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An ab initio study of the ground potential energy surfd®ES of the OCP)+ CH,—OH-+CH,
reaction has been performed using the second- and fourth-order Mgller—Plesset methods with
a large basis set. A triatomic analytical ground PES with the methyl group treated as an atom of 15.0
a.m.u. has been derived. This PES has been employed to study the Kinatiational transition

state theory(VTST) and quasiclassical trajectofQCT) rate constanisand dynamics(QCT
method of the reaction. Thab initio points have also been used directly to calculate the VTST rate
constant considering all atoms of the system. The best VTST methods used lead to a good
agreement with the experimental rate constant for 1000—2500 K, but QCT rate constant values are
about one-third the experimental ones for 1500—-2500 K. The cold QCTv©R] rotational
distribution arising from the simulation of the reaction with 3@} atoms produced in the
photodissociation of N@at 248 nm is in good agreement with experiment, while the very small
QCT OH({@=1) population obtained is consistent with measurements. The triatomic PES model
derived in this work may be used in studies of the kinetics and dynamics under conditions where the
methyl group motions are not strongly coupled to the motions leading to reactiorl99®
American Institute of Physic§S0021-960609)00215-9

I. INTRODUCTION from reaction(1) was determinetiin an infrared diode laser
absorption kinetic spectroscopy experiment, with translation-
ally hot O@P) atoms generated by laser photolysis of,%0
193 nm[average relative translational enerdy;§ of 0.330
‘eV]. More recently, several properties of the title reaction
were characterized in an experimértombining laser pho-

The reaction with ground-state atomic oxygen®p) is
an important initial step of hydrocarbon oxidation in com-
bustion processésAmong these reactions, the gas-phase bi
molecular reaction

O(3P) + CHy(X *A) — OH(X 2IT) + CHy(X 2A,") tolysis of NO, at 248 nm to produce translationally hot
O(®P) atoms(averageEt of 0.348 eV} with laser-induced
AH%; (=2.480 kcalmot? 2 (1) fluorescencéLIF) detection of the nascent OMEII) prod-

uct: rotational distribution of OHX2Ilg,,v’'=0), and
may play an important role in obtaining a deep insight intoOH(v'=0) A-doublet components and spin-orbit population
the dynamics of this type of process. Because of its relativeatios @I15,/%I1,,). With respect to the kinetics, the ther-
simplicity, as compared to other reactions with larger hydro-mal rate constar(k) of reaction(1) has been measured®at
carbon molecules, it allows for a strong interaction betweerdifferent temperatures.
theory and experiment. In spite of its interest, however, to  Reaction(1) has also been studied theoretically. Nona-
the best of our knowledge, only two experimental investiga-diabatic coupling models for OH spin-orbitI{,,%I1,,,)
tions have been devoted to the study of the dynamics ofropensities have been propoYeandab initio calculations
reaction(1). This has probably been caused by the fact thatat different level$~° have been reported. These calcula-
among the different hydrocarbon reactions, the reaction withions were mainly centered on the determination of the
methane presents the highest barrier height between reactastsddle point geometry and energy, and conventional transi-
and products, and it is difficult to generate®®] atoms with  tion state theoryTST) rate constants were also calculated in
high enough translational energy to overcome this energgome case¥'® A dual-level direct dynamics calculation of

requirement. the rate constant of reactigh) and of the analogous reaction
Regarding the experimental studies, theout-of-plane  with CD, has also been reported very recerfly.
bending(“umbrella” mode) vibrational distribution of CH There is also a considerable body of work devoted to the

experimental characterizatigmia molecular beams with LIF

; 2
dAuthors to whom correspondence should be addressed; electronic mafﬁGtectlon of producisof th_e OHX“1I) m_OIeCL"eS prodL_Jced
miguel@dynamics.qgf.ub.es; r.sayos@dynamics.qgf.ub.es in related processes, like the reactions of3R) with
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saturated;® unsaturated”*® cyclic!® and aromatit® hydro-  nontotally symmetric vibrational normal mode that shifts the
carbons, alcohol%; aldehydeg? and amine$? For all these  O(®P) atom off the C—H axis splits théE PES into the’A’
reactions a low amount of OH rotational excitation has beerand3A” PES. Although both PES are coupled by this vibra-
found. This result has been interpreted as resulting from &onal mode, due to the approximations used in this work,
direct reaction mode and a favored collind€ar-H—C ap- this coupling has not been considered neither inahénitio
proach of the O{P) atom to the C—H bond under attack. calculations nor to determine the partition functions along
The reactivity of OfP) with hydrocarbon clusters has also the reaction path and in the QCT calculatidgec. I1).
been examine® and it has been found that for small cyclo- We have carried out aab initio study mainly centered
hexane clusters the OH product is suppressed. on the ground PESL3A” in C,) of reaction(1) by means of
Quasiclassical trajectory (QCT) calculations on theGAUSSIAN 94package of programi®.This has enabled us
London—Eyring—Polanyi—Sat@ EPS triatomic model po- to characterize the stationary points and to calculate a num-
tential energy surfacéshave led to quite a satisfactory de- ber of points of the PES. After several checks, we have se-
scription of the experimental resulexcitation function and lected as a suitable calculation method the unrestricted
OH vibrorotational distribution obtained® for reactions of second-order Mgller—Plesset perturbation the¢uMP2)
O(®P) with saturated hydrocarbons. Some of the results ofnethod using a large basis 46-311G(312f,3p2d), 172
that work?® (direct reaction dynamics and favored collinear basis functiony UMP2/6-311G(812f,3p2d) ab initio level
O-H-C attack have also been considered, as indicatechereafter, to locate the stationary points and connections be-
above, in more recent investigations to interpret the resultgyveen them. All geometry optimizations have been carried
obtained for reactions with other organic compounds. Aout at thisab initio level. The energies of the set ab initio
good accord with experimentéland QCT® OH rotational  points of the PES required to obtain, as a first approximation,
distributions has been obtained in a vibrationally adiabatica triatomic analytical representation suitable for dynamical

distorted wave(VADW) approximate quantum mechanical studies, have been calculated at the spin projected unre-
caIcuIati0n2.6 A LEPS modified tetratomic model has been stricted fourth-order Miber—Plesset perturba’[ion theory

used to describe the reaction of ®) with hydrocarbon— (PUMP4 method using the same basis set,
argon clusters! PUMP4/6-311G(82f,3p2d) ab initio level hereafter. Each
The main goal of this contribution is to characterize thesingle point calculation at this level takes about 9 hours of
ground potential energy surfa¢®ES of the OCP)+CH,  ¢.p.u. time on a single processor of a Silicon Graphics 02000
— OH+CHj reaction and to derive, as a first approximation,workstation with 1 Gbyte of memory. The spin projected
a triatomic analytical representation of the ground PES usemethod has been employed to eliminate quite small spin con-
ful to study the kinetics and dynamics of this reaction. In thiStgminations (2.0%(S?)/%2<2.05) in the PES. The Mgller—
model the methyl group is treated as a single atom of masp|esset calculations have been performed in a standard way,
equal to 15.0 a.m.u. placed in its center of mass. This M0Gre  including single, double, triple, and quadruple excita-
eling of the CH group has been used previously with quite tions, and all the electrons have been correlated. The station-
good results, see, e.g., Refs. 28 and 29. This work is orgayyy points[reactantsA” and3A’ transition stategsaddle
nized as follows. Section Il deals with tlad initio calcula- points, 3A” products valley minimum and produgthave
tions and the fit_tin_g of the O(-(_i:_Hg) ground PES. Section Il yaen |ocated and characteriz@gtometry, energy, and har-
shows the variational transition state thedyTST) and 1 onic frequencies using standard procedure@nalytical

QCT rate constant calculations, and also the QCT Vibmmtagradients are available at the UMP2 levéh the next para-
tional distribution of the OH product. In Sec. IV the conclud- graphs the preserb initio results will be compared with

ing remarks are given. experimental data and previoab initio calculations.

The energetics of the system using different methods and
II. POTENTIAL ENERGY SUREACE basis sets is shown in Table |, considering the & --CHs
3A” saddle point and asymptotes relevant to the triatomic
model of reaction(1). For the best methods used here

For C,, C,, and C;, symmetries, the following PES [UMP2/6-311G(2i2f,3p2d) level for geometries and fre-

correlate with the asymptotic regions of reactidn: (a) re-  quencies and PUMP4//UMP2/6-311Gi3f,3p2d) level for
actants: (3FA(C,), 3A’+(2)3A"(Cy), 3A,+3E(Csy,); (b)  energies, including the UMP2 zero point enetg$E) when
products: (2FA+(2)*A(Cy), 3A’+3A"+1A’+1A"(C,), necessarlthere is a good agreement with the experimental
3E+1E(Csy,). Hence, both asymptotes may correlate adiastructures and frequencies of the £KH;, OH, and CHO
batically under different symmetries through the following moleculeqTable Il), and the energetics of the GHCH; and
PES: (2)°Ain Cq, A’ +3A"in Cq, and®E in C5,. TheC;  CHZO+H reaction channels is also well describ@able ).
symmetry is the most relevant for theoretical studies on th&he saddle point and products valley minimum structures are
dynamics of reactions that involves four or more atomsplotted in Fig. 1. Their properties are indicated in Tables IlI
Here, we have also taken into account higher symmetrieand IV, including also the properties of the @ --CHg A’
since, as it will be shown below, the two O...H...Cshddle  saddle point.
points (A’ and®A”) of reaction(1) have nearly identicaC, The UMP2/6-311G(82f,3p2d) calculations of this
geometries which are very close @;, symmetry. As the work show the existence of two nearly identical saddle
O(®P) atom approaches the Glolecule inC5, symmetry  points of C; geometry(3A” and®A’ electronic statesvery
(E PES, a Jahn-Teller conical intersection occtftsA close toCjz, symmetry with a PUMP2//JUMP2 energy of,

A. Ab initio calculations
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TABLE I. Energetics of the system using different methods and basis sets.

E -+ ZPE/kcal molaP

Method OHCH, 3A” saddle point OH-CH; CH,O+H
PUMP2//UMP2/6-311G(af,2pd) 11.9 (15.6 2.5 (6.5 14.4 (19.3
PUMP2//UMP2/6-311G(82f,3p2d) 9.4 (133 —-0.4 (3.6) 11.8 (16.9
PUMP4//UMP2/6-311G(82f,3p2d) 9.4 (13.3 1.3 (5.3 15.1 (20.0
Experimental data 9.3, 10:01.% 1.803 14.2

%Energy referred to reactants. The theoretical ZPE values correspond to the UMP2 data. The values in paren-
theses correspond to the energies without including the UMP2 zero point energies.

PAbsolute values of energy(H) for O(CP)+CH, are: —115.398441 (UMP2/6-311G¥,2pd)),
—115.400018 (PUMP2//UMP2/6-311G¢2,2pd)), —115.410260 [UMP2/6-311G(812f,3p2d)],
—115.411909 [PUMP2//UMP2/6-311G(82f,3p2d)], and  —115.456209 [PUMP4//UMP2/
6-311G(312f,3p2d)].

‘Experimental activation energy determined from the Arrhenius plot of the recommended rate cdRehiréis
and Refs. 5 and 7 respectivgiy the 400—-575 K temperature interval.

YAHG « (Ref. 2.

®AHg ¢ (Refs. 2 and 3R

respectively, 13.3 and 13.4 kcalmdl above reactants the experimental activation energy{9.3 and 10.0
(Table ). A single point calculation at the PUMP4//UMP2 +1 2 kcalmorl* (cf. Table )].

I3ev/e| leads to t_he same energy for bot_h sta_tionary points. _The A minimum, also ofC, geometry(A” electronic state
A’ saddle point has:lhowever, two imaginary frequenmesand very close taCs, symmetry, has been located in the
2258.1 and 173.5i cm-, the lowest one corresponding to a .

products valley(Table Ill). There is no charge transfer be-

bending of theO—-H-Cangle. We have been unable to de-, oo o1 and Ciifragments of the minimum. The sta-

termine a®A’ saddle point with a single imaginary fre- = = .
quency. This situation has also been reported in Ref. 15. Thgilization energy with respect to the GHCH; products

inclusion of the zero point energy from the UMP2 frequen-2rises mainly from the interaction of the OH fragment elec-
cies (Table 1V) leads to theé!A” saddle point having an en- tric dipole moment(nearly identical to that of OHwith the
ergy barrier of 9.4 kcalmat. This value is consistent with very small CH fragment electric dipole moment placed

TABLE Il. Properties of the reactants and products molectiles.

CH, X*Ay(Tq)

Ren/A This work 1.083
Experimentdl 1.087G

vicm™? This work 13522 T,) 1585.8(E) 3073.0 @;) 3213.6 (T,)
Experimentéi 1306.0 1534.0 2916.5 3018.7

CHy X2A)(Dgp)

Ren/A This work 1.072
Experimentdl 1.0767

vicm™? This work 471.3 (Ay) 14305 €') 3177.4 @}) 3377.1 €’)
Experimentdl 580 1383 3002 3184

OH XTI(C.,,)

Ron/A This work 0.960
Experimentél 0.96966
This work 3884.2(3%)
Experimentdl 3737.7§

viem ™t

CH,0 X2A'(C,)P

Reo.Rew sRewr /A This work 1.366 1.096 1.089
Experiment] 1.3637 1.0958 1.0958
/H'CO,LH'CO/°  This work 105.1 112.9
Experimentdl  111.27 111.27
viemt This work 806.4 A") 9707 A') 1137.9 @’) 1412.4 Q') 14284 Q")

1538.7 @') 3010.0 @) 3093.2 A’) 3133.6 A")

&See Fig. 1 for the internal coordinates definition.

PExperimental distances and angles between effective nuclear positions derived from isotopic differences in
rotational constant¢Ref. 36. The methoxy radical has @ structure close tadC;, symmetry due to the
Jahn-Teller effectsee, e.g., Ref. 37

‘Reference 33.

‘Reference 34.

*Reference 35.

Reference 36.
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and the energy from scaled calculatiofBUMP2-SAC//
UMP2//cc-pVT2 of Ref. 15 are very close to the values
reported here(Table Ill). The UMP2 barrier is 17.84
kcal mol"! while the scaled calculations lead to a value of
14.0 kcal mol®. After inclusion of the UMP2 ZPE for the
3A” saddle point, the scaled calculations barrier becomes
Saddle poin equal to 10.2 kcalmot','® a value consistent with the ex-
perimental activation energ§9.3 and 10.6: 1.2 kcal mol?
(cf. Table )]. The Becke’s 1988 functiondHFB, Hartree—
Fock—Becke with the 6-311G(2,2p) basis, the recom-
mended method in Ref. 14, givewithout specifying the
electronic statea barrier height of 9.7 kcal mot including
ZPE This result is also consistent with the experimental
activation energy. UMP2/6-31@(p) calculations® show
the existence of twe&, saddle point$*A” and3A’) almost
Products valley minimum identical in energy but differing slightly in geometry, as it
has also been obtained in this work and in Ref. 15. The
calculated PUMP4/6-31@(p)//UMP2/6-31G@,p) barrier
is equal to 15.3 kcalmot (including UMP2 ZPE. This
value is approximately 5 kcal mot higher than the experi-
is not completely planarand also with the corresponding men_tal ac.tivation energy, and the calculgted difference in the
electric quadrupole momeftearly identical to that of CyJ.  Parrier heights on the A" and 1.3A' PES(including UMP2
The minimum is placed 2.3 and 2.6 kcal mbbelow prod-  ZPB) is only 0.01 kcal mol™ (spin projection at the PUMP4
ucts at, respectively, the PUMP2//UMP2 and PUMP4//level lowers the calculated barrier by 1.7 kcalmol
UMP2 levels. Once the basis set superposition eB&SEH  POL-Cl (polarization configuration interactipncalcula-
is included in the PUMP4//JUMP2 calculation using the tions”lead to a saddle point &, symmetry(°E electronic
Counterpoise meth(ﬁ?, the minimum becomes p|aced 1.5 statg. The calculated barrier hEight including ZPE was 10.2
kcal mol™* below products. However, if the ZPE is added to kcal mol™* using a[3s2p1d/2slp] basis set, after an esti-
the energy values obtained after taking into account thénation of the basis set error taking into account the results
BSSE, the minimum disappears, as it has an energy of 0.@btained for the OP) + H,—~OH-+H system. For nonlinear
kcal mol * above the OH CHj, products. O-H-C geometries, théE PES splits into the $A” and
Two saddle pointg*A” and®A’) almost identical in en- 13A’ PES. TheO—H-C bending curves for both surfaces
ergy but differing slightly in th@©—H—-Cbending angle have are very close to each other and conventional transition state
also been found in Ref. 15. The UMP2/cc-pVTZ geometriescalculations treating the GHyjroup as a point mass lead to an

FIG. 1. 3A” saddle point and products valley minimum structures.

along the C—H axis of the attacked bofide CH; fragment

TABLE lll. Properties of the saddle points and products valley mininfum.

Stationary point  Rgy/A Ruc/A Ryrc/A Ry /A / CHO/® ZH'CHI® ZH'CH/® / H'CHO/® E+ ZPE/kcal mor?

Saddle poirft
This work 3A” 1.206 1.254 1.080 1.080 180.7 104.7 104.4 180.0 @33
SAY 1.206 1.254 1.080 1.080 179.4 104.3 104.6 0.0 (13.9
Ref. 15%A” 1.201 1.250 1.076 1.076 180.8 104.6 104.1 180.0 10420
SA’ 1.201 1.250 1.077 1.076 179.3 103.9 104.5 0.0
Ref. 14 1.198 1.396 1.102 1.102 180.4 103.3 103.3 180.0 @34
Ref. 13%A” 1.179 1.289 1.081 1.081 182.1 104.9 180.0 18.9.1)
SA’ 1.179 1.289 1.082 1.081 179.0 103.9 0.0 1618.1)
Ref. 123E 1.20 1.36 1.08 1.08 180.0 103.1 103.1 1012.0
Experimental 9.3,10.0:1.%
Minimum®
This work 3A” 0.966 2.234 1.074 1.073 180.6 93.5 92.5 180.0 @8

aSee Fig. 1 for the internal coordinates definition. Energy referred to reactants and the values in parentheses correspond to the energies without including zero
point energies.

The ab initio methods are the following: this work: geometry, frequencies, and ZPE at the UMP2/6-3121Gg82d) level and energy(E) at the
PUMP4//[UMP2/6-311G(82f,3p2d) level; Ref. 15: geometry, frequencies, and ZPE at the UMP2/cc-pVTZ level and e(ergy the PUMP2-SAC//
UMP2/cc-pVTZ level; Ref. 14: Becke's 88FB) DFT/6-311G(2,2p); Ref. 13: geometry, frequencies, and ZPE at the UMP2/6-818(level and energy
(E) at the PUMP4/6-311Gi,p)//UMP2/6-31G(,p); Ref. 12: POL-CI[3s2pld/2slp].

‘Electronic state not indicated.

YExperimental activation energy determined from the Arrhenius plot of the recommended rate coff&fn6 and Refs. 5 and 7 respectiveljn the
400-575 K temperature interval.

€The energy with respect to the GHCH; products is—0.7 (—2.6). If the BSSE is computed using the “counterpoise” mettiBef. 38, then the energetics
of the minimum is 1.73.8) kcal mol™* with respect to reactants and Q41.5) kcal mol* with respect to the OHCH; products.
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TABLE IV. Harmonic normal mode vibrational frequenciésn™) for the TABLE V. Optimal parameters for the analytical triatomic PES model.
SA” and®A’ saddle points and th#A” products valley minimum.

Two-body terms

Mode 3A” saddle point A’ saddle point 2A” products valley minimum Species a; /A"t a,/A~? ag/A—3
v, 32760 @) 32712 @) 3752.6 Q') O-H 4.847 81 6.359 60 7.569 59
v, 32313 @") 32320 @) 3368.8 @A) H—(CH,) 2.849 45 0.455 54 1.449 76
vs 31167 @) 31162 @) 3364.9 Q') O—(CHy) 4.681 14 6.829 35 7.292 87
v, 14611 @)  1466.8 @A) 3164.6 Q')
Vs 1367.2 @") 1279.3 @) 1503.3 @) Three body ternf:
Ve 1239.9 @) 12509 @) 14311 @) Cho  2.65066 Y1 1.502 97
vy 1139.4 Q') 1240.6 Q') 603.1 A") Cooo 4.655 35
ve 10982 @)  1046.4 A") 405.4 (A7) Cuo  14.96965
vg 624.4 (') 624.8 A") 403.2 @) Y2 1.169 20
V1o 377.0 &) 4235 Q') 180.4 (") Cigo —0.88545
Vi1 238.8 A") 2258.1 (A') 140.2 A') Cin —6.72354
Vip 2259.0 (A') 173.5 (A") 128.6 A’) s 1.63381
Coo  0.27425
Copo 215212
R, 1.2061
Coor 132240
estimated activation energy of 10 kcal mbt? This value is Coiz —4.58766 .
also consistent with the experimental activation energy. Rb-cny 1.3086

The saddle point geometries reported in the present work Coc 400584

and previous studié&™'° are very close to each other, with
the exception of what happens for the C—H distance in théThe dissociation energies and equilibrium distances used in the fitting are
attacked bond, where differences up to 11% have been foungven in Table VI. T

(Table I1l). However, while in Ref. 12 a saddle point@, "t areCix/eV A VIATLRIA.

symmetry with a linearO—H-C arrangement has been

found, in the present work and in Refs. 13 and 15 two saddle

points (A" and3A’) almost identical in energy but differing +HCI,** and N¢S)+0,* reactiong have also been em-
slightly in the O—H-Cbending angle and the tilt of the me- ployed here. According to our approach, the analytical PES
thyl group have been located. In Ref. 14 only a saddle poin¢an be represented as follows:

has been reported without specification of the electronic (2 2

state. The UMP2/6-311G¢Rf,3p2d) frequencies obtained V(R1.Rz Re) =VFor(R) +V e (Re)

Rocn, 25147

in our calculation(Table 1V) are in general quite close to the +V@ 5 chz(Ra)
UMP2/cc-pVTZ® and UMP2/6-31Gq,p)*® ones. The @
UMP2/6-311G(812f,3p2d) CH; geometry in the +V™onchg(R1,R2,Rs), @

O---H---CHj; saddle points resembles very much its geom-whereV(?) andV(® are the two-body and three-body terms,
etry in the CH molecule [Rc,;=1.0832A, HCH angle respectively, andR;,R,,R; are the O—H, H{CH,), and
=109.5° (Ty)], and the C—H distance of the attacked bondO—(CH,) distances, respectively.
and the O—H distance at the saddle points are, respectively, The two-body termgdiatomic potential energy curves
0.1710 and 0.2457 A higher than the corresponding equilibhave been fitted using the extended-Rydberg potential up to
rium distances in the CjHand OH molecules. A nearly iden- third order,
tical situation also occurs in Ref. 15. The 2 N 5 3\ o agp
UMP2/6-311G(212f,3p2d) products valley minimum ob- Vi@(p)=—De(l+aptazp+asp’e *, )
tained here is very close to the GKCH; asymptote. The whereD. andR, are the dissociation energy and equilibrium
CHz; geometry at this point is not completely planar but isbond length of the corresponding diatomic or pseudodi-
nearly identical to the geometry of the gHadical [Rcy  atomic molecule, respectively, and is defined as being
=1.0720A (Dg3y)]. The OH separation at the minimum is equal toR—R,. The optimala; diatomic parameters have
also nearly identical to the equilibrium distance in the OHbeen obtained for each molecule using a nonlinear least-
molecule(0.9604 A. squares proceduf8, by fitting a set of nine diatomic or
pseudodiatomi@b initio points calculated around the equi-
librium distance(PUMP4//UMP2 level. For the X+CH,)
species(X=H, O), the CH; ab initio geometry was opti-
mized in all points of the X¢CH,) pseudodiatomic curve.
To describe the ground PE$ 3A” underC, symmetry  The extended-Rydberg function provides a very good fitting
for reaction(1), a triatomic model where the GHadical is in all cases. The optimal diatomic parameters obtained in the
treated as a single atom (GHof 15.0 a.m.u. placed in the fitting procedure are shown in Table V, and the spectro-
center of mass of the radical has been considered. The sarseopic constants derived from them for the OHCHI;), and
type of analytical expressiofmany-body expansidl) and  O(CHs) molecules are given in Table VI.
program&®#! used in previous works of our groue.g., The three-body term consists of a second-order polyno-
N(*S)+NO,*> O(P)+CS*® H(?*S)+Cl, and CIfP) mial expressed in terms of three internal coordinates

B. Analytical potential energy surface
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TABLE VI. Properties of the diatomic and pseudodiatomic molecules.

Species D./eV RIA velomt veXelom ! B./cm! aglem ™t

O-H

Analytical fit 4.6285 0.9604 3783.3 95.03 19.28 0.9557

Experimentdl  4.621 096966  3737.76  84.881 18.91¢  0.7242
H—(CH)

Analytical fit 4.8605 1.1559 3176.1 81.15 13.35 0.5131

Experimental 4.820 1.1562
O—(CH,)

Analytical fit 3.9916 1.4443 1075.4 6.400 1.043 0.1419° 1

Experimental 4.06 1.4407

g quilibrium distances for the pseudodiatomic (€+H;) and O<{CHs;) molecules correspond to the distances
between the atom and the pseudoatom {C¢¢nter of mass. See text.

PReference 35.

°From D[ H-(CHy)] of Ref. 30 and taking into account the UMP2/6-311823,3p2d) frequencies calculated
here for CH and CH.

‘Reference 33.

*Estimated fromAH?O « of CH;0 (Ref. 32, O(P), and CH (Ref. 2, assumingD, approximately equal to
AH?'0 x and taking into account the UMP2/6-311@&&,3p2d) frequencies calculated here for gBl and
CHj.

'R, distance between effective nuclear positions derived from isotopic differences in rotational coffgténts
36).

(p1,p2.p3), defined ap;=R;—R;®, where the selected ref- weight of 1.0 was used for each one of these points and for
erence structureR;°,R,%,R3%) matches the geometry of the the first partial derivatives of the ener¢gqual to zerpwith
triatomic collinear saddle poinR,°=1.2061,R,°=1.3086, respect to, respectivelfRoy, Rucha and the O—H{CH,)
R;°=2.5147A), and a range functio(p;,p2,p3). This  angle at the saddle point geometry. Moreover, four points
function cancels the three-body term as one of the three atorresponding to the OP) approach on the (CP side
oms is separated from the other two, (weight=0.01) and three points witd—H—(CH,) angles of
about 100° (weight 0.1) were also considered. As previ-

v (P1.p2:P3)=P(p1.02.p3)T(p1.p2.p3), (4)
OHCHINL P23 1zl 12l ously indicated, the geometry optimizations requitealddle

where point and minimum energy pathwere performed at the
O<i+j+k=<2 o UMP2 level, while the energies were in all cases PUMP4
P(p1,p2.03)= > CijkP1P5Ps (5  values. The optimal three-body parameters and the properties
hik=0 of the saddle point and products valley minimum of the ana-
with i, j, andk positive integer numbers, and lytical PES are given in Tables V and VII, respectively.

3
T(Pl,Pz,Ps):iljl

There is a good agreement between dlheinitio properties
1—tan)‘(M> ) (6)  of the stationary points and those resulting from the fitting.
2 For the 28ab initio points with weight= 1.0, the root-mean-
The ten linear parameter§c;;} polynomial coeffi- ~Square deviation(RMSD) is equal to 0.0205 eV(0.47
Cients and three nonlinear Onéé')’i} range function param- kcal morl), while for the full set of 35 points the RMSD is
eters of the three-body term have been determined by #.1396 eV(3.22 kcalmol™). The saddle point properties fit-
weighted nonlinear least-squares procedtresing theab  ted (geometry and energyare in good accord with thab
initio saddle point and 34 additional points concentratednitio calculations with average differences of 0.6%. The fre-
mainly along the @-H—(CH3) minimum energy pat20 quencies are also equally well described with the exception
pointg, which is essentially collineafl179—180%, and the of the symmetric stretching. Even though it was not treated
saddle point bending energy curggpoints. In the fitting, a  as a stationary point in the fitting procedineclusion of the

TABLE VII. Properties of the saddle point and products valley minimum of the analytical triatomic PES model.

Stationary point  Rg_y/A Ru-cny/A ~ £0-HACHy/°  E/kcalmol*®  E+ZPE/kcal mol*? v lem™?
Saddle poift®  1.2004 1.3135 180.0 13.1 11.2 14963 %), 607.0 &), 605.1(I1)
Minimum® 0.9402 2.3636 180.0 2.1 4.0 389638Y), 119.9 & *), 254.1(IT)

3Energy referred to reactants. The enefyof the minimum with respect to OHCH; products is—3.2 kcal mol'? (—2.1 kcal mol™? taking into account the
ZPB).

PAb initio pseudotriatomic frequencigem %): 1610.6 (3), 341.0 &™), 603.0(II).

°Both the saddle point and products valley minimum of the analytical triatomic PES model present a cdllingad¢H—(CHs) configuration instead of the
quasicollinear C;) O—H-Cconfiguration obtained at thab initio level.
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27 reactants with respect to th®@—H—-CH,) attack angle is
I shown, together with the corresponding dependences for pre-
L6 viously reported LEPS empirical PES for the “®]
= +H—-(R)— OH+ (R)? (triatomic model with H-R) simu-
2 129 lating a tertiary C—H bondand OEP)+HBr—OH+Br*
? I related reactions. All the PES have a collinear saddle point
g 087 with the O€P) + H—(CH,) system presenting the largest bar-
I . rier. The barrier height versus attack angle dependence for
047 o S . the reaction with HCHj) is nearly parallel to that for HBr.
T -o-c8pa8 However, the barrier for H-K) rises more sharply as the
0 T ' i attack angle decreases. The ratio of distarRés/R®*%y
(b) and R” 4 /R®, vs the O—H-Xattack anglg X=(CHy),
. ob (R), Br] are also shown in Fig. 2, whe®™ and R are,

- 1‘4'\\\ o o-° respectively, the equilibrium distances at the barrier and in
g ﬁ A the corresponding diatomic or pseudodiatomic molecule. The
S | R o -~ ratios of the O¢P) + HBr PES clearly reflect the existence of
#5 13k Y4 WA a barrier lying closer to reactants than in the case of the other
~ B A EE two systems. The implications of these facts on the dynamics

will be analyzed in Sec. Il B.
1.2 ‘ . —
L A 9 Ill. KINETICS AND DYNAMICS
134 ) N ( A. Thermal rate constant

= Sa The thermal rate constant for reacti¢h) has been cal-

g, q1ad A culated within the 300-2500 K temperature range at differ-
\é | RN N N ent levels of the convention&l'ST) and variationalVTST)
w5 N WY transition state theoriésusing thePOLYRATE program?® see

1.1—M also, e.g., Refs. 43-45. The following levels of TST and

3 oo Ongon VTST have been considered: TST, CVT, and ICVT, and for

1 S I each level two types of tunneling corrections have been

90 120 150 180 taken into account: SCT and LCT. The acronyms CVT and

ICVT correspond, respectively, to the canonical and im-
proved canonical VTST, and SCT and LCT to the small and
FIG. 2. Angular dependence @-H—X attack angléX =(CHy), (R), Br] of large curvature types of tunneling corrections. The methods
?;z éz)()g:rrg%eig:t ?gﬂb)) (tcaige\?v?f;rzfsgf)tegig;;ff ﬁr(‘;;“?t;ﬁ; of used to treat the different cases of minimum energy curva-
C_H bond, Ref. 24(" A,?): and OFP) -+ HB, e a4 ), Energyiys ture are48 the standgrd ones .|ncluded in theLYRATE _
given relative to reactants. program:® The centrifugal dominant small curvature semi-
classical adiabatic ground sta(€D-SCSAQ method and
the large curvature ground state versiofL€G3) method
first partial derivatives as equal to zgrthe products valley have been used, respectively, for the SCT and LCT cases.
minimum is also quite well described, falling only 0.6 The microcanonical optimized multidimensional tunneling
kcal mol™* below theab initio one. (uOMT) correction has also been considered, the ICVT/
In spite of the good agreement that exists between theOMT method being the highest level of VTST calculations
analytical PES and thab initio calculations, once the origi- used. However, it was not possible to employ it when, in-
nal geometries have been transformed into pseudotriatomicstead of the analytical PES, tlad initio saddle point and a
when the ZPE is included the accord between the differenset of points along the intrinsic reaction coordin@tgC)
energies involved is not so good, because the ZPE of CHwere considered to treat explicitly all atoms of the system.
and CH; are not properly taken into account. Thus, e.g., theThis was due to the fact that the number of points along the
barrier and endoergicity are respectively equal to 11.2 antRC required to do this is much larger than the number of
6.2 kcalmol'! for the analytical PES, and 9.4 and 1.3 points available(six points between the saddle point and
kcal mol ! for the PUMP4//UMP2ab initio calculation. On  reactants and also between the saddle point and products
the other hand, the saddle point imaginary frequency of thfhe QCT metho®?>! as implemented in therriIQcT
analytical PES (1496im™1), which is related to the tun- program? has been employed to calculate the rate constant
neling probability through the corresponding barrier, isat 1500, 2000, and 2500 K. The accuracy of the numerical
66.2% the UMP2ab initio one (2259.0cm™Y). These prob- integration of Hamilton’s differential equations has been
lems result from the simplicity of the triatomic model and verified by checking the conservation of total energy and
some consequences of them can be seen in the rate constangular momentum along every trajectory, and performing
calculation(Sec. 1l A). back-integrations on samplings of trajectories. An initial dis-
In Fig. 2 the dependence of the barrier height relative tadance of 10 A between the €R) and the H£CHj) center of

£ O0-H-X / deg
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- FIG. 3. Arrhenius plot of the rate con-
= stant: recommended experimental data
8 -13¢ (Refs. 5 and ¥ (“ "), recom-
g mended experimental datéRef. 6

“g (*— — —"), ab initio ICVT/SCT
3 147 data(“- - - -" ), analytical PES ICVT/
& puOMT (“—-—-"), analytical PES
@ 454 ICVT/SCT (“—--="), and analytical
~ PES QCT(“....... "). QCT error bars

correspond to one standard deviation.
-l6—¢
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mass has been used. At this distance the reactants interactisamed it reasonable to consider that both tia"and 1°A’
energy can be neglected with respect to the reactants avalRES exhibit the same reactivity. This assumption leads to a
able energy. For each temperature, béthand the vibroro- plausible estimate of the reaction rate constant taking
tational levels of the H(CH;) molecule have been k(2°3A) equal tok(13A) or k(13A’) equal tok(13A") un-
sampled according to the Maxwell-Boltzmann distribu- der, respectivelyC, [Eq.(7)] or C¢ [Eq. (8)] symmetries. To
tion. take into consideration that there are four equivalent hydro-
From the electronic correlation between reactants angen atoms in the methane molecule, assuming that the reac-
products(cf. Sec. Il A, neglecting the possibility of nonadia- tion channel involving each hydrogen atom is independent
batic coupling between the two lowest PES, it comes out thafrom the remaining ones, the TST, VTST, and QCT rate
the rate constant for reactidft) can be expressed as constants derived from the ground PES must be multiplied
3K(13A)+3Kk(23A) by four (§tatistical factor. In all transition state cal'culations,
(under C; symmetry the rotational symmetry numbers have been omitted. athe
initio ICVT/SCT, triatomic (analytical PE$ ICVT/SCT,

(? 1cVT/uOMT, and QCT, and recommended experiméhtal

or rate constant values are shown in Fig. 3 and Table VIII.
" 3n7 An experimental recommended expression koover
__ 3k f )+3k( é) (under C, symmetry,  the 300-2500 K temperature range has been reported:
5+ 3¢ ECPU/RT 4 @~ ECPo)/RT k (cm® molecule 1s™%) = 1.15 10 15T156exp (— 4270/T).

(8 within the 400—2000 K interval there is an excellent agree-
whereE(3P,) andE(3P,) are, respectively, the energies of ment between a number of reliable experimental determina-
the3P, and>P, levels of OP), 158.29 and 226.99 c,>®  tions of the rate constant. Nevertheless, at temperatures
relative to the ground level’P,). The spin-orbit splittings lower than 400 K, the value d€is considerably more unre-
must be included, as they are only negligible at high temiiable, due to uncertainties in the reation stoichiometry. An-
peratures. Considering, e.@C symmetry, since the 4A”  other recommended expression fkt [k(cm®molecule*
and 13A’ saddle points belong to this symmetry, the contri-s ) =2.2591 10 *4 T/298)*?exp(—3820T)] is in agree-
bution of the first excitedA’ PES (2°A’) to the rate con- ment with the former recommended expression, taking into
stant is taken as zero, since this PES does not correlate adiaecount the experimental error margins. More recent experi-
batically reactants and products and we have neglectethental results at 1345—184C kind 980—1522 K are also
nonadiabatic effects. Taking into account our results and pran accord with the recommended data.
vious works!?131% which show that both the 3A” and The k(ab initio; ICVT/SCT) values are always higher
13A’ saddle points are nearly identical in geometry, energythan the experimentaexp) ones:~ although between 2500
and frequencies, and their bending energy curves are quitnd 1000 K the theoretical results fall in general within error
close to each othefenergy separation lower than 1.5 margins with respect to measured data. The deviations be-
kcal mol 219 up to +30° away from th@d—H—(CH,) col-  come particularly significant at the lowest temperature con-
linear saddle point structure, in this calculation we have assidered (300 K), where k(abinitio; ICVT/SCT)/k(exp)

T 5436 ECPUIRT o—ECPQIRT
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TABLE VIII. Theoretical and experimental rate constaftte® molecule ! s™1).2

Ab initio Analytical PES Experimental values
TIK ICVT ICVT/SCT ICVT ICVT/SCT ICVT/uOMT QCT® c d

2500 5.5510 5.80x10 % 3.75x10° 1 3.90x10 % 422<10°1  (1.570.20)x10°1  528<10°Y  (4.17x1.44)x10 !
4.3 3.9 (11.2

2000 2.4x10° % 2.58<10°  1.50x10° % 1.59x 10 1.80x10° 1  (6.87+0.98)x10° 12 2.21x10° ¥  (1.92+0.66)x 10"t
6.7 (5.9 (16.9

1500 6.90x 10 12 7791072 3.79x10°*? 4.21x1071? 5.21x107*?  (1.72:0.46)x10 ¥ 6.20x10°* (6.01+2.08)x 10 *?
(11.4 (10.2 (27.3

1300 3.4k 10 12 3.99x10° %2 1.73x10°%? 2.00x 10712 2.63x10 %2 3.06x10°*2  (3.10+1.07)x10 *?
(14.9 (13.2 (34.9

1100 1.36<10 2 1.70x10 2 6.30x10 3 7.67x10° 1 1.11x10 12 1.24x10 12 (1.32+0.46)x 10 12
(19.9 (179 (43.3

900 3.91x10718 543<10°%  1.59x10° % 2.13x10° % 3.50x 107 3.69<10° 8  (4.06£0.47)x 10 %2
(28.0 (25.2 (55.7

700 6.2%10 1.06x10°%  2.09x 10 4 3.34x10 ¥ 7.29x10° 6.31x10°  (7.08:0.82)x 10 4
(40.9 (37.5 (71.9

500 2.95¢10°1° 7.84x10°%  6.84x10° % 1.65x 1015 5.81x 101 33910  (3.65+0.84)x 10 15
(62.4 (58.6 (88.2

300 3.40x10°18 3.70x10°Y  3.74x10°1° 3.26x10° %8 3.20x10° Y 6.77x10°*®  (5.54+3.83)x10 8
(90.8 (88.5 (98.9

aThe theoretical rate constant values shown here correspond to the ones derived f(@n(&&p also the textFor the VTST data, the values in parentheses
correspond to the contribution of tunneling effect to the rate constant, expressed in percentage, i.e., 100 times theICMIISCT)
—k(ICVT))/k(ICVT/SCT) and equivalently for ICVTLOMT.

5QCT errors correspond to one standard deviation.

‘See Ref. 6.

ISee Refs. 5 and 7.

=5.5-6.7. By contrast, for the analytical PES the ICVT/SCTcalculation of the rate constant for reacti¢l), the agree-
method leads always to rate constant values lower than thment between theory and experiment is probably more con-
experimental results. Thek(analytical PES,ICVT/SC)f  nected with the method used to derive the rate constant than
k(exp) ratio is 0.5-0.6 between 300 and 1100 K, evenwith the accuracy of the high levelb initio calculations
though above 1300 K, agreement with measured data iserformed. In general, for this light atom transfer reaction it
reached when experimental errors are consideredk{em®a-  appears to be particularly difficult to describe the rate con-
lytical PES; ICVTjWOMT) values are placed betwe&fana- stant below 700 K, when tunneling has a very important or
lytical PES; ICVT/SCYT andk(ab initio; ICVT/SCT), being  dominant contributior§38%—99%, cf. Table VIl to reactiv-
closer to theab initio ICVT/SCT ones at 700 K and below. ity.
k(analytical PES; ICVT#OMT) is in agreement with experi- The ICVT/SCT rate constant for the reverse reaction is
mental data between 2500 and 700 K if experimental errorsnuch higher for the analytical PES than for thb initio
are included, andk(analytical PES; ICVTAOMT)/k(exp.)  PES. Thek(analytical PES}(ab initio PES) ratio ranges
=4.7-5.8 at 300 K. from 27.0 to 141.7 between 2500 and 300 K, respectively.
At the same level of calculation the analytical PES leadsThis is due to the errors in the ZPE correction in the context
to lower rate constant values than the method directly basedf the triatomic model, which become particularly important
on ab initio points, where all atoms are considered. This isfor the reverse reaction. Thus, the barrier including ZPE for
due to the higher barrier that presents the analytical PE®he OH+CHj reaction is substantially lower for the analyti-
model after inclusion of the ZP&f. Sec. 11 B). On the other cal PES(5.0 kcal mol'?) than in the case of thab initio PES
hand, the fact that the best VTST meth@@VT/uOMT) (8.1 kcal mol'%).
leads to higher rate constant values than the ICVT/SCT QCT calculations have only been performed at 1500,
method suggests that the overestimation of the rate consta®000, and 2500 K due to the very small reactivity of this
from theab initio ICVT/SCT method will be increased in an system. The reaction probability is equal to 0.25%, 0.71%,
ab initio ICVT/uOMT calculation. This in turn could mean and 1.33%, respectively, for 1500, 2000, and 2500 K. About
that higher levelab initio calculations would be needed to 90000 trajectories have been calculated for each tempera-
deal with reaction(1). However, at this point it is worth ture. The maximum impact parameteb,f,) takes the
taking into consideration the best rate constant values rdollowing values: 1.948, 2.185, and 2.295 A, respectively,
ported in the dual level direct dynamics calculation of Ref.for 1500, 2000, and 2500 Kk(analytical PES;QCT) is
15, which are in good agreement with experim&ntsvithin about one-third of k(exp.) and one-half of
the full temperature interva300—2500 K. These results k(analytical PES;ICVT).
were obtained using as a higher leaélinitio calculations of Even though the Arrhenius plot of the rate constant
similar quality as the one considered hétdMP2/cc-pVTZ, shows a large curvaturg-ig. 3), additional insight into the
see also Sec. Il A These facts suggest that in respect to thedifferences between theoretical and experimental rate con-
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TABLE IX. Arrhenius parameters for the 400-575 K temperature interval. 1.2
Method E,/kcalmol'? log(A/cm® molecule*s™?)
Ab initio, ICVT/SCT 8.66 ~10.31 I
Analytical SEP, ICVTLOMT ~ 8.65 —10.60
Analytical SEP, ICVT/SCT 9.90 -10.44
Experimentdl 9.27 —10.40 = 0.8
Experimentd 9.95+1.22 -10.08+0.79 =
_n
®Reference 6. Z 1
PReferences 5 and 7. ‘§ 06
=
=
o
& 04
stant values can be obtained comparing the Arrhenius param- 024 "
eters[activation energy ,) and preexponential factqA)] ' '
within a temperature interval with a good linear relation be- 5 .
tween logk and 1. Thus, for the 400-575 K range we have 0 | — % -0
(Table 1X): Ej(ab initio; ICVT/SCT) is equal to 0 5 10 15
E,(analytical PES; ICVTLOMT) with E,(analytical PES; N

ICVT/u/OMT)/E, (exp)=0.87-0.93 and,(analytical PES; FiG. 4. OHp' =0) rotational distribution in terms of thd’ quantum num-
ICVT/SCT)/E, (exp.=0.99—1.07; while lod\(theoretical)/  ber(see text experimenta(Ref. 4 (* O”) and QCT(" &) results. QCT
|Og A(exp.) is very close to oné.99—1.05. error bars indicate one standard deviation.

The imaginary frequency of the analytical PES is 66.2%,
that of theab initio PES (cf. Sec. IIB. According to the
simple expression of Wigner for the rate constdatcorrec-  B. Vibrorotational distribution and microscopic

tion due to tunneling, reaction mechanism
The experimental nascent rotational distribution for
1 [h|vimad ]2 OH(X 2I14,,v'=0) arising from reactior(1) with thermal
r=1+ 22 k—Tg} , (99  CH, and translationally hot 3P) atoms, generated by laser
B

photolysis of NQ at 248 nm, have been measuté¢Big. 4)
using LIF detection of OH. No OH(' =1) molecules were
where|vimad is the modulus of the imaginary frequency and detectable. From the experimental vibrational distribution of
k corrected is equal to thE k product, for theab initio PES  NO produced in the N@photodissociation at 248 nm and
and T:900-2500K tunneling contributes about twice asthe average rotational energy for each populated NO vibra-
much to reactivity than in the case of the analytical PEStional level ¢:0—8) >* we have determined the experimen-
This ratio of tunneling contributions diminishes as tempera+al relative translation energy distribution for the resulting
ture decreases, becoming 1.46 and 1.22 times at 500 and 3@%3P) hot atom using well-known procedurésee, e.g., Ref.
K, respectively. These differences, however, become much5). Taking into consideration thE; values that lead to an
smaller when more sophisticated treatments of tunneling arenergy content high enough to make possible the reaction of
employed, as it will be shown below. This is due to theO(®P) with thermal (298 K) H-(CHz;) molecules (Et
tunneling paths which are different and counterbalance the=0.65, 0.55, and 0.50 eV with, respectively, relative popu-
influence of the imaginary frequency. lations of 1.000:0.154:0.1%4we have carried out QCT cal-
The VTST relative contribution(in percentage of  culations on reactioril), running about 60 000 trajectories
tunneling to the rate constant defined as equal to 10@or each initial condition. In Fig. 4 it can be seen that quite a
times the ratio[ k(with tunneling)-k(without tunneling)/ good agreement exists between the results of the QCT cal-
k(with tunneling) is also given in Table VIII. The results culation and the experimental Ob(=0) rotational distri-
obtained for(ab initio; ICVT/SCT) are very similar to those bution. As the QCT method does not include the GIHA[I)
of (analytical PES; ICVT/SCJ From 2500 to 1500 K the orbital (A=1) and spin §=1/2) electronic angular mo-
relative contribution of tunneling increases from 4% to 11%menta, we have assumed the total angular momentum quan-
and reaches values of 39% and 90%, respectively, at 700 atdm number(excluding the electronic and nuclear spi$
300 K. The results obtained fofanalytical PES; ICVT/ the OH moleculeN’, as being equal to the rotational angu-
uOMT) show quite a more important tunneling contribution lar momentum quantum numbej’] plus one. The first ex-
than in previous cases over the temperature interval investiited OH vibrational level, which was not detected in the
gated(300—2500 K. Thus, from 2500 to 1500 K the tunnel- experiment? (although this was not pursued systematidally
ing contribution increases from 11% to 27%, reaching valueshows very small populations for all thegg values. The
of 71% and 99%, respectively, for 700 and 300 K. As ex-QCT P(v'=0)/P(v’'=1) ratio of populations is equal to
pected, in all cases the relevance of tunneling increases &6.7, 25.0, and 12.3 fdg+=0.50, 0.55, and 0.65 eV, respec-
temperature decreases, because a progressively minor fraively. This result is consistent with the experimental data.
tion of the reactants have energies above the barrier. On the other hand, only about 10% of reactive trajectories
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lead to OH molecules with internal energy lower than thelow OH rotational excitation found will be given below.
ZPE. If these reactive trajectories are removed from the sta- The microscopic reactions mechanism has been studied
tistics, the resulting vibrorotational distributions obtained arefor O(°P)+H—(CH3) (T=298K) and E;=0.65¢eV, the
essentially identical to the ones originally reported. most relevant initial condition explored, by analyzing the
The minimal available energy in products above ZPEgeometry and the PES energy distributions of the
(Ebarrier™ ZPBsarrier Eproducts™ ZPEproqucid from theab initio  O—-H—-(CHj;) system in the strong interaction region. This
data(8.1 kcalmol'}) is quite a bit larger than that obtained region corresponds to the most representative minimum dis-
from the analytical PE$5.0 kcal mol'?). This is due to the tance[ Ry,(O—H(CH,)] of the OCP) atom to the H4CHj)
inadequacy of the triatomic model to deal with ZPE of poly-center of mass: 28Rp,(O—H(CHy)(A)<2.4. A total
atomic speciescf. Sec. Il B. However, it has been shown amount of 88.1% of reactive trajectories reach this
that the OH internal energy distribution at collision energiesR,,lO—H(CH,)] interval and evolve further to progressively
a little above the barrier including ZPE is well described byhigher RfO—H(CHs)] values, leading, finally, to products.
the QCT method using the analytical PES. The 3.1These values are quite close to the QEH,) distance(2.43
kcal mol ! of difference between both available energies card) at the saddle point. Only 2.4% of reactive trajectories
be compared to the experimental average excitation vibrareach R, JO—H(CH;)]=2.3A. Moreover, plots of sam-
tional energy found in the umbrella mode of €Kl.51 plings of reactive trajectories reveal that reacti@h occurs
kcal mol%),2 resulting from reactiorfl) with translationally  through a direct reaction mode, with an average duration of
hot OGP) atoms generated by laser photolysis of,20193 0.58 ps and a full width at half maximutFWHM) time
nm. Although this vibrational mode is probably the mostdistribution of 0.25 ps.
suited one to be excited by collisions with ®(), additional The examination of the properties of reactive trajectories
excitation in the remaining modes and also in the rotationafor RLO—H(CH;)]=2.4 A shows that the average O—H and
levels could account for the energy difference. The aboveH—(CHjy) distancesPQ—H—CHs) angle, and PES energy are,
mentioned facts indicate that the triatomic model proposed isespectively, 1.420.46A, 1.19(0.32 A, 146.2(44.7)°, and
able to describe the internal OH energy content and sugge6t61 (0.20 eV above reactantévhere the FWHM of each
that it could also be reasonable to deal with the translationadistribution is given in parenthegesThe most remarkable
energy distribution. result occurs for th®©—-H—CHjy) angle which deviates sub-
The reaction cross sectiofv) for O(°P)+ H-(CHy) stantially from collinearity(180°), although the collinear ap-
(298 K) is quite small(0.04—0.23 &) and increases with proach presents the lowest barrier to reaction. The analysis of
E;, as expected for reactions with a barrier. The increas¢he products energy distribution dependence on the
of o is due to both increases in the reaction probabilityO—H—CH,;) angle atR[O—-H(CHy)]=2.4A reveals that
(0.8%—2.8% and b, (1.19-1.62 A. The average fraction (f}), (f{), and (fs) are essentially independent of this
of energy appearing in products as relative translatida)(  angle. For the 180-160, 160—140, and 140-120° intervals,
=0.31-0.46), vibration (f,)=0.62—0.46), and rotation respectively, the following average fractions of energy are
({(fR)=0.07-0.08) shows a small amount of energy releasedbtained:(f)=0.45, 0.45, and 0.43;f\,)=0.45, 0.48, and
as OH rotation. As reactants; increases, however, the en- 0.49; (f;)=0.07, 0.05, and 0.06. The vibrorotational distri-
ergy tends to appear preferably as relative translational erbutions exhibit similar shapes for all angular intervals.
ergy of products. A—|' angular momentum transformation To study the effect of the PES on the OH internal energy
trend has been observed, wiflh') being the reactaniprod-  distribution, it is worth considering together the reactions of
ucts orbital angular momentum, according to what can beO(®P) with H—(CHj), HBr,*® and H-R)?® [H—(R) models
expected for a reaction withl—L —H kinematics. Regard- a primary, secondary, or tertiary C—H bdn@he OH prod-
ing the average properties that involve two vectors it comesict vibrational energy available increases as exothermicity
out that the angular distribution is clearly backward( increases, and this tendency correlates with the resulting de-
=0.014-0.163), with the initialk) and final k') relative cline of the barrier and its shift toward the reactants region.
velocity vectors forming an average angle of 132.0-119.7°The rotationally cold OH distribution obtained for reactions
and, as expected, tends to be more forwar&asncreases. of O(°P) with organic compounds, as indicated before, has
The OH rotational angular momenturji X tends to be per- been interpreted as due to the presence of a collinear saddle
pendicular to bottk andk’, with symmetrical distributions point on the PES. However, the explanation is not so simple.
around 90°. Thé'j’ distribution is very broad and relatively Thus, for instance, the &)+ HBr (300 K) reaction, which
symmetrical around 90°, even though both vectors tend thhas been modeled using a LEPS PESllinear saddle
become antiparallel aS increases. point), presents a substantial OH rotational excitation
The cold OH rotational excitation found(Eg)  ((f7)=0.26, (f{)=0.52, and (fg)=0.22 for E;
=0.058eV for OH{'=0), this work, and 0.072 eV =3.59—5.98kcalmol%).® This behavior can be more ad-
for OH(X ?II4,,0=0), experimentdl, both values are in equately interpreted on the basis of the barrier height depen-
agreement if errors are includedan be justified, in prin- dence on theO—H-—X attack angle(Fig. 2). Although the
ciple, on the basis of a preferréd-H—-Ccollinear attack of reaction with HBr presents the lowest reaction barrier for an
the OGP) atom to the H—C bond to be broken. This inter- O—H—Br collinear arrangement, there is a barrier height in-
pretation has been invoked in previous studies of analogousrease of only 2.23 kcal mot when the system evolves
O(®P) reactions with hydrocarbofit®=?°and other organic  from collinearity (1809 to 140°. This favors the existence of
compound$!~2® A deeper consideration on the origin of the a substantial amount of rotational energy in products, as bent
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