCO.
In the variational RRKM calculations, the ClO torsional mode
of the four disappearing modes for the C10O + HOCO channel
is treated as a free rotor with a moment of inertia of 94.90596
amu.

Figure 6 shows the microcanonical rate coefficients of
unimolecular dissociation of HOC(O)OCI and its lifetime as a
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Figure 5. Intrinsic reaction path (top) and projected frequencies
(bottom) orthogonal to the path for the ClIO + HOCO — CI +
HOC(O)O reaction, calculated with the CAS(2,4)RS2/6-31G(d) method.
The dashed line in the top panel is the scaled curve according to the
CCSD(T)/cc-pVQZ bond energies.

function of collision energy at zero pressure. As the k—(E)
values are very small, they are neglected here. In the RRKM
calculations, the number of degenerate reaction paths (o,) is
one for the HC1 + COj; product channel, two for HOCI1 + CO,,
and four for Cl1 + HOC(O)O. Only the (trans,trans) conformer
is able to directly access the TSy transition state, whereas both
the (cis,trans) and (trans,cis) ones can form the TSgocy transition
state to dissociate into HOC1 + CO,. It clearly shows that the
lifetime decreases with energy increasing. The lifetime is about
4.0 ps at low collision energy, while it becomes smaller than
1.0 ps at high energies. The lifetime on the order of picoseconds
indicates that the HOC(O)OCI intermediates are only moderate
lived complexes at the temperatures of interest.

There are three types of possible products: HOC1 + CO,, Cl
+ HOC(0)O, and HCI + CO; for the unimolecular dissociation
of HOC(O)OCI. As expected, the rate coefficient for the HCIl
+ COj; products is the smallest owing to the high dissociation
barrier discussed above. Interestingly, the products Cl +
HOC(0O)O are favored over the products HOCI + CO,, although
the latter are thermodynamically preferable according to the
reaction pathway with the smallest dissociation barrier and the
largest exothermicity. This is understandable due to the fact that
the bond fission reaction HOC(O)OCI — CI + HOC(O)O is
barrierless. Usually for a barrierless process the corresponding
variational transition state is very loose, which can substantially
enhance the dissociation flux. As a result, the HOC(O)OCl —
Cl + HOC(O)O reaction becomes competitive with the HO-
C(0)OCI — HOCI + CO; reaction. The latter is preferable in
energy, while the former is dynamically likely.

Yu and Francisco
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Figure 6. Theoretical rate coefficients k(E) (ps~!) of the unimolecular
dissociation of the HOC(O)OCI intermediate and its lifetime 7 (in ps)
as a function of the collision energy of the CIO + HOCO reaction.
The collision energy is defined as the energy zero at the asymptote of
the C1O and HOCO reactants. Please notice the different units in the
y axis.

Calculated thermal rate coefficients are given in Table 6. For
the C10 + HOCO — HCIO + CO, reaction, the classical barrier
height of TSycio is taken as 4.3 kcal/mol (after including the
zero-point energy corrections, the vibrationally adiabatic ground-
state barrier height is reduced to V,© = 2.7 kcal/mol) calculated
with the CCSD(T)/cc-pVTZ//CCSD(T)/6-311G(2df,2p) method.
If the CCSD(T)/cc-pVQZ//CCSD(T)/6-311G(2df,2p) energy is
used, this V,© value is obtained as —1.5 kcal/mol. We believe
that the CCSD(T)/cc-pVQZ method has overcorrected the
correlation energy since the optimized geometry at CCSD(T)/
6-311G(2df,2p) is not very close to that at CCSD(T)/cc-pVQZ
owing to the different type of basis sets. In addition, one
disappearing mode is treated as a free rotor with a moment of
inertia of 167.7904 amu calculated from the structure of the
TSHcio transition state in the RRKM calculations. Results show
that the C1O + HOCO reaction is fast. The reaction yields four
types of products: C1 + HOC(O)O, HOCI + CO,, HCI + CO;3,
and HCIO + CO,. The product branching ratios for both HCl
and HCIO product channels are very small. The two major
product channels (Cl and HOCI) are nearly equally produced.
The overall rate coefficients are negatively temperature depend-
ent at low temperatures, which is consistent with the potential-
energy surface of the system. At room temperature, the rate
coefficient is predicted to be 4.26 x 10~'? cm? molecules™' s™,
with the product branching fractions of Cl (0.518), HOCI
(0.469), HC1 (0.01), and HCIO (0.003). As the uncertainty in
the barrier height is about 1.0 kcal/mol, we did a sensitivity
test by lowering the TSyoq barrier by 1.0 kcal/mol. It was found
that the overall rate constants are hardly affected. However, the
product branching fractions would be CI (0.487), HOCI (0.503),
HCI (0.01), and HCIO (0.003) at room temperature. Therefore,
the errors in the product branching ratios should be within 7%.

The CIO + HOCO — HCIO + CO, reaction resembles the
CIO + HO, — HOCI + O; reaction for the ClO conversion.
The latter has a thermal rate coefficient from 4.5 x 1072 to
7.1 x 1072 cm® molecules™ s™! at room temperature.®* It is
the best known radical—radical reaction® that converts CIO to
HOCI in atmospheric chemistry. Furthermore, the C10 + HOCO
reaction could also play the role of the C1O + OH — CI +
HO, reaction for the conversion of ClO to Cl. Nevertheless,
the CIO + OH reaction is about three times faster than CIO +
HOCO. The thermal rate coefficient®®%” (298 K) of the C1O +
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TABLE 6: Calculated Thermal Rate Coefficients (in cm® molecules™! s™!) for the CI0 + HOCO Reaction at Zero Pressure

/K 1012 x kyy(T) 102 x ko(T) 10 % ky(T) 1012 x ky(T) 10 x ky(T) 1012 X kpo(T)
200 9.01 4.28 8.71 4.65 0.05 9.01
250 5.54 2.62 5.47 2.87 0.08 5.55
298 4.25 2.00 4.29 2.21 0.12 4.26
350 3.60 1.69 3.72 1.88 0.18 3.62
400 3.30 1.53 3.49 1.73 0.26 3.33
500 3.08 1.42 3.45 1.63 0.46 3.13
800 3.49 1.57 4.62 1.88 1.54 3.64
1000 3.78 1.67 5.47 2.06 2.68 4.05
T _
OH reaction was measured to be from 1.5 x 107! to 2.5 x ¢ = Keq[k—l(El)f(El)’ k_((EQAE,), «vos k_((ENAE)]
107" cm® molecules™" s . a7

In addition, we also estimated the pressure dependence of
the reaction using the one-dimensional RRKM/Master equation
method®®

% = BX(r) + CA(HB(1) (12)
with
B=ow(P)[P—1I] — K (13)

and the diagonal matrix K has the diagonal elements

diag(K) = D [k (ED. k(Ey). . ky(E]  (14)
P

where A(f) and B(f) are the concentrations of the reactants C1O
and HOCO as a function of time. X(¢) = [X(E;), X(Ey),...,
X(En)]Tis a column vector whose elements are the concentration
of the HOC(O)OCI intermediate complex at discrete energies
E; at time t. I is the identity matrix, whereas P is a transition
probability matrix. Here, we used an exponential down model.**
The j — i transition probability is then defined as

_ 1 —ee .
Pl.j—]vje B if E, = E,

and

_ 1 pE) o H Uk DEE)

= , otherwise 15
N, p(E) (1)

N; is a normalization factor obtained by detailed balancing
principles and X,;P; = 1 conditions with the parameter y =
1K AEqow)- p(E) is the density of states of the intermediate. Since
the four isomers of HOC(O)OCI are well separated at low
energies, a smooth switching function has been employed to
calculate the rovibrational density of states as

2p5(E)
5 — 3tanh[—4(E — E

min

p'(E) = (16)

)ES)

where E,;, refers to the energy of the ground state of the global
minimum of HOC(O)OCI and E,* = 6.6 kcal/mol is the
isomerization barrier height of isomers. E;, has the same energy
zero as E. In eq 12 C is a column vector with the elements

where K.((T) is the equilibrium constant for the C10 + HOCO
<> HOC(O)OCl reaction and f(E) is the normalized Boltzmann—
Maxwell distribution of HOC(O)OC].%8

The third collision partner is assumed to be N,. The
deactivated rate coefficient is given by®>

o(T, P) = B.Z;[N,] (18)

where 3. and Z; yare the collision efficiency and the Lennard—Jones
(LJ) collision frequency, respectively. They are determined by
Troe’s method® " using an exponential down energy of (AEyqyn)
=157 cm™!, taken from the value of the N,—HOCO system,”!
and the LJ parameters: d = 3.61 A and én,—nocoocr = 509
cm™!. These parameters are calculated with the MP2/6-31G(d,p)
method. The éx,-Hocojocr value was determined by the global
minimum potential well for the N, and HOC(O)OCI interactions.
The hard-sphere radius d was estimated by the center-of-mass
distance between these two partially optimized moieties at which
the potential energy of the complex is zero relative to the N, +
HOC(0O)OCI dissociation limit. However, the dynamics average
has not been carried out for these LJ parameters. This may
introduce errors by 10% to underestimate d or to overestimate
en,-Hoc©o)ocl- At room temperature, therefore, such errors could
introduce uncertainty into the deactivated rate coefficient in eq
16 by up to 11.3%.

Calculated rate coefficients are displayed in Figure 7, together
with the rate coefficient for the stabilization of intermediates.
In the calculations, the energy grid size was taken as 25 cm™!
with a total of 1680 (N) grids, which gives an energy span of
120.0 kcal/mol. The results show that the pressure dependence
of the product branching ratios for the C10 + HOCO reaction

1E-11 T T — T T

Cl+HOC(0)0]
- I
"o 1E-12 } HOC +002__:
g Hoc(o)oc!
[=]
£ 1E3F HCI+CO,4
£
o
O 1E14 | E
b
w
g /
= 1E-15 E
1E-16 " i i i i
1 2 4 8 16 32

Pressure/Torr

Figure 7. Thermal rate coefficients of the CIO + HOCO reaction to
either C1 + HOCOO, HOCI + CO,, HCI + COs, or the HOC(O)OCl
complex as a function of pressure.
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(except for stabilization of HOC(O)OC]) is rather weak. This
is because the exit barriers are much lower than the reactant
asymptote, and the intermediates are only moderate lived during
the reaction course. The only competitive channel is HCI +
CO; owing to its high dissociation barrier. At the high-pressure
limit, the recombination rate coefficient®® of the forward C1O
+ HOCO reaction is obtained as k.. = 5.32 x 1072 cm?
molecules™ s™' while the unimolecular rate constant of its
backward reaction is ky; = 1.68 x 1072 ps~!. The real
bimolecular rate coefficients (in cm?® molecules™ s7!) are
calculated to be 2.17 x 1072 for HOCI, 2.26 x 10~'2 for Cl,
4.84 x 107" for HCl, and 6.20 x 10! for the formation of
HOC(O)OCI complex. By including the pressure-independent
rate constant for the HCIO + CO, products, the overall
bimolecular rate coefficient is predicted to be k1, (298 K) =
5.22 x 1072 cm® molecules™! s7! at the high-pressure limit.

IV. Summary

CCSD(T) methods have been employed to study the CIO +
HOCO reaction by computing the stationary points on the singlet
ground-state potential-energy surface of the system. The mini-
mum energy paths show that the CIO + HOCO reaction occurs
via a direct hydrogen abstraction mechanism and/or an addition
mechanism through the HOC(O)OCI intermediate. The addition
mechanism is more energetically preferred. On the basis of the
high-level ab initio calculations, the thermal rate coefficients
and the product branching ratios have been evaluated using the
variational RRKM approach. The kinetics results show that the
CIO + HOCO reaction yields an array of products such as Cl
+ HOC(O)O, HOCI + CO,, HCI + CO3;, and HCIO + CO..
However, only the Cl and HOCI channels are predicted to be
major. The dynamically favored Cl + HOC(O)O products result
from the loose variational transition state along the C1—O bond
cleavage path of HOC(O)OCI.

The thermal rate coefficients of the C1IO + HOCO reaction
are negatively dependent on temperature at low temperatures.
At room temperature, the thermal rate coefficient is determined
to be 4.26 x 107'2 cm?® molecules™ s™!, with a near unity
product branching ratio of Cl to HOCI. These results also
suggest that the CIO + HOCO reaction could play the same
functions as the C10 + HO, reactions for the depletion of ozone
and conversion of CO into CO,. However, the role of the CIO
+ HOCO reaction should be minor due to the low concentration
of HOCO.
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