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The reaction of NO with ClO has been studied theoretically using density-functional and wave function methods
(B3LYP and CCSD(T)). Although a barrier for cis and trans additions could be located at the RCCSD(T) and
UCCSD(T) levels, no barrier exists at the B3LYP/6-311+G(d) level. Variational transition state theory on a
CASPT2(12,12)/ANO-L//B3LYP/6-311+G(d) surface was used to calculate the rate constants for addition.
The rate constant for cis addition was faster than that for trans addition (cis:trans 1:0.76 at 298 K). The rate
constant data summed for cis and trans addition in the range 200-1000 K were fit to a temperature-dependent
rate in the formkdis ) 3.30× 10-13T0.558 exp(305/T) cm3‚molecule-1‚s-1, which is in good agreement with
experiment. When the data are fit to an Arrhenius plot in the range 200-400 K, an activation barrier of
-0.35 kcal/mol is obtained. The formation of ClNO2 from ONOCl has a much higher activation enthalpy
from the trans isomer compared to the cis isomer. In fact, the preferred decomposition pathway fromtrans-
ONOCl to NO2 + Cl is predicted to go through thecis-ONOCl intermediate. The transf cis isomerization
rate constant iskiso ) 1.92× 1013 exp(-4730/T) s-1 using transition state theory.

Introduction

The concentrations and chemistry of the ClOx and NOx radi-
cals are important for understanding global atmospheric chem-
istry.1 The ClOx and NOx radicals are involved in tropospheric
ozone production and stratospheric ozone loss.2,3 Generally,
chlorine (Cl) is oxidized by ozone in the stratosphere and forms
ClO, which can be removed by other reactions. Nitrogen oxides
(NOx) act as sinks for ClO, which are transformed into
temporary reservoir species, such as ClONO2 and HCl. These
reservoir species do not react with ozone and are slowly removed
from the stratosphere.

Although there have been many studies on atmospheric
chlorine chemistry, there are still discrepancies concerning the
atmospheric chlorine budget.4,5 Specifically, there is a missing
reservoir of inorganic chlorine in the stratosphere that may not
be accounted for by ClONO2 and HCl alone. For example, it is
possible that nitryl chloride (ClNO2) could also be an important
chlorine reservoir.6 Photolysis of ClNO2 is predicted to be rapid
in sunlight and may be the dominant loss mechanism, yielding
primarily atomic chlorine.7

The recombination of ClO and NO radicals is known to
produce NO2 and Cl radicals8-13 (eqs 1-4) through possible
involvement of ONOCl and/or ClNO2 as intermediates.

Experimental studies on the NO and ClO reaction between
200 and 400 K9,10,13have shown the reaction to have a negative
activation barrier. Although the pressure dependence of the
reaction has not been reported, the concentration of the bath
gas in the Leu et al. study10 was much higher than the
concentration of the reactants, which may suggest that their

results may be near the high-pressure limit. Several studies8,11,12

report rate constants at only one temperature (298 K), and these
results are in agreement with the temperature-dependence
experimental results.9,10,13

The ONOX (X ) OH, F, Cl) potential energy surfaces are
expected to share some similarity.14-18 When X ) OH, the
concerted formation of HNO3 from HOONO is still very much
in doubt.14,17,18 Zhao et al.14 showed that there is no direct
isomerization between HOONO and HONO2. They explained
the mechanism of O-O cleavage fromcis-HOONO to the
formation of NO2 + OH and calculated a 18-19 kcal/mol
activation barrier for this process. On the other hand, when X
) F, Ellison et al.15 showed that ONOF forms FNO2 on a
continuously connected PES through a transition state with an
activation barrier of 22( 3 kcal/mol. Zhu and Lin16 recently
calculated an isomerization path betweencis-ONOCl and ClNO2

with an activation barrier of 21.2 kcal/mol (through NO2 + Cl).
In the following study, we will use electronic-structure

methods to calculate the potential energy surface for the
formation of NO2 + Cl from NO + ClO. We will calculate the
rate constant for disappearance of reactants (kdis) as well as the
rate constant for formation of products (kobs) over the temper-
ature range 200-1000 K. At the temperatures and pressures
used in the experimental studies, it is not known whether the
dependence of the rate constant on temperature is in the falloff
or pressure-independent regime. Because the concentration of
bath gas is much larger than the concentration of reactants, the
reaction may be close to pressure independent. All the calculated
rate constants reported below are at the high-pressure limit.

Computational Method

Because B3LYP density functional theory (DFT) has been
shown to give reasonable structures and vibrational frequencies
for halogen compounds,19-22 we decided to use that method to
calculate the PES. However, to check the DFT results, we also
decided to use a more accurate method to determine the minima,
transition states, and thermodynamic properties.

ClO + NO f ONOCl (1)

ONOCl f Cl + NO2 (2)

ONOCl f ClNO2 (3)

ClNO2 f Cl + NO2 (4)
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Because the CCSD(T) method (with a reasonable basis set)
yields very good results for difficult chemical systems such as
O3 and FOOF species,23,24 we used it (with finite-difference
derivatives) to optimize all of the stationary points on the PES.

All electronic structure calculations have used the
Gaussian0325 and Molcas626 program systems. Optimization
and frequency calculations for the NO+ ClO potential energy
surface were carried out at the B3LYP/6-311+G(d) and
CCSD(T) levels (Figures 1 and 2). All imaginary frequencies
for transition states were animated by using the graphical
program MolDen27 to make sure that the motion was appropriate
for converting reactants to products.

In transition states involving bond formation or bond break-
ing, a lower-energy spin broken-symmetry solution was obtained
at the UDFT or UHF levels. For DFT calculations, we used the
spin broken-symmetry results. However, for the CCSD(T)
calculations, it was not clear whether the spin-restricted
(RCCSD(T)) or spin-unrestricted (UCCSD(T)) method would
produce more reliable results. In the work by Ellison et al.15 on
the ONOF f FNO2 transition state a variety of post-SCF
methods were used. At the RCCSD(T)/DZP and RCCSD(T)/
pVTZ levels, the activation energies were 3 and 4 kcal/mol
lower than those at the UCCSD(T)/DZP and UCCSD(T)/pVTZ
levels, respectively, and in better agreement with their best
computational results. Thus, although the UHF reference state
is lower in energy than the RHF for these transition states,
it appears that the RHF reference may be a better choice as
the reference function for the post-SCF perturbative expan-
sion.

Our RCCSD(T) and UCCSD(T) results for the NO+ ClO
reactions exhibit the same behavior, but more extreme. With
respect to separated NO+ ClO radicals computed at the
UCCSD(T) level, the activation barriers for cis and trans
addition were 5.36 and 7.49 kcal/mol, respectively. This result
is in contrast to the B3LYP/6-311+G(d) results, where no
transition state could be located, as well as CASPT2 results on
fixed ON-OCl geometries, where the energy decreased mono-
tonically as the N-O distance decreased. The RCCSD(T)
method located transition states for cis and trans addition that
were 4.31 and 3.49 kcal/molbelow NO + ClO. Thus, the
RCCSD(T) potential energy surface has a maximum for the
formation of the N-O bond, but the stability of the entire surface
at these large N-O distances is overestimated because it is
below the energy of the reactants (NO+ ClO).

The CCSD(T) optimizations and frequency calculations were
carried out with the correlation-consistent cc-pVDZ basis of
Dunning28 with single-point calculations using the cc-pVTZ
basis set29 (i.e., CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ). The
G3B3 method30 was used with manual assembly of the
components where we used B3LYP/6-311+G(d) optimized
geometries and unscaled vibrational frequencies with all other
calculations and corrections at standard levels. For transition
states which were lower in energy using the UDFT spin broken-
symmetry approach, the corresponding G3B3 calculations
(including the post-SCF steps) were based on the spin broken-
symmetry UHF wave function. The first-order spin-orbit
corrections are included for NO,31 ClO,32 and Cl33 (0.11, 0.30,
and 0.78 kcal/mol, respectively) in all of the relative energy
comparisons in Table 1.34

The reaction coordinate for the cis and trans approach of
NO and ClO was constructed by optimizing the structure with
spin broken-symmetry UDFT while fixing the N‚‚‚O dis-
tance between the two radicals. In this way, a set of struc-
tures, where the N‚‚‚O distance was fixed to 4.00, 3.75, 3.50,
3.25, and 3.00 Å, was obtained. Harmonic vibrational frequen-
cies were computed for each structure along the cis and trans
reaction coordinate. At each structure, one imaginary frequency
was obtained, corresponding to the N‚‚‚O stretch. The only
exception was at a 4.00 Å separation along the trans reaction
coordinate which was not used in the subsequent rate calcula-
tions.

The large difference between the UCCSD(T) and
RCCSD(T) energies for the transition states of the NO+ ClO
addition reactions indicates that electron correlation methods
based on a single reference are not appropriate for this part of
the potential energy surface. For that reason, single-point
calculations were made with a 12-electron 12-orbital complete
active space35 (CAS(12,12)) and the ANO-L basis set36 with
dynamic electron correlation introduced at the MP2 level
(CASPT2).37 At each structure, four singlet electronic states
were computed, two1A′ states and two1A′′ states. Both radicals,
NO and ClO, have2Π ground states. As the two radicals
approach, the electronic and spatial degeneracy will be lifted
to give rise to a total of sixteen microstates, four singlet states,
and four triplet states. The “reactive” state will correspond to
1A′ where the unpaired electron on each radical approaches in
the reaction plane. The other electronic states will be occupied
according to the Boltzmann distribution. We computed the

TABLE 1: Relative Energiesa (kcal/mol) at the B3LYP/6-311+G(d), G3B3, and CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ Levels
for Various Species Involved in the NO+ ClO Reaction

∆H (0 K) ∆H (298 K) ∆G (298 K)

B3LYP G3B3 CCSD(T)/cc-pVTZ B3LYP G3B3 CCSD(T)/cc-pVTZb B3LYP G3B3 CCSD(T)/cc-PVTZ

NO + ClO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
t-ONOCl -27.08 -31.10 -27.37 -27.94 -31.94 -28.21 (-28.3) -18.03 -22.02 -18.28
c-ONOCl -31.07 -32.78 -30.34 -32.06 -33.75 -31.34 (-31.3) -21.99 -23.68 -21.15
ONOCl-ts -16.71 -21.99 -18.31 -17.85 -23.12 -19.46 (-19.3) -7.61 -12.88 -9.12
ON-OCl-ts-c -3.86 -4.31 3.94
ON-OCl-ts-t -3.17 -3.49 3.76
ON-OCl-ts-cc 5.94 5.36 14.00
ON-OCl-ts-tc 8.10 7.49 16.43
NO2Cl-ts -18.84 -21.66 -17.20 -20.16 -22.96 -18.45 (-18.0) -9.66 -12.46 -7.64
Abst-Cl-ts-t -3.88 10.71 4.54 -4.88 9.71 3.62 5.23 19.82 13.56
Abst-Cl-ts-c -10.75 -11.59 -2.93
Cl-add-NO2-ts -16.29 -12.17 -10.17 -16.92 -12.77 -11.01 -11.46 -2.53 -1.85
Cl-add-NO2-tsc -13.62 -15.77 -6.60
NO2 + Cl -15.49 -10.12 -10.14 -15.79 -10.40 -10.42 (-10.1) -13.79 -8.41 -8.86
ClNO2 -46.01 -44.85 -41.04 -47.34 -46.13 -42.30 (-42.2) -36.34 -35.13 -31.32

a The spin-orbit correction (SOC) of NO (ref 31), ClO (ref 32), and Cl (ref 33) are included in the G3B3 and CCSD(T)/cc-pVTZ levels.b The
values in parentheses are taken from ref 16.c Geometries are optimized at the UCCSD(T)/cc-pVDZ level.
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electronic partition function to determine the fraction of reactive
encounters which are in the “reactive” electronic state. At a short
N‚‚‚O separation where the “reactive” electronic state is already
stabilized, the fraction is 0.98 at 200 K and 0.54 at 1000 K
(3.00 Å, cis addition). At 4.00 Å the fraction is 0.36 at 200 K
and 0.27 at 1000 K (cis addition). Because we are only
considering the four close-lying singlet states, complete degen-
eracy would result in a 0.25 factor for each state.

Rate constants for the NO+ ClO f NO2 + Cl reaction were
calculated with Polyrate-9.338 and VariFlex-1.0.39 Rate constants
were computed at each N-O separation (4.00, 3.75, 3.50, 3.25,
and 3.00 Å) as a function of temperature (Table S4). For the
cis approach, the smallest rate constant was found at 4.0 Å at
each temperature. Technical difficulties prevented us from
calculating rate constants at longer N-O separations. For the
trans approach, the smallest rate constant was obtained at a N-O
separation of 3.50 Å.

Because the formation of NO+ ClO occurs without a barrier
on the potential energy surface, we used VariFlex, a program
designed for this task, to calculate the rate constants for cis
and trans addition. VariFlex is a variational RRKM code that
solves the master equation involving multistep vibrational
energy transfer for the excited intermediate ONOCl. The
enthalpy barrier for transf cis isomerization of ONOCl is
8.75 kcal/mol (11.88 kcal/mol reverse barrier). We calcu-

lated rate constants with ChemRate40 with harmonic frequencies
at B3LYP/6-311+G(d) and energies at CCSD(T)/cc-pVTZ//
CCSD(T)/cc-pVDZ. For calculations using Polyrate, we used
B3LYP/6-311+G(d) for the IRC and harmonic frequencies and
G3B3//B3LYP/6-311+G(d) for energies.

Results and Discussion

It is widely accepted that the reaction NO+ ClO f NO2 +
Cl involves the ONOCl intermediate, which has two distinct
conformers,cis-andtrans-ONOCl, as well as the ClNO2 isomer
for which there exists reliable experimental data (Figure 3).
However, there are few reliable experimental data available for
the other ONOCl compounds. Because there is no evidence for
OClNO,41 we did not include this isomer in our study. The
equilibrium structure forcis-ONOCl (Figure 1) is consistent with
the earlier studies and experimental results.19,42

Figure 1 shows that the Cl-N bond distance of ClNO2
has the largest sensitivity with respect to the method, with
CCSD(T)/cc-pVDZ giving the longest Cl-N bond distance and
CCSD(T)/TZ2P the shortest. Experimentally,43 the enthalpy of
the reaction NO+ OCl f ClNO2 is -42.87 kcal/mol, which
is almost same as the CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ
result of-42.30 kcal/mol. The experimental43 enthalpy differ-
ence betweencis-ONOCl and reactants (NO+ ClO) is

Figure 1. Optimized geometry ofcis-,trans-ONOCl and ClNO2 isomers. Bond lengths are in angstroms and angles are in degrees. Data in the first
row and third row are calculated at the CCSD(T)/cc-pVDZ and B3LYP/6-311+G(d) levels, respectively. Calculated valuesa at the CCSD(T)/TZ2P
(second row) and B3LYP/TZ2P (fourth row) levels, respectively, are taken from ref 19. Experimental valuesb,c are taken from refs 42 and 52,
respectively.
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32.17 kcal/mol, which is excellent agreement with CCSD(T)/
cc-pVTZ//CCSD(T)/cc-pVDZ (31.34 kcal/mol).

A comparison of calculated and measured frequencies ofcis-
and trans-ONOCl and ClNO2 is presented in Table 2. The
calculated frequencies are in agreement with each other forcis-
ONOCl with slightly less agreement for the torsion (ω6(a′′)).
For ClNO2, the calculated frequencies agreed with each other
and are close to the experimental results.

The NO+ ClO system studied here is similar to the reaction
of XO (X ) H, F, Cl) and alkylperoxy radicals (ROO) with
NO.14,44 A negative activation energy is observed for the NO
+ ClO reaction, which strongly implies the involvement of an
ONOCl intermediate.

Computational studies to find a low activation barrier for the
ROONO and HOONO unimolecular isomerization have
failed.14,18,44In the study by Zhao et al.,14 the transition state
for cis-HOONO to NO2 + OH was located 3 kcal/mol above
NO2 + OH radicals at the UCCSD(T)/6-31+G(d)//UCCSD/
6-31+G(d) level. In our system, the transition state forcis-
ONOCl to NO2 + Cl is found at the RCCSD(T)/cc-pVDZ level.
The stationary point has one imaginary frequency and is 1.17
kcal/mol lower than that for NO2 + Cl at the RCCSD(T)/cc-
pVTZ//RCCSD(T)/cc-pVDZ level. Thetrans-ONOClf ClNO2

reaction has a much higher activation barrier than the cis isomer.
The O‚‚‚Cl distance in the transition state (Figure 2, abst-Cl-
ts-t) is much shorter (2.191 Å) than the O‚‚‚Cl distance in abst-
Cl-ts-c (2.939 Å). In addition, the two N-O distances are much
more asymmetric in abst-Cl-ts-t compared to abst-Cl-ts-c.

Basically, the abst-Cl-ts-c and abst-Cl-ts-t transition states
are indistinguishable from fragmentation into NO2 + Cl radicals.
In their study of the c-HOONOf HONO2 reaction, Dixon et
al.18 located a transition state with an activation energy of
21.4 kcal/mol using MP2/cc-pVTZ where the transition
state was 1.6 kcal/mol higher than that for NO2 + OH. Zhao et
al.14 located a similar transition state at the CBS-QB3 level
21.0 higher than c-HOONO and 2.7 kcal/mol higher than a
NO2/OH complex, but they were unable to say whether the
transition state corresponded to fragmentation or isomerization.
The N‚‚‚O distances in the two studies were quite long (2.784
and 3.070 Å at MP2/cc-pVTZ and CBS-QB3, respectively). In
contrast to the c-HOONOf HONO2 reaction, the t-ONOFf
FNO2 and t-ONOCl f ClNO2 reactions have much tighter

transition states. Ellison el al.15 calculated a short breaking
O‚‚‚F distance in the t-ONOFf FNO2 transition state (1.726
and 1.693 Å at RCCSD(T)/pVTZ and UCCSD(T)/pVTZ,
respectively) whereas we calculate a 2.191 Å O‚‚‚Cl distance
at RCCSD(T)/cc-pVDZ.

The energy difference between abst-Cl-ts-t and abst-Cl-ts-c
is 15.21 kcal/mol at the RCCSD(T)/cc-pVTZ//RCCSD(T)/
cc-pVDZ level. The reason for the large activation energy
difference can be explained with an explanation similar to that
given in the study of O-O cleavage in ONOONO45 and the
mechanism of peroxynitrous acid and methyl peroxynitrite
(ROONO).14 The singly occupied a1 and doubly occupied b2
orbitals of NO2 fragment can mix through the lowering of
symmetry fromC2V to Cs caused by the approaching Cl radical
(Figure 4a). The mixing causes unpaired spin density to reside
on the oxygen atoms. The oxygen atom that will form a bond
with chlorine has the larger lobe pointing toward the interior
angle of the NO2 fragment. A better overlap between this lobe
and the chlorine atom results when the chlorine atom approaches
from the cis side compared to the trans side.

The mechanism for O‚‚‚Cl bond formation in NO2 + Cl f
trans-ONOCl (Figure 4b) can be viewed as initial electronic
promotion followed by bond formation. The electronic reorga-
nization involves the promotion of aâ-spin electron from a b2
orbital to an a1 orbital, which leaves an unpaired electron on
oxygen in an orbital with significant extent away from the
interior angle and suitable for bond formation with a chlorine
atom approaching from that direction. Thus, bond formation
from the “cis side” of NO2 requires orbital mixing whereas bond
formation from the “trans side” of NO2 requires electronic
promotion. The need for electronic promotion is the source of
the greater energy of abst-Cl-ts-t compared to abst-Cl-ts-c. An
alternative explanation in term of correlating the reaction path
with the2A1 or 2B2 electronic state of NO2 is also possible.14,45

Rate Calculations

Radical-radical recombinations have long presented experi-
mental and theoretical difficulties.46-48 The very fast rates
require specialized experimental techniques whereas reactions
with no activation barriers are difficult to model theoretically.
The phase-space-integral based VTST (PSI-VTST) method, as
implemented in VariFlex, was used to evaluate the reactive flux
as the N-O distances increased from 1.6 to 4.0 Å with a step
size 0.1 Å forcis-ONOCl andtrans-ONOCl intermediates. To
evaluate the reactive flux accurately, the transition from free
rotation to hindered rotation must be treated correctly.

We also used variational transition state theory, as imple-
mented Polyrate, to calculate the rate constant for disappearance
(kdis) of reactants (NO+ ClO). The reactive flux is calculated
at a set of structures optimized at the UB3LYP/6-311+G(d)
level with fixed central N-O distances of 3.0, 3.25, 3.50, 3.75,
and 4.00 Å. The minimum reactive flux was found at 3.50 Å
for trans-ONOCl. Forcis-ONOCl the smallest flux was at 4.00
Å, which we used as the minimum value because we could not
compute the rate constant at larger N‚‚‚O separations.

We also considered the electronic partition function, which
was explained in detail in the study of the O(3P) + OH reaction
by Graff and Wagner.49 The factor was calculated from eq 5

where p(T) is the probability that the collision involves the

TABLE 2: Harmonic Frequencies of trans-ONOCl,
cis-ONOCl, and ClNO2 in cm-1

method ω1(a′) ω2(a′) ω3(a′) ω4(a′) ω5(a′) ω6(a′′)
t-ONOCl

B3LYP/TZ2Pa 1834 879 660 404 259 178
B3LYP/6-311+G(d) 1854 874 645 403 255 182
CCSD(T)/TZ2Pa 1754 855 607 407 212 170
CCSD(T)/cc-pVDZ 1800 852 646 403 263 173

c-ONOCl
B3LYP/TZ2Pa 1741 868 647 365 229 398
B3LYP/6-311+G(d) 1732 868 673 363 212 426
CCSD(T)/TZ2Pa 1715 850 638 416 249 341
CCSD(T)/cc-pVDZ 1731 859 618 430 245 378
exptb 1715 858 644 406 260-280 344

ClNO2

B3LYP/TZ2Pa 1339 810 370 673 1748 409
B3LYP/6-311+G(d) 1350 809 364 668 1774 411
CCSD(T)/TZ2Pa 1290 805 371 658 1688 409
CCSD(T)/cc-pVDZ 1342 798 345 640 1801 390
exptc 1286 793 370 652 1685 408

a Reference 19.b Janowski, B.; Knauth, H. D.; Martin, H.Ber.
Bunsun-Ges. Phys. Chem.1977, 81, 1262.c Shimanouchi, T.J. Phys.
Chem. Ref. Data1977, 6, 993.

p(T) k0(T) )
1

∑
j

e-εj/kT

k0(T) (5)
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“reactive” electronic state andk0(T) andεj are the rate constant
and the electronic energy (relative to lowest energy) summed
over j states. Four singlet states were calculated (j ) 4, two1A′
and two 1A′′) at the CASPT2(12,12)/ANO-L level using
B3LYP/6-311+G(d) structures at fixed N‚‚‚O separations (see
Table S4 for relative energies of states).

The rate constant for disappearance of reactants (kdis) is the
sum ofk1 andk3 from the mechanism in Scheme 1. The rate
constant for formation of productskobs is derived with a steady-
state approximation forcis- and trans-ONOCl

(see derivation in Figure S1 in Supporting Information). The
barrier for direct formation of NO2 + Cl (31.83 kcal/mol) from
trans-ONOCl is much higher than the barrier for isomerization
to cis-ONOCl (8.75 kcal/mol). Thus, our mechanism includes

direct formation of NO2 + Cl from cis-ONOCl, but isomeriza-
tion and then fragmentation ofcis-ONOCl for trans-ONOCl.

Figure 5 compares the calculated VariFlex and Polyrate rate
constants (high-pressure limit) with experiments and the calcula-
tions of Zhu and Lin.16 Our rate constants are in good agreement
with experiment over the temperature range of 200-400 K. Over
the temperature range 200-1000 K, we fit our VariFlex rate
constant data (kobs) to the form 7.38× 10-13T0.413 exp(286/T)
cm3‚molecule-1‚s-1. In comparison, the VariFlex rate constant
for kdis (k1 + k3) can be fit to the formkdis ) 3.30× 10-13T0.558

exp(305/T) cm3‚molecule-1‚s-1. Before the Polyrate rate con-
stantskdis were computed, the CASPT2 energies (relative to the
NO + ClO asymptote) were raised by 1.0 kcal/mol to achieve
better agreement with experiment.

The downward (convex) curve of the Zhu and Lin plot reveals
non-Arrhenius behavior at high temperature and is due to the
negative exponent of temperature in their expressionkobs) 1.43
× 10-9T-0.83 exp(92/T) cm3‚molecule-1‚s-1. Our plot indicates

Figure 2. Optimized geometric parameters of stationary points at the CCSD(T)/cc-pVDZ level with B3LYP/6-311+G(d) values in parentheses.
Bond lengths are in angstroms and angles are in degrees. The geometric parameters for ON-OCl-ts-c and ON-OCl-ts-t are at the RCCSD(T)/cc-
pVDZ level with values at the UCCSD(T)/cc-pVDZ level given in brackets.

kobs)
k1k2(k-3 + k4) + k2k3k4

(k-3 + k4)(k-1 + k2) + k-3k-4
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an upward (concave) curve due to the positive exponent of
temperature in our rate constant expressionkobs ) 7.38 ×
10-13T0.413 exp(286/T) cm3‚molecule-1‚s-1. The experimental
data do not extend to a high enough temperature range to
indicate either a concave or convex high-temperature deviation
of the rate constant from Arrhenius behavior. We note that both
VariFlex and Polyrate indicate a concave curve forkdis.

Generally, nonlinearity in an Arrhenius plot at low temper-
ature is explained by the quantum-mechanical tunneling effect
and/or the appearance of an additional reaction channel.
However, in our system, there is no tunneling and no competi-
tion between two channels. The curvature in the Arrhenius plot
at high temperatures can be explained by the excitation of
vibrational modes.50,51 As the population of the excited vibra-
tional modes increase with increasing temperature, the reaction
probability increases. Therefore, enhancement of the reactivity
causes an increase in reaction rate at high temperatures.

The individual values ofk1 (kcis) andk3 (ktrans) by VariFlex
are given in Figure 5 and can be used to compute a cis:trans
branching ratio for the initial formation of isomers. At low
temperature, the ratio ofcis-ONOCl is much greater than that
of trans-ONOCl (1:0.65, 200 K), but the ratio is reduced at
high temperature (1:0.83, 500 K).

Figure 4. Illustration of cis and trans chlorine addition to NO2 to form
(a) cis-ONOCl and (b)trans-ONOCl. Cis addition can be rationalized
by an orbital mixing mechanism. Trans addition has a higher activation
barrier and involves an electron promotion mechanism.

Figure 3. Schematic diagram of the potential energy surface for the NO+ ClO system computed at the CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ
level. Relative energies are given in kcal/mol at 298 K.

SCHEME 1

Mechanism of NO2 Production from NO+ ClO J. Phys. Chem. A, Vol. 109, No. 21, 20054741



ChemRate and Polyrate were used to calculate the isomer-
ization (trans-ONOCl T cis-ONOCl) rate constant. ChemRate
contains a master equation solver so that rate constants for uni-
molecular reactions in the energy transfer region and chemical
activation processes under steady and non-steady conditions can
be determined on the basis of RRKM theory. The input from
the electronic structure programs was very similar, except that
CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ energies were used in
ChemRate and G3B3//B3LYP/6-311+G(d) energies were used
in Polyrate.

The vibrational frequencies as a function ofs for the trans-
ONOCl f cis-ONOCl isomerization reaction are shown in
Figure 6 where positive values ofs correspond to the product
side and negative values to the reactant side. The torsion mode
is not represented in Figure 6 because it is the imaginary
frequency in this range of the reaction coordinate. There is little

variation in reaction coordinate, which indicates that these modes
do not have a strong contribution to the reaction dynamics.

The Arrhenius plots in Figure 7 show that the TST and CVT
curves nearly overlap, which indicates that the variational effect
on the calculation of rate constant is very small and can be
ignored. The rate constant for transf cis isomerization (k4 )
1.92 × 1013 exp(-4730/T) s-1; Polyrate-TST) is found to
obey the Arrhenius equation at 1 atm in the temperature range
200-2000 K.

Conclusion

The NO+ ClO f NO2 + Cl reaction has been a challenge
to experiment and theory. This reaction and ones similar to it,
such as NO+ OH, NO+ O2H, and NO+ OF, have been used
as a test-bed for computational methods. We have used a series
of theoretical methods to elucidate the reaction mechanism.
Variational transition state theory was used to compute initial
rate constants for the addition reaction to formcis- and trans-
ONOCl. The branching ratio favors the cis isomer at lower
temperature (1:0.65 at 200 K). The O‚‚‚Cl bond fragmentation
is predicted to have a significantly different barrier incis-ONOCl
(19.75 kcal/mol) compared totrans-ONOCl (31.83 kcal/mol).
This difference leads to the interesting prediction that the trans
isomer must first isomerize to the cis isomer before a chlorine
atom leaves. The rate constants for disappearance of reactants
(kdis) and appearance of products (kobs) are almost identical and
show a pronounced concave curvature indicating non-Arrhenius
behavior at higher temperature. Over the temperature range
200-400 K the activation energy is-0.35 kcal/mol (kdis).
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Supporting Information Available: CCSD(T)/cc-pVDZ
and CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVTZ energies (hartrees),
zero-point energies (kcal/mol), heat capacity corrections to 298K
(kcal/mol), entropies (cal/mol‚K) at the CCSD(T)/cc-pVDZ and
B3LYP/6-311+G(d) level are tabulated in Table S1. Relative
CASPT2(12,12)/ANO-L//B3LYP/6-311+G(d) electronic ener-
gies, Polyrate rate constant results, the electronic partition factor,
and rate constants in Scheme 1 (k1-k4) are given in support

Figure 5. Calculated and experimental rate constants for the ClO+
NO reaction. All references are experimental rate data except ref 16,
which is computational. The computational rate data are for the
bimolecular rate constant at the high-pressure limit. The thin lines for
the cis and trans rate constants are added together to givekdis.

Figure 6. Plot of vibrational frequencies (cm-1) along the IRC for
transf cis isomerization with the reaction projected out. The level of
theory is B3LYP/6-311+G(d).

Figure 7. Comparison of ln(k) versus 1/T for transition state theory
(TST) and variational transition state theory (CVT). The ChemRate
results are RRKM.
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information Tables S2-S5, respectively. Cartesian coordinates
of all optimized structures at the RCCSD(T)/cc-pVDZ (and
several at UCCSD(T)/cc-pVDZ) level of theory are given in
Table S6. A derivation of the kinetic expression for formation
of products (kobs) is given in Figure S1. This material is available
free of charge via the Internet at http://pubs.acs.org.
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