J. Phys. Chem. 007,111, 86898698 8689
On the Chaperon Mechanism: Application to CIO + CIO (+Nz) — CIOOCI (+N>)
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The dynamics of the CIG- CIO (+N,) radical complex (or chaperon) mechanism is studied by electronic
structure methods and quasi-classical trajectory calculations. The geometries and frequencies of the stationary
points on the potential energy surface (PES) are optimized at the B3LYP/A&BHTf) level of theory, and

the energies are refined at the CCSD(T)/6-8BGK3df) (single-point) level of theory. Basis set superposition
error (BSSE) corrections are applied to obtain 1.5 kcaltfadr the binding energy of the CKB, van der

Waals (VDW) complex. A model PES is developed and used in quasi-classical trajectory calculations to
obtain the capture rate constant and nascent energy distributions of CIOOCI* produced via the chaperon
mechanism. A range of VDW binding energies from 1.5 to 9.0 kcal fnate investigated. The anisotropic

PES for the CION, complex and a separable anharmonic oscillator approximation are used to estimate the
equilibrium constant for formation of the VDW complex. Rate constants, branching ratios to produce CIOOCI,
and nascent energy distributions of excited CIOOCI* are discussed with respect to the VDW binding energy
and temperature. Interestingly, even for weak VDW binding energies, theshally carries away enough
energy to stabilize the nascent CIOOCI*, although the VDW equilibrium constant is small. For stronger
binding energies, the stabilization efficiency is reduced, but the capture rate constant is increased
commensurately. The resulting rate constants for forming CIOOCI* from the title reaction are only weakly
dependent on the VDW binding energy and temperature. As a result, the relative importance of the chaperon
mechanism is mostly dependent on the VDW equilibrium constant. For the calculated@i@ding energy

of 1.5 kcal mot?, the VDW equilibrium constant is small, and the chaperon mechanism is only important at
very high pressures.

. Introduction k;k,[M]
. : . — . ™ L L L (ED)
An exothermic radicaH+ radical recombination reaction ko1 + kM]
produces an excited product with enough energy to redissociate. ) . .
In order to obtain a stable product, the energy must be removed Where the square brackets denote concentration. This equation
In the limit of zero pressure, energy may be lost by spontaneousis the basis for the strong collision and master equation versions
. Lo L o i -8
infrared emission, resulting in stabilized product molecéles, ©f the Rice-RamspergerKassel-Marcus (RRKM) Theory.
but at higher pressures, interactions with the bath gas are At higher densities, lower temperatures (such as in earth and

dominant in producing a stabilized prodddtistorically, two planetary atmospheres), and for smaller reactant species, a

mechanisms have been invoked to explain the pressure depenS€cONd mechanism may become important, the radical complex

dence of recombination (and unimolecular dissociation) reac- (RCM), or chaperon, mechanishf-or present purposes, we
tions3 For larger free radicals at low to moderate densities, the INclude in this category any reaction in which a chaperon is

energy transfer (ETM), or Lindemann, mecharfissrprobably involved, including chemical activation systems initiated by a
most important

recombination step. For example, the well-known acceleration
of the HO, + HO, reaction by water vapét-1°is an example
— _ of the RCM. Other examples are known from high-pressure
A+B=C (R1L=RL) experiment$:16-18 The RCM entails formation of a weakly
C*+M—C+M (R2) bound radical, or van der Waals (VDW), complex, which
subsequently reacts with a second reactant to produce the

where A and B are reactants, C is the product, the asterisk'ecombination product
denotes internal excitation, and M is an energy transfer collider. e AN _
When the concentration of C* is in a pseudosteady state, the A+M=AM (R3,~-R3)
effective second-order rate constant for recombination of A and AM* =M —AM + M (R4)
B to produce stabilized C depends on the concentration of M

A-M + B — C-M* (R5)
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model, it is assumed that the vibrationally excited C* produced assumption was not needed in the pioneering trajectory calcula-
in reactions R5 and R6 does not have enough energy totions on the RCM carried out by Varandas et5alwho,
dissociate back to A B. An analogous BV complex may  however, did not report the calculated nascent energy distribu-
also be formed and may react in a similar manner. According tions.

to this mechanism, if [M] is much greater than the other o
concentrations, then the net rates of reactions R3 and R4 will "€ second reason that the nascent energy distribution is
be much faster than that of reaction R5 and fast enough to needed for initializing master equation calculations is because

maintain the net equilibrium it controls the product distribution when multiple reaction
channels are present. This is a common occurrence. For
A+M=A-M (R7) example, the CIGF CIO recombination reaction is but the first

step in a more complex mechanism, which arises, in part, from
the several reaction pathways open to excited CIOOCI*. The
product yields depend on the nascent energy distribution of
excited CIOOCI* and on the reaction threshdldsf the reaction

with equilibrium constanKypw. The resulting recombination
rate constant has the same functional formkas, although

the factors are different in magnitude and depend more
sensitively on temperature and the nature of the collider

gag-17:19.20 channels
_ Koke[M] E2) ClOOCI* — CIO + CIO (R8a)
M1+ K [M] .
7 Cl,+ 0O, (R8b)
Generally speaking, the ETM is used in the conventional — Cl+ CIOO (R8c)
analysis of recombination rate ddfe! If the ETM analysis — cloclo* (R8d)
fails in some way, the RCM is often implicated by default.
Quantitative assessment of the ETM is relatively routine because — etc.

widely available master equation codes are all based on the
ETM? (for example, see the Multiwell Program Sé#é?. The
same is not true of the RCM.

The ClIO+ CIO recombination reaction exhibits anomalous
energy transfer rates and temperature dependefic€his
ClO self-reaction has attracted considerable attention experi-
mentally?®—31 and theoreticall§?*! because of the key role of
the “CIO dimer” (CIOOCI) in the ozone destruction cycle that  |n this Article, we use a model potential energy surface (PES)
takes place in the polar stratospheric ozone hole. Experimentaland quasi-classical trajectory calculations to investigate the
studies have observed that the rate constant near the low-pressurgascent energy distributions of CIOOCI* produced via reactions
limit is larger than that predicted by standard RRKM treat- R1 and R6. Here, Nis the energy transfer collision partner.
ments® 2 It h_as_l_)een SUQQGSt?d that the chaperon mechanismryg model PES is intended to be of sufficient accuracy to draw
may play a significant role in t.hls.syste%?:za“%““’even though conclusions about the nascent energy distributions but not
the CION, van der Waals binding energy is not expected to necessarily sufficiently accurate to simulate actual experiments.

be very large. Because of the potential importance pabla In future work, we will use knowledge of the nascent ener
chaperone in atmospheric reactions and because the number of, future ’ ge o . ay
distributions to construct a master equation model suitable for

electrons in the CIOOGN, systems is not too large for . ) ;
reasonably high levels of electronic structure theory, it is a good simulating experiments.
system for investigating the fundamental dynamics of the RCM.
The present Article is our first step toward a systematic
implementation of the RCM in master equation simulations. Our
ultimate aim is a quantitative description of the RCM. To ) ] )
achieve this goal, a quantitative assessment of the equilibrium N this work, quantum chemical calculations are performed
constant for reaction R7 and knowledge of the nascent energyto obtain the potential energy surface information using the
distribution of product C produced in reaction R6 are required. Gaussian 98 prografi. The molecular dynamics program
Quantitative analysis of the equilibrium constant has been VENUS9&2 was employed to obtain the capture rate constant
addressed by several research grdffsi To the best of our and the energy distribution by the quasi-classical trajectory
knowledge, however, the energy distributions have never beencalculations. In VENUS96, the potential energy is first formu-
considered quantitatively with the aim of incorporating them lated in terms of curvilinear internal coordinates and then
in a master equation analysis, which is the aim of the presenttransformed to Cartesian coordinates. With this procedure, the
work. accuracy of the Hamiltonian depends only on the potential

The nascent energy distribution of C produced in reaction energy since no terms are neglected in the kinetic energy
R6 is important for two reasons. First, the energy distribution expressior#*

is directly related to the overall rate of production of stabilized ) o ] )

C. If the energy distribution does not extend significantly above A Potential Energy Surface.The multidimensional potential
the reaction threshold energy, then redissociation of C will be €nergy surfaces for CIOOCI and CIOOGlafe constructed with
unimportant. Conversely, if the energy distribution of C is @ many-body expansion approach. The Morse oscillator is used
located substantially above the threshold energy for dissociation,to model the bond stretches, and the harmonic approximation
then little stabilized C will be produced at low pressures. In all is used to model the bond bending. Potential energy functions
previous kinetics applications of the RCM, it has been implicitly V; and V, are used to describe CIOOCI and CIOOgIN
assumed that C from reaction R6 is completely stabilized. This respectively

When CIOOCI* is produced via the ETM, its nascent energy
distribution is different than that when it is produced via the
RCM. A master equation analysis enables calculation of reaction
branching ratios as experimental pressures and temperatures are
varied??

Il. Theoretical Methods
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2 TABLE 1: Potential Energy Surface Parameters
V. = D [l _ e*ﬁmo(fuo*r&o)]z +
17 2 ~cio parameter value parameter value
B . Deo  2083kcallmol  feo 2.832 é*l
_ s Boolroo—r3o72 Doo 18.66 kcal/mol Poo 2.802 At
Dodll — € i Den 0.9 kcal/mol Ben 1.011 A
, = DONN 218.20 kcal/mol B 2.86 At
1 i 0w %o 1.7481 A feioo 1.2 mdyn A/rad
~ 00X ci0)Xr00)(Ocioo — fciod)” + s 1.361 A focin 0.05 mdyn A/rad
F12 o 3.2195 A fow  0.0005 mdyn A/rad
21 rﬁN 1.0909 A .00  0.5924 mdyn/A
Z- KiSry[1 + cosr — y,)] + oo 11140 £ o —0.0052 mdyn/A
=12 O 1797 Qo 02479 mdyn/A
z Ocinn 178.7

i 0 0
feio-0o(Teio — Feio)(foo — Foo) + , , ) ,
= the hybrid density functional B3LYP method, that is, Becke’s

1 , three-parameter nonlocal exchange functighaith the non-
Z feo_co(Teo = Fao) Tao — oo (E3) local correlation functional of Lee, Yang, and Pawvith the
i= 6-311+G(3df) basis set (B3LYP/6-311G(3df)). In order to
obtain more accurate energetic information, single-point energy
and calculations are performed at the CCSD(T) level of theory
4 (coupled-cluster approach with single and double substitutions
V,=V,+ S Depll — e—BC|N(r‘C|N—r&N)]2 + including a perturbative gstimate of connected triples substitu-
tions) with the same basis set (CCSD(T)/6-3HG(3df)), as
1 well as at the G3(MP2) theotyat the B3LYP/6-313G(3df)
Dynl1 — e—ﬂNN(fNN—f%N)]Z + geometries. In addition, the calculations for the @&@complex
= are performed at the CCSD(T)/6-3t+G(3df)//MP2/6-311+G-
49 . (3df) and CCSD(T)/ 6-31t+G(3df)//CCSD/6-31%+G(2df)
Z—fOC|NS(rC,O)S(rC,N)(0'OC,N — 03cn)’ + levels to improve the accuracy of the binding energy. All
= electronic calculations are performed by using the Gaussian 98
4 A programg?
Z‘meNS(rcuN)S(rNN)(@'uNN — 027+ Agreement between the vibrational frequencies calculated
=12 from this model PES and from experiment was achieved by
- i 0 0 using the LevenbergMarquardt nonlinear least-squares algo-
feio-nn(Tcio = Teio)(fun — ) (E4) rithm to adjust the bendstretch and stretehstretch interaction
= constants. The parameters for the analytic PES are listed in Table

In eq E3, CIOOCI is described with three Morse stretches 1. The comparison between the theoretical and experimental

(the first two terms), two harmonic bends (the third term), one wbranongl frequencies is given in Table 2. As can be seen, the
dihedral angle (the fourth term), and three nondiagonal stretch frequencies .Cﬁnt;'pl#eﬁ from _the m?de: PESSd e;]re n goodd
stretch interaction terms (the fifth term). In eq E4, CIOO&IN S%rl_e\((egwent V\I"t oth the experimental values and the compute
is represented by starting with the potential functions for B C retsu ts.R te Constant. Th i_classical traiect
CIOOCI and adding Morse oscillators for the-lNl and C-N - —apiure Rate L.onstant. ihe quasi-classical trajectory
bond stretches, harmonic oscillators for the ©@—N and CH method is used tp ot;tam capture rate constants by using the
N—N bends, and nondiagonal stretestretch interactions standard expressigh®

between the CtO and N-N bond stretches. In eqs E3 and E4, ke T\ 12 N,

theDj terms are the bond dissociation energigsare the Morse Kead T) = ge('D(—) nbfna,(ﬁ) (E7)
exponential termst;; are the bond lengthg)jx are the bond U

angles, andkg is the contribution of the potential barrier to wherey is the reduced mass of the reactaiisis the number
internal rotation that depends on dihedral anghéth periodicity of trajectories that form a capture complékis the total number

n. SWItChIng functions are used to attenuate or mOdIfy force of trajectories in the ensemb|bmax is the maximum impact
constants of bending and torsional modes as the moleculeparameter, and the electronic degeneracy factor assumes the
undergoes bond fission. The nondiagonal force consfants form

are defined by

1
= E

fi = T S Sr) (E5) %(T) [(2 + 2 expE,/RT)]? (E8)
where S(j) are switching functions (attenuation terms) given where E; = 320.3 cm! is the energy difference between
by CIO(X?ITy2) and CIO(XI13/,).5° The collision impact parameter

b is chosen by VENUS96 according to
ry) = exp[=Cy(ry — ri(j))] (E6)
b= bR (E9)

whereC;j is an attenuation parameteZj(= 0).

Initial estimates for the dissociation energies, torsion barrier whereR is a (pseudo-) random number distributed uniformly
heights, and attenuation parameters in the harmonic bends ardetween 0 and 1. The maximum impact paramdies is
from the quantum chemical calculations. The optimized geom- determined empirically in order to include95% of the
etries of the stationary points on the PES are obtained usingcomplex-forming trajectories.
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TABLE 2: Vibrational Frequencies (cm~1) and Moments of Inertia at the Stationary Points
PES for quasi-classical

B3LYP/6-31H G(3df) trajectories experimental moments of inettia
Clo 861 854 27.038(2)
N2 2446 2359 8.437(2)
CIO-N; 28,45,62,71,861, 0.0425(1),
2449 370.2(2)
CloocCl 126,326,442,549, 123,336,402,560, 127,321,419,543, 37.58(1),
636,845 658,731 648,754 (ref 79) 236.6(2)
CIOOCEN; 12,25,38,61,68,129,328, 3,13,35,47,56,129,338, 93.08(1),
442,551,637,842,2449 404,560,659,731,2453 829(2)

aMoments of inertia expressed in units of amé Rotor dimensions are in parentheses; nonlinear molecules are approximated as symmetric
tops with a 1-dimensional rotor (the K-rotor) and a 2-dimensional rotor; linear molecules have only a 2-dimensional rotor.

In this work, batches of ¥8-10° trajectories are used to  CIOOCI— CIO + CIO are compared in Table 3. It is seen that
determine the capture numh¥ét Trajectories are averaged over good agreement is obtained between the single-point energies
vibrational phases and integrated fox21(P time steps with a calculated with the B3LYP and MP2 geometries. The value for
step size of 0.1 fs. Initial conditions are selected randomly by Do(CIOOCI) calculated using CCSD(T)//B3LYP is in better
using the standard options in VENUS%6As in other work agreement with the latest experimental rééi¢kand was used
from this laboratory? 663 the initial relative translational  with zero-point energy (ZPE) corrections to parametrize the PES.
energies of the reactants are chosen randomly from thermal The two VDW complexes CIEN, and CIOOCIN, have
distributions by using Monte Carlo selection techniques. For CI—N equilibrium bond distances of 3.2658 and 3.2195 A,
the purpose of selecting the initial energy distributions, rotational respectively, at the B3LYP/6-3#1G(3df) level of theory. The
and vibrational degrees of freedom are assumed to be ap-intramolecular C+N distance in CIGN; calculated by B3LYP
proximately separable. Polyatomic molecule initial vibrational theory is in good agreement with the CCSD value, and both
energies are selected from a Boltzmann distribution of normal are slightly longer than the MP2 result. As can be seen in Table
mode energies. Diatomic molecule initial energies are selected2, the CIO and N stretching mode frequencies of the complex
according tov = 0 (vibrational quantum number) ardd(total are very similar to the CtO and N-N stretching frequencies
angular momentum quantum number). In some series of of the isolated CIO radical andJNnolecule. The CIGN, VDW
calculations,J is varied over a range of values. In other binding energy ) is calculated to be 1.12, 1.13, and 1.18 kcal
calculations,J is set at the most probable value for a given mol~! (including ZPE) at the CCSD(T)//B3LYP, CCSD(T)//
temperature. CCSD, and CCSD(T)//MP2 levels of theory, respectively.

As discussed in previous work on the GHNO, reaction?® It is known that for the weakly bound compounds, such as
there are several possible criteria for determining whether vDW and hydrogen-bonded complexes, the basis set superposi-
capture has taken place. These criteria may be based on centafon error (BSSE) is of the same order of magnitude as the
of mass distances and/or on the number of turning points binding energies themselves; thus, the BSSE is especially im-
resulting from multiple vibrational periods of the newly formed portant in these systems. The BSSE correction for the 4O
bond. The choice of the criteria is arbitrary. Fortunately, complex is calculated in two ways, by the counterpoise (CP)
experience with this and with the O#H NO, reaction indicates scheme of Boys and Bernaféland by the CBS-QB3 complete
that the results are not very sensitive to a particular choice. In basis set extrapolation meth&e8The energy results are listed
the present work, we counted a trajectory as resulting in capturein Table 3. The uncorrected CCSD(T)//B3LYP (CCSD(T)//
when the number of turning points equaled or exceeded 15. CCSD or CCSD(T)//MP2) binding energy is very nearly equal

) ) to the CBS-QB3 value (0.96 kcal ma), while the CP-corrected
Ill. Results and Discussion binding energy is slightly lower. This may indicate that the CP

A. Electronic Structure Calculations. The geometries of ~ Method overestimates the BSSE, as sometimes hafipéhs.
the Stationary points on the PESs for the ETM and the RCM ThUS, we conclude that the B3LYP geometl’ies and uncorrected
are optimized at the B3LYP/6-33#1G(3df) level of theory. For ~ CCSD(T)//B3LYP binding energy for the €Cl--*N—N com-
the RCM, two weakly bound van der Waals (VDW) complexes Plex (€; = 1.12 kcal mot? including ZPE corrections; 1.57
(CIO-N; and CIOOCIN,) are located and optimized. Vibrational ~ kcal mol* without ZPE corrections) are reasonably accurate
frequency analysis at each VDW minimum yields only positive and are used later to estimate the equilibrium constant for van
frequencies, thus ensuring that the structures are true localder Waals dimer formation. The VDW binding energied (
minima on the PES. For comparison, the structures of CIOOCI calculated for CIOOCN; agree with those for CIN, within
and the CIGN, VDW complex are optimized at the MP2/6-  ~0.1 kcal motf™.
311+G(3df) and CCSD/6-31£G(2df) levels. The higher level Since one of our main goals in this work is to obtain insight
energies are calculated at the CCSD(T)/6-8G13df) and the into the generic RCM, we consider model VDW binding
G3(MP2) levels of theory. The optimized geometries and energies ok, = 1.5, 3.0, 4.5, and 9.0 kcal mdl This enables
frequencies of the stationary points are shown in Figure 1 and us to determine the contributions of the RCM to the overall
Table 2, respectively, along with the available experimental rate coefficient for a wide range of possible VDW complexes.
datab® The CIOOCI structure is found to hav@ symmetry The effects of these binding energies on the equilibrium constant
(like hydrogen peroxide), and its geometric parameters obtainedfor reaction R7 and on the nascent energy distribution of excited
at these levels of theory are in reasonable agreement with theCIOOCI* are determined. The analytic PES assumesehat
experimental value®. The largest discrepancy is observed for ¢,, and thus, the subscript is omitted in the discussion below
the O-0 bond distance; the calculated value is about 0.055 A unless it is needed for clarity.
shorter than the value given in NIST-JANAEThe theoretical B. Equilibrium Constant. In order to obtain the rate constant
and experiment&t29.64.64jissociation energiddy(CIOOCI) for krcm as a function of pressure, it is necessary to evaluate the
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1.576 B3LYP/6-311+G(3df)

1.549 MP2/6-311+G(3df) lz?f 179.7
(1.583) CCSD/6-311+G(2df) 1.576  179.] j70.5 1.091
[1.570] exptl. 1.550  (177.5) (179.6) ! 113
(1. 583: ; '96)
I ' 3.266
3.042
(3.261)
1.361
1.409
1.748 42
1.704
[1.704]

1.5
1090
[110.1]

CloOC] 84.8
83.2
[81.0]

CIOOCI 85.0

Figure 1. Molecular species and structural parameters calculated at various levels of theory.

TABLE 3: Dissociation Energies (in kcal/mol) with ZPE Corrections

Do DOM 62 Gg
(Clo—0Cl) (CIO—OCIN,) (CIO=Ny) (CIOOCI-Ny)

B3LYP/6-31H-G(3df) 11.81 11.76 0.22 0.17
CCSD(T)/6-311#G(3df)//B3LYP 16.93 16.93 112 1.22
G3(MP2)//B3LYP 19.02 19.15 0.99 1.11
MP2/6-31G(3df) 31.94 1.27
CCSD(T) /6-31%G(3df)//MP2 17.54 1.18
G3(MP2)//MP2 19.67 0.88
CCSD(T)/6-311G(3df) 1.13

/ICCSD/6-31%G(2df)
CP-CCSD(T)/6-313G(3df) 0.62

/IB3LYP
CBS-QB3 0.96
experimental 16.5-0.7918.6+0.7¢16.3+ 0.7/ 15.9+ 0.7

aUsed with ZPE corrections to assi@h in the PESsP Used in the calculation akypw. ¢ Counterpoise corrected enerdyRef 26.¢ Ref 29.
fRef 64.9 Ref 65.

equilibrium constant for forming a VDW complex (reaction R7). mol~1, we useg‘l’ = 1.12 kcal mot?, which is the best estimate

The equilibrium constant can be written of the actual CIG-N, binding energy (see Table 2 and
o discussion above). For the remaining three assumed binding
K Qcomplex €1 (E10) energies {4 = 3.0, 4.5, and 9.0 kcal mot), we assume the
vow = Qo R, kT ZPE difference is approximately 0.4 kcal mal giving ¢ =

2.6, 4.1, and 8.6 kcal mol, respectively. The translational,
whereQ’ (referenced to the ZPE of thth species) is the total vibrational, rotational, and electronic partition functions are
partition function per unit volume and is the VDW binding calculated by Thern?8-24 using standard statistical mechanics
energy (corrected for ZPE) that corresponds to VDW well depth formulas. Since the harmonic oscillator is a poor description of
€1 (not corrected for ZPE). For the nominal vakie= 1.5 kcal the low-frequency VDW bond, which can dissociate, the
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TABLE 4: Equilibrium Constants ( Kypw)? distancer. from the B3LYP/6-31%G(3df) geometry optimiza-
VDW well depthe® tion (o = 27Y%¢) and the VDW binding energy from the
CCSD(T)/6-31#-G(3df)//B3LYP calculation. The Bunker

() 15 3.0 45 9.0 Davidson method givekypw = 3.93 x 1072}, 1.78 x 10724,
200 271€23)  115¢21)  5.01€20)  4.12(-15) and 6.95x 10722 cm® molecule’ at 200, 300, and 500 K,
288 1%?%23 5'82((:53 gggggg ‘ll'gg((:ig; respectively, which are slightly lower than those obtained using
500  151¢23) 6.77¢23) 3.07¢22)  2.84(20) the Stogryr-Hirschfelder method at the same temperatures, 5.66

_ _ x 10721 2.84 x 1072, and 9.87x 10722 cm® molecule.
*Units: cnt® molecule; estimated accuracy:x 10+, ® Well depth Equilibrium constants obtained at the same three temperatures

€ in units of kcal mot?! (no ZPE corrections). Note thate = 1.5 kcal

mol-* is predicted in Table 3 to be most accurate for IQ using the anharmonic oscillator approximation with the aniso-

tropic PES (Table 4, 2.7% 10723 1.71 x 1072, and 1.51x

10-2 cr? molecule'?) are only a few percent of those calculated
using the BunkerDavidson and StogrynHirschfelder meth-
ods, showing the important reduction in available phase space
volume due to anisotropy.

In his Ph.D. Thesis, Harald Stark reported measurements of
the rate constant for the CI® CIO reaction in He and Nbath
gases at 200 and 300 K for pressures ranging fre@nl to
~1000 bart® Although his results have not been published in
the peer-reviewed literature, they have been cited as providing
strong support for the RCM# Stark analyzed his data by
combining the effects of diffusion, the ETM, and the RCM. As

anharmonic oscillator approximation is used instead. The
anharmonicity constants are calculated by assuming the VDW
bond is described by a Morse oscillator potential function. This
is only an approximation to the VDW potential energy function,
but it at least includes the ability to dissociate, which is totally
missing from the harmonic oscillator approximation.

The VDW equilibrium constant&ypw calculated using the
anharmonic oscillator and anisotropic potential are presented
in Table 4 for three temperatures and four assumed VDW
binding energies (note that our ab initio calculations in Table 2

. > p .
predict that; = 1.5 kcal mott). Although the numerical values part of his analysis, he used the Bunk&avidson relationshfb

f%b@’bﬁw o?lrle agé\éi?at\g '12 ;T)roeuet ;'r?g':ggnéf%g;sﬁitﬂfg Iar(‘)ere and, by estimation and curve fitting, arrived at values for the
P y only 9 : Lennard-Jones parameters forldd, oLy = 4.4 A andei/ks =

accurate numerical values can be. obtained by using hinde_red33l K (errors are not stated). These values, which are similar
rotor potentlal energy funptlons in place of the harmonic to those found in the present work, give values for the
potentials used for the bending modes. Furthermore, the degreeigéquilibrium constant that are within a factor of 3 of those found
of freedom are probably not separable. Varandas and €O~ Jhove using the BunkeDavidson method. However, the

8-50 i i
W°r"?r§ have showq how Monte Carlo integration of the Bunker-Davidson method neglects anisotropy of the potential
classical phase space integral can be used to calculate the

partition function for nonseparable potentials. Such methods are 'Y surface. Equilibrium constants obtained in the present

needed for more accurate prediction&Qbw. The approximate work with the anisotropic PES (Table 4) have a weaker
. predi Obw. PP temperature dependence and are about 1/30th of the magnitude.
values in Table 4 are sufficient for the present order-of-

maanitude estimates. however C. Quasi-Classical Trajectory Calculation. Consider the
g o C . following reactions and the vibrationally excited species that
Although the ab initio calculations predict CIS, to be

. L ! o result from them
nonlinear, the deviation from linearity is small. If we assume

the VDW complex is exactly linear, there is no K-rotor, and CIO + CIO — CIOOCI* (R9)
one bending vibrational mode becomes doubly degenerate.
Calculations assuming the doubly degenerate bending mode has CIO + CIO-N, — CIOOCFN,* (R10)
a frequency in the range of 621 cnt! give Kypw values that
are 3 times those shown in Table 4, which is within the order- CIOOCIN,* — CIOOCI* + N, (R11)
of-magnitude accuracy estimated #ypw.
The equilibrium constariKyvpw is often estimated by using Batches of 16—1CP trajectories are used to perform quasi-
the Bunker-Davidson relationshfand Stogryr-Hirschfeldef® classical trajectory calculations to obtain the capture rate constant

method. In the latter approximation, metastable states with for reactions R9 and R10 at 200, 300, and 500 K and to
energies larger than the binding energy but smaller than theinvestigate the nascent energy distributions of CIOOCI* pro-
centrifugal barriers of the VDW complexes are included. Similar duced via reactions R9 and R11 based on the model PES
calculations for the equilibrium constant have been carried out constructed above. By varying parameRxy in eq E4, the
by Luther, Troe, and co-worket$/* based on work by  VDW well depth is adjustable in the model PES. Trajectories
Schwarzer and Teubnét.It is interesting to compare these are averaged over phases and integrated with a step size of 0.1
methods, which were designed for atématom recombination  fs. The initial rotational and relative translational energies of
reactions, to the anharmonic oscillator model described in the the reactants are chosen randomly from thermal distributions.
preceding paragraph. Both of the atenatom methods assume  |njtial conditions for the vibrations of polyatomics were selected
that the potential energy function is isotropic with respect to using microcanonical normal mode sampling. The initial
both partners. According to our calculations, however, signifi- vibrational energy of CIO radicals was selected semiclassically
cant VDW wells are located only in the vicinity of the Cl atoms. for » = 0. All of the sampling of initial conditions was carried
Furthermore, the Nbond is essentially collinear with the CIO  out by using the standard features in VENUS96.
bond. Thus, the potentials are quite anisotropic. The anisotropy The nascent energy distributions obtained by binning the
is represented in the anharmonic oscillator model by bending quasi-classical trajectory calculation results are shown in Figure
and torsional potential energy functions, which reduce the 2. The nascent energy distribution of CIOOCI* produced in
available phase space and hence reduce the calculated equilibreaction R9 is, by definition, located entirely above the threshold
rium constants. energy for dissociation, which is equal to the quantidy ¢ 2
Lennard-Jones parameters {= 3.8385 A andi/kg = 754.9 x ZPEcio). The quasi-classical method includes the zero-point
K) for CIO + N, were obtained by using the Ok equilibrium energy of each ClO radical (ZRk) when randomly selecting
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Figure 2. Nascent energy distributions of the excited CIOOCI*

produced in the CIG- CIO and in the CIOt CIO-N; reactions. VDW the relative degrees of freedom of the recoiling partners; the
well depths ¢, kcal mof™) are with no ZPE corrections. Also shown  remainder is retained by the CIOOCI*.

are the classical bond dissociation enery) @nd the energy threshold From the trajectory calculations, the total capture rate constant
(De + 2 x ZPEgio) used to initialize the quasi-classical trajectory (ks corresponding to reaction R10 at the four VDW well

calculations. . L2 - .
depths is shown in Figure 3 as a function of temperature. It is
initial energies, and the resulting initial energy distribution is Seen thak.,increases as the VDW well depth increases. We

in excellent quantitative agreement with the chemical activation Surmise that a possible reason for this effect is that as the VDW
distribution function57 which is used in master equation Well depth increases, the VDW stretching and bending modes

simulations of recombination reactio?3 tend to couple more effectively with the internal modes of
Because the entire chemical activation energy distribution of CIOOCI. The resulting increased number of modes will result
ClOOCI* produced from the CIG- CIO reaction is abovey, in an increased density of states and an increased lifetime of

all of the CIOOCI* will redissociate unless collisionally ~the nascent CIOOCIN,. _ _

stabilized. The corresponding energy distribution of CIOOCI* ~ The excited CIOOCIN, produced in reaction R10 can
produced from the CIN, + CIO reaction is at a lower energy ~ dissociate via several paths. In the general case, the vibrationally
and not as sharply peaked as the chemical activation distribution.€xcited VDW complex C*M (where the excitation resides

It shifts toward still lower energies as the VDW well becomes initially in C, not M) produced in reaction R12 has multiple
deeper. Thus, the probability for forming stable CloOC! dissociation channels

increases as the well deepens. Even for VDW well depths as

small asc = 1.5 kcal mof?! (without ZPE corrections), collision- A'M +B—C*M (R12)
free redissociation of CIOOCI* is very minor because almost *

. — . + —
all of the nascent energy distribution falls bel®y (classically, M= AMA+B (=R12)
of course, much more CIOOCI* would dissociate). This result C*M — A + B-M (R13a)
supports the usual assumption that the RCM produces stabilized
products. C**M —C(E)+ M (R13b)

The energy distributions of CIOOCI* produced from the
CIO-N, + CIO reaction are also in good qualitative agreement The efficiency of forming C(E) is proportional to the rate of
with experimentdf~77 and calculate@ distributions of the  reaction R13b and is given by
translational recoil energy that is released when an excited VDW
complex dissociates. The energy distributions both in the §C _ Kigp (E11)
previous work and in the present work show that some of the K 15+ Kigat+ Kigp
excitation energy is used to break the VDW bond, and most of
the remainder remains as excitation in the product molecule. The quasi-classical trajectory calculations show that as the
Very little energy remains to be distributed among the rotational VDW bond becomes stronger, the efficiency decreases sub-
and translational degrees of freedom. A classical physical modelstantially. This is because branching via reactioR12 to
that explains this behavi®ris based on the fact that the VDW  regenerate the initial reactants becomes much more important
modes (one bond stretch, three bends, and one torsion foras the VDW bond strength increases. Whken 9 kcal mol?,
CIOOCFKNy) have very low frequencies and therefore are the VDW bond strength is comparable to a normal covalent
coupled only very weakly to the much higher frequency internal bond. For this case, it is clear that-@ bond redissociation
vibrations of CIOOCI and M Because of the weak coupling, occurs with higher frequency than cleavage of the VDW bond.
the rate of energy transfer from excited CIOOCI* to the VDW This result has implications for hydrogen-bonded complexes
modes is much slower than the rate of dissociation of the VDW since hydrogen bonds are usually much stronger than normal
bond, just above the dissociation threshold. Therefore, dissocia-VDW bonds.
tion occurs as soon as just enough energy has been transferred The overall rate constatt g for forming the vibrationally
to break the bond and before any more can be transferred. Asexcited product C(E) depends on both the capture rate constant
a result, very little energy is available to be distributed among and the efficiencykce) = &€ keap This rate constant (given in
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TABLE 5: Rate Constants ke and ke, (Keap in Parentheses) for Forming CIOOCF

Keo
T(K) for CIO + CIO ke for CIO + CION;
e=15 €e=3.0 e=45 €=9.0
200 2.95 3.45 (3.7%) 3.11 (5.02) 3.05 (8.97) 2.91 (26.5)
300 3.096 (experiments: 2¢1,.364 0.2293.374+ 2.67¢4.84+ 0.5) 3.44 (3.62) 3.30 (4.02) 3.35(5.98) 3.13 (19.6)
500 3.2 2.55 (2.83) 2.63 (3.06) 2.78 (3.66) 2.60 (10.0)

2 The bimolecular rate constants are in units of #@m? molecule s™%; the well depthe is in units of kcal mot* (no ZPE correctionsf The
values in parentheses correspond to the total capture rate cokgtahRef 25.9 Ref 30.¢ Ref 31.f Ref 28.
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Table 5 and Figure 5) is the contribution of the RCM at the
high-pressure limit, where every vibrationally excited C(E) is
stabilized by collisions. From Figure 5, it is apparent tkag,

TABLE 6: Comparison of kj Obtained by RC and ET
Mechanismg

200 K 300 K 500 K
Radical Complex
VDW e (kcal mol?) [ 5 c
1.5 8.5¢(-35) 5.3¢35) 3.5¢-35)
3.0 3.4¢33) 6.5(-34) 1.7¢34)
45 1.5¢31) 8.5(-33) 8.4(-34)
9.0 1.2(-26) 1.5¢-29) 7.4(32)
Energy Transfér kSCRRKM CRRKM CRRKM
5.4(-32) 2.4¢32) 8.2(-33)

a2 Thee is without ZPE corrections, notation: 8.5¢-35) = 8.5 x
10735 cm® molecule! s, P Calculated usingd, = 16.93 kcal mot?.

are predicted to contribute approximately equally to the overall
rate constant for reaction R9 at the high-pressure limit.

The importance of the RCM at the low-pressure limit can
also be estimated from the present results. If one assumes that
the product C(E) produced by reaction R13b is produced with
insufficient energy to dissociate, then an upper limit to the
contribution by the RCM to the low-pressure rate constant can
be expressed as

Kow = &% KeaKvowM] = K5[M]

where kS = E%ksaKvow. Numerical values fokS are given

in Table 6. For comparison, low-pressure-limit rate constants
(KM calculated by the MultiwWell progra#2478 for a
strong-collision RRKM model (which is based on the ETM)
are also presented in Table 6. The results show Ifjais
significantly smaller thahS*""" except at the lowest temper-
atures and greatest well depths investigated. For the VDW well
depth obtained at the CCSD(T)//B3LYP level of theory for the
CIlO + CIO (+Ny) system é; = 1.5 kcal mot? without ZPE
corrections), the RCM is predicted to contribute less than 1%
to the total reaction rate at 1 bar o, \T719. If Kypw is
significantly larger than our estimates, the contribution of the
RCM will be larger than this prediction, but we conclude that
the RCM (involving N) probably plays only a minor role in
the overall reaction under atmospheric conditions, despite
suggestions to the contra#This conclusion is in agreement
with Stark!® although he found a much stronger temperature

(E12)

is almost independent of both the well depth and temperature.dependence at the low-pressure limit.

It is also almost equal to the rate constaaf) for CIO + CIO

Near the high-pressure limit, the contribution of the RCM to

(in the absence of the RCM) at all three temperatures (the largesthe total rate is given by

deviations are only 1020%). This result is due to the fortuitous

near-cancellation of the temperature dependences of the two
factors; the capture rate constant increases at low temperatures,

while the efficiency of forming C(E) decreases dramatically.

RCM kC(E)KVDW[NZ]
RCM+ ET kC(E)KVDW[NZ] + k,,

(E13)

The lack of temperature dependence between 200 and 300 K isvhere the rate constants were defined earlier and are given in

at variance with the large effect-T29) reported by Stark8

Table 5. At 300 K and 100 bar of Ne; = 1.5 kcal mot?), the

The resulting rate constants show that the RCM and the ETM contribution of the RCM is~4%, which can be compared to
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