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The selectivity of reactant rotational and vibrational energy upon reactive cross sections for the reaction
OH + Cl, — HOCI + Cl is investigated in detail by performing quasiclassical trajectory (QCT) calculations

on a six-dimensional, analytically constructed potential energy surface (PES). The construction of the PES
was based on ab initio molecular orbital calculations of the HOCICI system using the unrestricted second-
order Mgller-Plesset perturbation theory approach. The quantum mechanical investigation produced three
stationary points relevant to the title reaction, a transition-state configuration and two-+HQ&ype
complexes. Geometries, energies, and vibrational frequencies are reported for these structures. The analytical
functional form for the PES has been developed following the SetEgersma formulation incorporating

the Sorbie-Murrell potential energy term for the HOCI molecule. Extended three-dimensional QCT calculations

at low and moderate collision energies covered several rotational and vibrational reactant states to produce
a detailed study of the selectivity upon the reactivity of the system. The resulting dynamical features are the
strong enhancement of reactivity when the vibrational content of the breaking bond is raised and the exactly
opposite effect when the vibrational excitation of the spectator OH bond is increased. The initial reactant
rotation is shown to have a very minor influence on the dynamics.

Introduction the role of the nonbreaking OH bond in the dynamics of another
Several recent experimental and theoretical studies haved|atom—d|atom reaction. From the mechanistic point of view

produced interesting details conceming the dynamics andthe expc_arimental kinetic_ studies were consistent With_ the
kinetics of various gas-phase elementary four-atom reactidns assumption that the reaction proceeds through the formation of

An important class of such systems are the reactions of hydroxyl @ Short-lived collision complex in analogy with the dynamical
radical with halogen and interhalogen molecules which have behaYécig observed for OB ICl and OD, OH+ Br; reac-
been well characterized experiment&fii# but have received ~ 1ONS™
much less attention concerning their dynamical investigation. In a recent stud§ we have made a first dynamical investiga-
The reaction between the hydroxyl radical and the chlorine tion of the title reaction based on two model potential energy
molecule has been extensively studied experimentally by surfaces. The methodology followed was based on the two most
Loewenstein and Andersthat 298 K and by Wayne and co- commonly encountered procedures in the literature, the formula-
workers15 who made an investigation of the reaction from 253 tion suggested by Bowman and co-workérand the one by
to 333 K. The reaction presents a low endothermicity at room Elgesma and SchatZ.Both of these functional forms with
temperature between 7.53 and 4.31 kJ/mol, and the correspondimportant improvementéin several cases have been the starting
ing experimental rate coefficients at 298 K reported by these points in the construction of the potential energy surface (PES)
workers are (6.7Gt 0.72) x 1071* and (6.8+ 1.0) x 10714 for the dynamical study of most four-atom systems. Our two
cm® molecule s72, respectively. Other experimental measure- model PESs so constructed were designed to incorporate similar
ments range from (5.5 0.3) x 1071 cm?® molecule’! s71 10 values for the entrance barrier based on the experimental
to 7.4 x 10~ cm? molecule’* s71,1t values within 20% of the ~ activation energy, i.e., around 7.5 kJ mgland they both
former quoted ones. Loewenstein and Anderson also measureatontained a potential energy well consistent with the experi-
at room temperature the branching ratio to the HEICIO mental evidence and the dynamical behavior of similar systems.
channel that is exothermic by 38.1 kJ/mol. This branching ratio However, in the absence of any ab initio information the
was found negligible, and the reaction proceeds practically to potential energy minima were designed to differ substantially,
the breaking of the CtCl bond and the formation of the HOCI  ranging from 8.6 kJ mot* in the first surface to 40.1 kJ mdl
molecule also consistent with the studies for the reverse reactionin the second, thus covering a wide area of possible values with
HOCI + Cl that was recognized to lead to GHCI, productst® the hope that the true energy minimum would be located
Consequently, the title reaction represents a nice system to tessomewhere between. This study has given a qualitative picture
of the mechanism of the reaction and has revealed several

:ﬁg%%sspcﬁgg%%sﬁttgg- interesting dynamical features such as the severe increase of
* University of loannina. the reactive cross se_ction with collision energy and the spectator
8 University of Thessaloniki. role of the nonbreaking OH bond, regardless of the magnitude
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of the potential well. However, the uncertainty in the detailed UMP2 methodology. Thus, MP2 will simply denote MP2 or
parameters of the PES has resulted in large discrepancies inJMP2 depending on whether the number of electrons is even
the quantitative dependence of the cross section on collisionor odd, respectively. In the same manner, we replace the PMP2//
energy between the two PESs and the inability to properly UMP2 notation with PMP2. We initiated the calculations with
investigate the role of the reactant internal energy. the 6-31G(d) basis set and proceeded using the polarized MP2/
With the increasing feasibility of high-quality quantum 6-31H+G(d,p)? which was the starting point of our large-
mechanical calculations, the major obstacle in studying the scale calculations. Then we proceeded with the polarized
dynamics of four and more atom reactions, i.e., the lack of correlation-consistent cc-pVAZ34basis sets fon = 2 and 3,
reliable ab initio molecular electronic structure data, has and finally we employed the augmented with diffuse functions
definitely been overcome. Lately, several theoretical calculations aug-cc-pVDZ basis set. Pure d and f functions were used in the
for chlorine molecule containing van der Waals complexes have d and f shells; i.e., the d functions have five components and
been reported in the literatu?é2 For the present system no the f functions seven.
ab initio calculations have been carried out yet, but an extensive Due to computational time limitations, only the MP2 level
guantum mechanical study has been published recently for twoof theory was examined in connection with the five basis sets
systems, the Gi--CIO and HCt--ClO complexe® which are mentioned above, and no other methodologies have been
closely related to the title reaction. Consequently, a quantum attempted. However, since the main purpose of the present work
mechanical study of the HOg£3ystem was considered necessary is the satisfactory description of the PES for the HOCI,
to construct an analytical PES that can be trusted to describereaction, and since no dramatic improvements are expected in
quantitatively the mechanism of the reaction. Molecular orbital the details of the determined structures for this particular purpose
calculations have been performed at the unrestricted secondfrom going to a higher level of theoryas is also observed by
order Mgller-Plesset (UMP2) level of theotyusing the 6-31G- Aloisio and Francisc¥ in the case of HG}-CIO and Cj---
(d), 6-311+G(d, p), and correlation-consistent polarized- CIO complexes-we do not consider these limitations as a severe
valence double- and triple{cc-pVnZ) basis sets. On the basis handicap in the present study. Similar effects were quoted in
of the quantum calculations, our previously constructed Elgesmathe theoretical study of hydrogen halide dimers, (H& = F
and Schatz type PES, being closer to the ab initio findings, wasthrough At)3> There too, the small-scale calculations at the
employed after minor modifications to perform detailed qua- UMP2/6-31G* and UMP2/6-31** levels predicted quite cor-
siclassical trajectory (QCT) calculations which allowed a more rectly the (HCI} and heavier hydrogen halide dimer structures,

faithful description of the dynamics of the reaction. confirmed at the CCSD(T)/aug-cc-pVTZ level, while discrep-
ancies appeared only in the results for (HEpecies.
Quantum Calculations and Results Three optimized structures relevant to the title reaction were
derived in the present study by performing all electron calcula-
The quantum mechanical investigation of the GHCI, tions with fully unconstrained geometry optimizations. We used

surface was carried out by using the unrestricted second-ordery C1 point group symmetry for each species as the initial
Mgller—Plesset perturbation the@FyW”:h the Gaussian 94 geometry of the Optimizatior] procedure, and we performed
codé® employed throughout the calculations. As the first step optimizations in redundant internal coordinates. The resulting
the accuracy of our MP2 procedure was tested by examining point group symmetries with all basis sets emp|0yedmh
the HCF--ClO complex at the UMP2/6-31G(d) level of theory, for Cl, , C8» for OH, and Cs for CIOH and all CICIOH
already studied® As mentioned previously, an extensive ab minimum-energy structures whereas the Symmet@l_]_imr the
initio molecular orbital study of systems related to the title C|CIOH saddle point. The optimized structures derived using
reaction has been recently reported, i.e., the theoretical studythe aug-cc-pVDZ basis set are shown in Figure 1, and the
of Cl;—CIO and HCI-CIO complexes$® Of these systems the  geometries, harmonic frequencies, and energetic parameters at
former one was found to present two minimum-energy van der || levels of calculations are summarized in Tables 1 and 2.
Waals structures, one bonded via the oxygen end of the chlorineThe vibrational frequencies were calculated for each basis set
oxide and a second one bonded via the chlorine atom on theto determine the nature of the stationary points and the zero-
same molecule. The latter system HT@IO was determined  point-energy (ZPE) corrections. The most interesting configu-
to assume a hydrogen-bonded structure with three nearlyration is structurel, which was determined to represent a
collinear atoms CIH-O and the fourth, the chlorine atom of  transition-state configuration, linking reactants and products and
the CIO molecule, forming an angle with the line. Our results reflecting the experimentally observed small activation energy
were found identical to those reported, thus verifying the parrier of the reaction. It possesses a nonplanar geometry verified
reliability of our methodology. using all five basis sets, with a dihedral angle neat @0d

The following step in our procedure was to start all-electron with both the constituent species,@nhd OH almost unchanged
calculations for the present system. More specifically, we compared to their monomer structures. The-Ol internuclear
employed the restricted second-order MgHPBlesset (MP2) distance is found to be 1.895 A, about 10% extended compared
perturbation theory for closed-shell systems,(CIOH)?*® and to the OCI bond distance in free HOCI. The calculated energy
the unrestricted MgllerPlesset (UMP2) theory with spin  barrier heights must be overestimated, but the geometry of the
projection (PMP2/UMPZJ-31 for open-shell systems (OH, transition state seems reasonable. The system passes through
CICIOH, CI). The motivation of the spin-projection procedure this configuration and by the gradual separation of the two ClI
arises from previous studies where the transition structuresatoms reaches the minimum of the PES, HOQI, and
calculated at the unrestricted Hartreeock level were affected  proceeds further into the product valley. The nonplanar geometry
by a considerable amount of spin contamination, and as resultof the ab initio determined transition-state configuration makes
the reaction barriers can be overestimated by up to 10 kcal/molthe present system quite analogous to the-D8O reactior?®
when correlation corrections are calculated by unrestricted In that system the most probable pathway involves an inter-
Mgller—Plesset perturbation theory. For simplicity reasons, in conversion between the cis- and trans-minima of HOCO over
the rest of the paper we omit the U symbol when referring to an isomerization barrier of nonplanar geometry similar to that
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Figure 1. Optimized transition-state and minimum-energy structures of thetHOl, system at the MP2(full)/aug-cc-pVDZ level of theory.

of the present one, which leads through the cis-configuration PES and Trajectory Calculations
into the H+ CO, products®’

The other two structures, hereafter denotedlaand Il ,
represent energy minima with significant binding energies with
respect to reactants, which vary depending on the basis set use
Consistency in the binding energy results is observed in the
values obtained from the two basis sets supplemented with
diffuse functions, and these results are taken into account in
the construction of the PES. Both structures present pIanarV(RHO'RHC"RHC"’ROC"ROC"’RC'C") B
geometries and involve the triatomic HOCI group connected to ViersRociRocrReier) + Vn(Ruo) + Vi (Ruc) +

Using the above information, our previously constructed
global PES based on the Elgersma and Schatz formulation was
ccordingly modified to carry out the dynamics calculations.
riefly, the analytical functional structure of this potential has

the form

the fourth atom, the second Cl atom. The interbond angle in Vi (Racr) + Vioc(Raos R +
the HOCI entity is found to be about 192he same as in the w (Ruci Hod RH\(; ROC'(RHC| ) ()
free HOCI molecule, and actually all geometrical parameters Hocr(RuoRocr:Rucr

of the HOCI group in both tetratomic complexes under . o .
consideration fit well with the structural parameters of the free Thus, itincludes a LEPS switching term to describe theQD-

HOCI molecule®-41 Thus, both structured and il should ClI" interaction to transfer from reactants to products and a usual
be characterized as HOGICI complexes, and they must be ~Morse potential, ¥, to account for the HO bond. The two
important energy minima in the reverse-€IHOCI reactiont® H—-Cl and H-CI' interactions are approximated by two

representing the attack of the HOCI molecule by the approaching Perturbed Morse potentialsiy- described by perturbed Morse
Cl atom from either the H or the Cl end of HOCI. In structure ~Parametersy-, Su-, Ru-, optimized to fit the forces betweem
II, the most stable one, the-+Cl distance was determined as H and Cl and between H and ‘Gitoms within the HOCICI
2.563 A using the aug-cc-pVDZ basis set, comparable with the transition state.

analogous H-Cl distance, 2.720 A, found by Kollman et4l.

for the hydrogen-bonded HCI dimer and consistent with the Vi:(R) = Dy{€xp[=2B:(Ryci — Ry:)] —

values determined in the recent studies of (bXpeciesS 2 exp=Bys(Ryc — Ry)l} (2)
Hence, it certainly represents a hydrogen-bonded structure with

a trapezo_idal overall geometry. Structuie can be clearly Finally, a modified Sorbie-Murrell type three-body potenti&
characterized as a van der Waals complex with nearly collmearfor HOCI and HOClis usedVuoc andViocr, to provide HOCI

O—Cl-++-Cl atoms and a Gi-Cl distance of 3.286 A in aug-cc- ; o . !
pVDZ, which compares well with the value 3.483 A of the with a good approximation to the true quadratic force field.

corresponding Ci-Cl van der Waals distance in the tetratomic vV _

CICI+--CIO complex2® The structural parameters from all basis Hoc(Ruo-RocrRuc) =

sets agree well with each other, and also good consistency is D°hocP(Rio:RockRuc) QRuo:RockRuc) (3)
observed in the isomerization energies between the two minimum-

energy structures. The values from all basis sets are similarwith

within 1.5 kJ mot™. The structural data along with the electronic

energies and the resulting stabilization energies with respect to 3 3 3
OH + Cl; reactants and the isomerization energies are sum- P(R,o,RociRuc) =1+ S¢S+ $¢,S%+ z GSg (4)
marized in Table 2. The vibrational harmonic frequencies are i= i= jF=1

also given in Table 2, and there too a good overall agreement
is obtained from all basis set calculations. and
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TABLE 1: Structural Parameters, Harmonic Frequencies, and Energetic Results for the Transition-State Configuration and
Reactants and Products of the OH+ Cl, Reactior?

Transition State

6-31G(d) 6-31%+G(d,p) cc-pvDz aug-cc-pVDZ cc-pVTZ
r(HO) 0.981 0.968 0.977 0.975 0.967
r(ClO) 1.877 1.862 1.864 1.895 1.889
r(CICI) 2.091 2.095 2.115 2.088 2.045
O(HOCI) 102.7 103.8 101.8 102.1 101.3
d(ocicly 148.5 147.2 148.9 147.9 148.4
Y —69.8 —70.0 68.5 —-71.6 -70.2
frequencies 3692, 1048, 467, 3828, 988, 482, 3773, 1013, 457, 3745, 980, 525, 3812, 964, 555,
351, 215, 742i 346, 214, 737i 341, 216, 753i 354, 204, 639i 350, 207, 592i
Eel —994.68659 —994.92656 —994.77661 —994.83700 —995.06971
ZPE corr 0.01316 0.01335 0.01321 0.01323 0.01341
AEP 29.9 36.3 35.7 16.3 18.6
Reactants
r, o frequency Eel ZPE corr
OH
6-31G(d) 0.979 3721 —75.52144 0.00848
6-311++G(d,p) 0.968 3841 —75.60021 0.00875
cc-pvVDZ 0.974 3794 —75.54633 0.00864
aug-cc-pvVDZ 0.975 3769 —75.56950 0.00859
cc-pVTZ 0.966 3837 —75.63309 0.00874
Cl,
6-31G(d) 2.018 541 —919.17656 0.00123
6-311++G(d,p) 2.039 547 —919.34020 0.00125
cc-pvDZ 2.030 547 —919.24389 0.00125
aug-cc-pvDZ 2.039 537 —919.27372 0.00122
cc-pVTZ 1.993 583 —919.44372 0.00133
Products
r, o frequencies Eel ZPE corr
HOCF
6-31G(d) 0.979,1.717,102.6 3698, 754, 1319 —535.15858 0.01314
6-311++G(d,p) 0.965,1.714, 102.8 3838, 728, 1210 —535.31349 0.01316
cc-pvDZ 0.973,1.729, 100.7 3787, 734, 1247 —535.21062 0.01314
aug-cc-pVDZ 0.974,1.731,101.9 3745, 742, 1254 —535.25407 0.01308
cc-pVTZ 0.965, 1.693, 101.9 3819, 774, 1277 —535.40403 0.01337
Cl
6-31G(d) —459.55620
6-311++G(d,p) —459.63651
cc-pvDzZ —459.58780
aug-cc-pvDZ —459.60001
cc-pVTZ —459.67760

aBond lengths in angstroms, bond angles in degrees, frequencies i @anu electronic energies and ZPE corrections in hartfeesergy
difference with respect to the reactarft®ata in sequence refer to bond distances HO and OCI and bond angle HOCI, respectively.

3 by the surface, but this discrepancy is not expected to be crucial
Q(Ry0.RociRic) = | |1 — tanh(0.%,9)] 5) since these two minima must be most critical in the reverse
= HOCI + CI — HO + CI,!° reaction. All parameters and
characteristics of the surface are given in Table 3, and potential
The displacement coordinat&sin egs 4 and 5 are given by  energy contours for the collinear approach of reactants are

S = Rio = R°ho, © = Roci — R%oci, 0r &' = Rocr — Rocl, depicted in Figure 2 with the nonreactive OH bond fixed at the
andS = Ruci — R%hci OF §' = Ricr — R°hci, Where theR’; equilibrium distance. In addition, in Table 3 the aug-cc-pvVDZ
distances represent the equilibrium reference frame distancesyp initio values for the stationary points are included in
of HOCI used by Murrelf3 parentheses for comparison with the corresponding properties

The constructed surface produces a linear approximation toof the constructed surface. The deviations are whithin 10%
the transition-state configuration, located at 10.7 kJthabove between the quantum values and the constructed surface except
the entrance valley at an-©Cl distance of 2.640 A and a HOCI  for the location of the minimum along the €ICI coordinate,
angle of 108. Analogous collinear transition states have been which as mentioned above is not properly reproduced, and the
considered in the study of the dynamics of other diatahiatom energy barrier at the entrance of the reaction, which is clearly
systems such as the H® HCI and HO+ HBr reaction$*45 overestimated by the quantum calculations. However, although
also studied by quasiclassical dynamical calculations. The the accuracy of the present surface may not reach that of the
optimized surface also contains a considerable potential energySchatz surface for HQ- H,, the moderate deviations obtained
well of 37.8 kJ mot? representing the two close-lying minima  indicate a good representation of the present system by the
Il andlll . Their geometries derived by the quantum calculations proposed surface, taking into account the size of the system
are located into the exit valley, so they are not well reproduced and the spreading of the ab initio calculations.
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TABLE 2: Structural Parameters, Harmonic Frequencies, and Energetic Results for the Two Optimized Minimum-Energy
Structures of the HOCICI System

6-31G(d) 6-31%+G(d,p) cc-pvDZ aug-cc-pvDZ cc-pVTZ
Structure 1l
HO 0.979 0.968 0.974 0.977 0.968
Clo 1.716 1.713 1.727 1.727 1.691
cicr 4.293 3.925 3.168 3.164 3.187
CI'H 2.599 2.585 2.578 2.563 2.568
CIHCI 129.0 112.0 95.6 83.9 84.3
HOCI 102.6 102.3 100.4 101.5 101.3
CI'HO 178.9 163.5 160.3 135.9 136.5
frequencies 3701, 1339, 755, 3818, 1223, 730, 3772, 1266, 736, 3694, 1280, 745, 3761, 1302, 774,
152, 95, 33 224, 89,14 204, 99, 23 206, 112, 43 236, 115, 20
Eef —994.71748 —994.95338 —994.80140 —994.85867 —995.08557
ZPE corr 0.01384 0.01389 0.01389 0.01385 0.01414
DEP 52.2 36.1 30.0 414 22.7
Structure 11l
HO 0.979 0.965 0.973 0.974 0.965
Clo 1.718 1.716 1.730 1.733 1.695
cicr 3.522 3.477 3.502 3.286 3.272
HOCI 102.6 102.9 100.7 101.9 101.9
ocCICr 179.7 177.3 179.5 178.0 179.0
frequencies 3699, 1318, 752, 3839, 1207, 726, 3788, 1244, 731, 3747, 1250, 736, 3820, 1274, 769,
47, 44,23 53, 50, 39 47,44, 26 67, 63, 46 54, 53, 40
Eof —994.71584 —994.95206 —994.79956 —994.85644 —995.08325
ZPE corr 0.01340 0.01347 0.01340 0.01346 0.01369
AEP 46.8 30.6 24.5 34.7 16.9
AEi 5.4 55 55 6.7 5.8

aBond lengths in angstroms, bond angles in degrees, frequencies i amad electronic energies and ZPE corrections, in hartPeginding
energies with respect to reactants OH angl €J mol!, calculated at the same level of theot¥nergy difference between the two minimum-
energy structures kJ nidl

TABLE 3: Molecular Parameters and Dynamical

Characteristics of the PES Constructed

parameter HO Gl OCl HCI

Re,2 A 0.965 1.999 1.571 1.275
et AL 2.295 2.008 2.290
De,? kJ mol-t 441.9 242.8 270.5 4455
vacmt 3735 565
vPem? 3617 739
vPem1(HOCI 1242

bending mode)
Be,2 Cri ! 18.87 0.244
Ru+,c A 2.202
P, AL 2.012
Dw+,° kJ mol? 36.5
Satd 0.102 0.648
De &HOCI), 64.45

kJ mol
ReeA 0.965 1.690 2.119
cieAt 0.609 0.490 0.511
citA—2 0.030 0.051 0.089
ci® (HO,0CI), A2 0.013
ci® (HO,HCI) A2 0.072
ci® (HO,HCI), A2 0.037
yie A1 4.007 1.490 1.048
Ep,f kJ molt 10.7 (16.3)
Ro.f A 0.965 (0.975) 2.020 (2.088) 2.640 (1.895)
Euw,  kJ mol? 37.8 (41.4)
RufA

ADo.9/kJ mof?

6.

0.965 (0.977) 2.180 (3.164) 1.680 (1.727)
8

r(Ci-C1)/ A

¢}
rO-C)/ A

Figure 2. Potential energy contours spaced by 4 kJ/mol for the collinear
approach of the reactants, calculated by fixing the OH distance at the
spectroscopic equilibrium bond value and the HOCI angle to 202.5

random selection of initial conditioASwere used. A total of
30 000 trajectories were run at each collision enekgy for a

a Diatomic spectroscopic constants taken or calculated from ref 55. series of 12 values d&r from 4 to 100 kJ/mol and a range of

b Referring to properties within the HOCI molecule from ref 38b.

¢ Perturbed Morse parametefsAdjusted Sato value$.Original and

modified Murrell parameterd Barrier height and location, potential

bmax Values from 2.5 to 2.8 A with increasingr. The large
number of trajectories was necessary to obtain good statistics

well, and location of the constructed surface. The values in parenthesesdue to the low reactivity especially in the low-energy regime.
are the aug-cc-pVDZ results also included here for comparison. The initial conditions were assumed to be the zero vibrational

9 Accepted value for the endoergicity of the reaction from ref 38a.

level for each reactant, = 0, and the rotational numbeds=

Quasiclassical three-dimensional trajectory calculations were 2 for OH andJ = 20 for Ch, which are the most populated
performed by using a suitably modified version of the Mercury rotational levels for these species at 298 K. Next, the selectivity
progrant® in which the potential energy function of eqs-a
and its partial derivatives have been incorporated. The standardat three different values of the collision energy, 12, 25, and 38

of initial reactant internal energy upon reactivity was studied
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Figure 3. Reactive cross section vs initial collision energy calculated
with zero initial vibrational energy and the most probable reactant
rotational energy at 298 K. The error bars indicate the statistical errors

calculated according to ref 56.

TABLE 4: Comparison of Experimental and Theoretical
Rate Constants at 298 K in Units ofx10-14 cm3
molecule™! s71

kexp

ktheor

6.70+ 0.7226.8+ 1.0 5.5+ 0.3¢ 7.4
7.1

aReference 14° Reference 15° Reference 10¢ Reference 11.

kJ mol?, for a number of internal states of the reactants. A
series of calculations were performed for each of the following
guantum states of reactantgy = 0, 1, 2, and 5p¢;, = 0, 1,
2,and 5,Jon = 0, 1, 2, and 5, andg, = 0, 10, 20, and 30,
keeping zero all the other quantum numbers for both reactants
in each calculation. Finally, the partitioning of the total available
energy among products d&r = 12 and 38 kJ mot! is
investigated for a series of values of reactant vibrational
excitation under the same initial conditions.

Trajectory Results

The reactive cross section calculated from
0(Er) = 700 (Er)[N(E7)/Nig: | (6)

is depicted as a function of initial collision energy in Figure 3.

A monotonic increase is observed up to high collision energy
values with saturation reachable only at high initial energies as
the system displays the typical behavior of a reaction with an
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Figure 4. Reactive cross sections vs reactant vibrational state and zero
initial rotational energy calculated at three values of initial collision
energy from the bottom to the top, 12, 25, and 38 kJThol

considerable enhancement of the reactive cross section with an
increase in the vibration of the breaking CICI bond, and the
effect becomes quite prominent when coupled with an increase
in the initial translational energy of the collision. The exactly
opposite effect is observed when the OH reactant is vibrationally
excited for 25 and 38 kJ mot of collision energy. At 12 kJ
mol~! an increase is obtained i} at low von values, which
again declines at higher values of OH vibrational quantum
numbers. Thus, regarding the vibrational energy dependence,
the general propensity rule that was manifested in other diatom
diatom cases appears to apply here too, namely, that an increase

energy barrier at the entrance valley. The corresponding reactionin the reactive bond vibration significantly promotes the rate

coefficient at 298 K is calculated by the standard formula

12 e _
k(ET)=g[ [CEoE)e T, (7)

_ 8
(ke )’

trough a polynomial fitting of the appropriatgEr) vs Er curve.
The multiple surface factog is included to ensure reactive
collisions are counted only on the lowest adiabatic electronic
PES and is taken equal to 1/f4 exp(—E/T)], whereE = 181

K is the splitting between th&1s, and?I1y, levels of OH4445

of the reaction, while exciting the nonbreaking bond produces
an opposite effect. Quite analogous effects have been observed
in studies of other diatomdiatom systems, for example, the
BO + H, — HBO + H, NH + NO — NNO + H*%, and

CN + H, — HCN + H%° reactions, where an increase in the
reactive bond vibration was found to enhance the reactivity
considerably, while an increase in the spectator bond vibrational
excitation resulted in a severe decline of the reaction probability.
The promoting effect of the breaking bond vibration on reactivity
was also observed in the studies of the @HH,; — H,O +

The calculated value is compared to various experimental resultsH%:~5% reaction, and it is somehow expected because the
in Table 4, where a satisfactory agreement is observed betweervibrational excitation weakens the bond. However, in the
the theoretical rate constant and the experimental measurementsnvestigation of the latter system and in other studies of£€N

The main purpose of the present study is focused on the
investigation of the selectivity of reactant internal energy upon

H, — HCN + H,54 the inhibitive effect of the spectator bond
vibration was found much milder or even negligible. It is

the reactivity of the system. Figures 4 and 5 show the influence possible that some kind of correlation between the mass of the
of vibrational and rotational excitation at three initial collision spectator atom of the spectator bond and the amount of inhibition
energy values, 12, 25, and 38 kJ mbl We observe a induced may operate, but many more data on this feature are
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Figure 5. Reactive cross sections vs reactant rotational state and zero a
initial vibrational energy calculated at three values of initial collision Figure 6. Percentage of available energy going into product rotation
energy from the bottom to the top, 12, 25, and 38 kJthol (circles), vibration (squares), and translation (triangles) for two values

of initial collision energy, 12 (top) and 38 (bottom) kJ mblks HO

required to confirm this argument. The prohibitive action of vibration,Jon = 0, vci, = 0, Jai, = 0.
the nonbreaking bond vibration combined with the correspond-
ing promoting effect of the reactive bond has been discussedregarding the selectivity of the initial vibration of either the
in detail for both the BO+ H, — HBO + H* and NH + reactive or the spectator bond are quite interesting. When no
NO — NNO + H# reactions, and various qualitative pictures reactant vibrational excitation is present, the distribution of
were used to describe these effects. The inhibition in these casegivailable energy between product vibration and translation is
was described as the result of the efficient rebound of the approximately even with a slight excess of translation. As
reactive H or NH by the vibrating, much heavier BO or NO vibrational energy is put into the breaking bond, the percentage
molecule. Another picture which could be considered comple- of product translation slowly declines with a corresponding
mentary to the kinematic one, especially at the low-energy moderate increase in product vibration. The same effect has been
region, describes the inhibition as a result of the enlarging obtained in the BO+ H, — HBO + H reactiort® when an
distance of the vibrating, nonbreaking bond and the increasingincrease in the vibrational energy content in any of the two
importance of repulsive configurations that make rebounding reactants is observed. However, the product vibrational energy
trajectories significant. It is difficult to classify the O Cl, increase becomes quite pronounced for the present system when
system to one or the other of the above-mentioned prototypesthe vibration of the nonbreaking bond is increased, reflecting
considering the much heavier reduced mass of the breaking bondhe much larger vibrational quantum associated with OH
compared to the spectator in the present case. Here, thevibration compared to Gl As a result a striking drop in the
approaching OH radical combines linearly with the vibrating percentage of product translational energy is obtained with a
Cl, molecule in the transition-state region, and the increasing corresponding impressive increase in product vibration, leading
vibrational content of the chlorine molecule tends to expand to the conclusion that the major part of OH initial vibration
the CICI bond distance and facilitate the rebound of the HOCI remains confined in the stretching mode of this particular bond
entity with most of the translational energy conserved. Thus, within the HOCI product. Thus, the assumption of the spectator
Cl, vibrational excitation promotes the reactivity, while the OH role of OH bond and the adiabatic behavior of the collision
vibration proves unable to help in surmounting the barrier of with respect to the OH vibration are clearly manifested.
the reaction. The influence of initial rotation is much weaker as shown in

Evidence of normal-mode separability is also obtained from Figure 5 and leads to a negligible overall effect on reaction
the product energy partitioning variation as the reactant vibra- probability with initial Ch rotational excitation and a very feeble
tional energy is modified. Figures 6 and 7 present the disposalincrease with initial OH rotation. Also the percentage of
of available energy among reaction products at two values of accessible energy transferred into product rotation remains
the collision energy, 12 and 25 kJ mél The general pattern  unaltered, independent of the initial translational or vibrational
is the same at both energies, but the tendencies observedtate of the reactants.
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100 * ‘ i the reactive cross section on collision energy and the calculation
‘ of the rate coefficient at 298 K, which compares well with the
experimental measurements. The results demonstrate the sig-
a 804 . i nificant promotion of reactivity with increasing collision energy.
5 T Regarding the influence of internal energy, an inhibition of the
£ 6o e - reactivity is observed when the initial OH vibration increases,
& especially at high collision energies. On the other hand, the Cl
o ‘/// vibrational excitation leads to a clear enhancement of the
e 404 . B reaction probability consistent with similar effects observed in
5 s other diatom-diatom reactions. Finally, the disposal of total
vV 204 RS | available energy vs reactant internal energy is studied, and it is
I found that the percentage of the available energy channeled into
T T product vibration increases with reactant vibration, an effect
0 i i r % § } that becomes quite prominent when initial OH vibration is
0 1 2 3 4 5 6 concerned and which demonstrates the adiabatic character of
30 = . ¢ + - . the collision and the spectator role of OH.
4
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