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The two potential energy surfaces YA and 2'A PES$ adiabatically correlating the reactants and
products asymptotes of the title reaction were studied by means of the CASSCF and CASPT2
initio methods. The minimum energy path determined for the ground PES evolved through the
barrierless insertion of the &) atom into a C—H bond. The OHCH; products result from the
dissociation of the CKDH methanol intermediate formed. Reactivity on the excitéd PES was

found to proceed via an abstraction pathway. The energy barrier involved is low enough to expect
the 21A PES to play a non-negligible role in the title reaction, even at the usual conditions attained
in the experiments. The crossing between tHé Jand 3'A PESs was also investigated, the latter
surface correlating with the excited ONES ™) product. © 2003 American Institute of Physics.
[DOI: 10.1063/1.1615766

I. INTRODUCTION Reaction(1) was also theoretically studiedb initio cal-

culations were reported for the ground potential energy
surface???® The complete active space self-consistent field
(CASSCH and multireference double configuration interac-

The reaction of methane with the oxygen atom in the
first excited electronic state,

O(1D) + CHy(X LA;)— OH(X 2IT) + CHa( X 2A%) tion (MRDCI) methods were used in Ref. 22, where a quite
4 ! 3 2 small active spacésix electrons in five orbita)sand a lim-
AH5gg = —43.1 kcalmol! (Ref.D), (1) ited basis set50 basis functionswere considered. On the

other hand, we employed the monoreference UNB&Zond-

is an important source for stratospheric OH, which partlyorder unrestricted Mgller—Plessetnd UMP4 (fourth-order
determines the chemistry of the Earth’s ozone layer throughinrestricted Mgller—Plessetmethods (and their spin-
the HQ, cycles?’™* The OH+CH, reaction channel is the projected variants PUMP2 and PUMP4, respectivelyd a
most important one for the &)+ CH, reaction[quantum large basis setl16 basis functionsin Ref. 23. The broken
yield of 0.75-0.15 at 300 K(Ref. 5], whose overall rate symmetry approach was applied in that work due to the mul-
constant at room temperature approaches the gas kinetigeference character of the'A PES. Both the aforemen-
limit: k=1.5x10 *° cm® molecule s 1.° tioned works concluded that the minimum energy path

The dynamics of reactiofl) was extensively studied (MEP) of the 1A PES consisted on a collinear approach of
from an experimental point of view. Laser-induced fluores-O(*D) to a C—H bond, which involved a transition state
cence(LIF) and chemiluminescence measurements of thelaced 2—3 kcal mol* above reactants. In Ref. 22 it was
OH nascent internal state distributions were carried®ott.  stated that, once this barrier is surmounted, the MEP evolved
Polarized Doppler-resolved LIF spectroscthy®was used  through the off-axis migration of the oxygen atom and its
to study the OH product state-resolved kinetic energy anghsertion into a C—H bond, yielding the methanol intermedi-
angular distributions. Very recently, the same properties fogte. However, this statement could not be asserted by the
the global OH product have been determined using moleciga|culations reported in Ref. 23. Thé initio data of Ref. 23
lar beams?® The energy distribution of the GHwas also  were used to derive two versions of a triatomic analytical
measured”?* representation of the 1A PES?>2*which were employed in
a quasiclassical trajectoryQCT) study of the reaction
dpresent address: Applied Optics Group, Faculty of Applied Physics, Uni-dynami052-3_25
versity of Twente, P.O. Box 217, 7500 AE Enschede, The Netherla_nds. _ Here, we describe a neab initio study of reaction1),
b)fé’;';g;gu‘t’)vg‘(’jz‘ correspondence should be addressed. Electronic maijyic focused not only on the description of the ground PES
C)A‘uthor to Whom correspondence should be addressed. Electronic main the system, but also on the characterization of the first
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reactants and products. This study casts some light on thoseere performed for all or some of the internal degrees of
features of the 1A PES that could not be unambiguously freedom of the analyzed structures.
described in previous work&;?® due to limitations of theb After several checks, we selected as a suitable active
initio methods employed. Moreover, here it was possible tespace for the CASSCF calculations the one denoted4s
analyze the role of the excited PESs of the system. Thid2) (i.e., 14 active electrons distributed in 12 active orbitals
problem had previously been extensively considered for thevith the appropriate symmetry and spiThis full valence
analogous and simpler €D)+H,—OH+H reaction(see, active space leads to about 84 300 configuration state func-
e.g., Refs. 26—32Finally, the present paper gives some at-tions. When applying the CASPT2 method, the correlation
tention to the crossing between théA and 3'A PESs, the energy was only computed for the valence electréruzen-
latter correlating with the excited OWB(S ™) product. core approach In addition, the G2 variant of the CASPT2
method was used, as it produces a balanced treatment of both
open- and closed-shell configurations. In the CASPT2 calcu-
Il. COMPUTATIONAL METHOD lations, it was checked that the weight of the reference

A very important feature of the D)+ CH, system is CASSCF wave function was always above 0.90.

its diradical character. It behaves as an open-shell singlet i ” To stetlject' the fet of baflstfudncl:)tlonslto Ib(ta' emt;aloyed,tthwo
most regions of the PESs correlating reactants with product nerent basis Sets were tested by caiculating the exother-

particularly in the entrancéowned to the O{D) specied micity of _re_action (1) and the dissociation ?nergy of the
and exit(owned to the OH- CH; species zones. Hence, in a CH;0H minimum(methanol moleculeof the 1°A PES: the

qualitatively correct treatment of reactigth), one must in- 6-311G(2lf,2pd) basis set of Popfé (116 basis functions

clude at least two reference configurations to describe thgnd thg ccp\t/)TZh t:t))aS{S set Of. ?(;Jn;"ﬁ (116.Iba3|s futréc-
wave function of the systert.Nevertheless, it is possible to tions). Since both basis sets yielded very similar res(d

relax this requirement and to obtain a quite good descriptioréerences of 1 kcalmof or less were observid the

of this system by employing a monoreference method o -311G(alf,2pd) basis set was chosen, as in Ref. 23. By

calculation, provided that a broken symmetry singlet Waveusing such a large basis set, together with the full valence

function is generated and its energy is projected to avoid spiﬁlCtIVe space, we expecte_:d to overcome th(_e main difficulties
contamination(cf. Ref. 23. However, some methodological f_ou_nd In & previous mulnreference_ calculatiigue to th_e
(breaking of the spatial symmetry and accuracy of the pro[lmlted size of the basis set and active space employed in that
jected energigsand practicalneither geometry nor frequen- ork.
cies are usually computed at the projected Iepebblems Il RESULTS
occur when employing this approach. Hence, a multirefer-""
ence method is recommended to study this reaction. For C,, Cg, and C3, symmetries, the following PESs

In this work we employed the CASSCF and CASPT2 correlate with the asymptotic regions of reactidn (Fig. 1):
(complete active space, second order perturbation theorya) reactants: (5JA(C;), (3)!A’+(2)!A"(Cy), and
methods. This approach seems to be accurate enough (8)'E+A;(Csy,); (b) products: (2}A+(2)3A(C,), A’
study reaction(1). The CASSCF method is intended to in- +*A”+3A" +3A"(Cy), andE+3E(C3,). Hence, both as-
troduce the main part of the nondynamical correlationymptotes correlate adiabatically through the following PESs:
energy** The CASPT2 method introduces the dynamical(2)*A(C,), *A’+*A”"(C,) and'E(Cs,). As shown in Fig.
correlation to the CASSCF wave function by computing thel, the ground'E PES crosses with the excitéd, surface
energy at the second order of perturbation thédryhe for C;, symmetry, the latter PES correlating with excited
CASPT2 method has an estimated error in the exoergicitieproducts. As a consequence, an avoided crossing exists for
of +2 kcalmol! for isogyric reactiondi.e., reactions that geometries close t€;, symmetry between the YA and
conserve the number of electron pairs in reactants and prod*A PESs (!A’ and 2 A’ in C¢ symmetry. This makes
ucts, assuming that the active space includes all the valencthat the ground $A PES present$A; character in the reac-
electrons and a large enough basis set is used. tants region andE character in the products region for these

The CASPT2 and CASSCEF calculations were performedyeometries, while the 3\ PES connecting reactants with
by means of thevoLCAS 4.1 program® which allows the excited products shows andA; characters in the entrance
computation of CASSCF energies, analytical gradients, andnd exit channels, respectively. Thé/&2 PES, which con-
numerical Hessians, and CASPT2 energies. Unfortunatelyjects reactants with ground products, preséBtsharacter
neither geometry optimizations nor harmonic vibrational fre-for geometries close t€3, symmetry.
qguency calculations at the CASPT2 level are available in  This ab initio study mainly focused on the two PESs
MOLCAS 4.1 Because of this, we usually obtained the optimaladiabatically correlating the reactants and products of reac-
geometries and frequencies of the stationary points of readion (1): 1A (ground PE$and 2'A (excited PE$for C;
tion (1) at the CASSCF level, and then performed CASPT2symmetry. The ground PES correlates with the;OH alco-
pointwise calculations on the resulting structur@se.,  hol minimum, as shown in Fig. 1. The accuracy of tie
CASPT2//CASSCEF calculationsHowever, in some particu- initio methods chosen to characterize these PESs was
lar cases(diatomic molecules and highly symmetric mol- checked by comparing the calculated values of the reactants
ecule$ or when the optimal CASPT2 geometries were foundand products geometries and harmonic vibrational frequen-
to be significantly shifted with respect to their CASSCF cies, the reaction exothermicity and the dissociation energy
counterparts, numerical optimizations at the CASPT2 levebf the alcohol minimum with experimental data. Table | sum-
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IG. 2. Schematic representation of the stationary points and connections
etween them found at the CASSCF and CASRIbB2initio levels for the

1A PES.

FIG. 1. Schematic representation of the potential energy surfaces of the titlg
reaction undeC;, andC4 symmetries.

marizes the theoretical and experimental results on the ener-
getics of reactiorf1l) and methanol. The geometries and har-tween the optimal CASSCF and CASPT2 structures for
monic frequencies of reactants and products are shown iRHsOH. As proof, if a CASPT2 pointwise calculation is
Table A of the supplementary materidl. performed on the UMP2/6-311G{2,2pd) geometry ob-
The CASPT2//CASSCF method properly reproduces thdained in Ref. 23, the absolute energy value obtained
exothermicity of the reactiofless than 2% of relative error ~ (—115.50601 Bl matches the CASPT2//CASSCF one
Moreover, the description of the dissociation energy of thel—115.50609 Hi As the UMP2 and CASSCF geometries for
methanol minimum is also rather good at this lefless than CHsOH are significantly differentct. in Table 1)), it can be
5% of relative error. However, the CASSCF method and the @ssumed that if the CASPT2 energy was computed on the
PUMP4//UMP2 method used in our previous work of Ref.optimal CASPT2 structure, the energy value would be lower
23 yield slightly better results for the alcohol specie. Thisand, therefore, the dissociation energy of the minimum larger

may be explained on the basis of a non-negligible shift be@nd closer to the experimental value. Regarding the proper-
ties of reactants and products, their geometries and harmonic

frequencies are properly reproduced by means of the

TABLE I. Energetics of reactionl). CASSCF and CASPT2 methods.
E+ZPE/kcal mof * 2 A. Ground 1 A PES
Method CH;OH minimum ~ CH+OH A preliminary search of the stationary points occurring
CASSCF/6-311G(af 2pd) —1204(-134.8 —34.8(-304) on the ground 1A PES was performed using the CASSCF

CASPT2//CASSCF/6-311G¢¥,2pd) —127.5(-132.9 —42.7(—38.3 method, since gradient(sinalytica) and Hessian$numeri-

PUMP4//UMP2/6-311G(@f,2pd)®  —129.2(—133.5 —42.6(—38.6 cal) can be computed at this level. The connections between

MRCI//CASSCF —-122.2(-1259 -425(-38.2  the stationary points found and the reactants and products

Experimental dafa —133.9 —435 asymptotes were also studied by carrying out relaxed scans

*Energy referred to reactants. The values in parentheses correspond to tA§0Ng proper reaction coordinatéSig. 2 and Table Il, and

energies without including the zero point energies. Table B in the supplementary materiJ

b, .

Cge;‘erence 2223/1\% 5 acti 4 2 solitval 69)/[352p] basi The CASSCF MEP on the A PES proceeds via a non-
ererence . ,9) active space and a split-valences Scp| basis . _ .

set of Huzinaga—Dunning—Raffenetti pldspolarization functions for C collinear attack O_f _the dD) atom to a C—H bond, Iead,lng

and O andp polarization function for H atoms were used. to an early transition stat€rS) with the O, H, C, and H

9AHj  from Ref. 1. atoms placed in the same plafigg. 2). Two different struc-
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TABLE II. Properties of the stationary points of the'A and 2'A PESs?

Stationary point Row/A  Ryc/A  Rycl/A  RyclA  £CHOI°  LH'CHI®  LH'CH/° £H'CHO/°  E+ZPE/kcal molt
1A
TS1a/TS1b
CASSCF tA’")
TSla 1.638 1.123 1.097 1.101 124.5 111.8 106.8 0.0 (BB
TS1b 1.638 1.123 1.102 1.098 124.5 105.3 109.9 180.0 (BB
CASPT2//ICASSCF
TS1a/TS1b -3.3(-3.0)
PUMP4 (A")C 1.513 1.140 1.083 1.083 179.9 108.2 108.4 0.0 -0.1(3.6
MRCI//CASSCF ¢A;)¢ 1.66 1.10 1.08 1.08 180.0 108.7 108.7 (2.0
Experimenit ~0
M1 (*A")
CASPT2//ICASSCF 0.9602 1.954 1.102 1.085 44.1 134.3 97.3 —127.5(-132.9
PUMP4//UMP2 0.956 1.928 1.085 1.091 44.3 135.2 97.6 0.0 —129.2(-133.5
MRCI//CASSCH —-122.2(-125.9
Experiment 0.9630  1.9481  1.0937 1.0937 43.9 140.0 96.4 0.0 —133.9
TS2 (tA)
CASSCF 1.446 1.123 1.099 1.099 180.0 107.2 107.2 (33
CASPT2/ICASSCF —4.9(-3.9
M2 (*E)
CASSCF 0.9729 2.781 1.092 1.092 180.0 93.8 93.8 0:0B1)
CASPT2//ICASSCF 0.65(—1.8
21A
TS1' (*E)
CASSCF 1.401 1.208 1.093 1.093 180.0 106.8 106.8 (12.0
CASPT2//ICASSCF (1.6
CASPT?Z 1.625 1.120 1.097 1.097 180.0 108.9 108.9 1.2

M2’ (*E) (see M2

&See Fig. 2 for the internal coordinates definition. Energy referred to reactants for TS1a, TS1b, M1, TS2, anghil8Ireferred to products for M2 and

M2’. The values in parentheses correspond to the energies without including the zero point energies.

bThe harmonic vibrational frequencies of the stationary points computed at the CASSCF level are given in Table B of the supplementary data.
‘Reference 23.

YReference 22.

°Reference 5.

The optimal CASPT2 geometry for TSivas obtained from a bicubic spline fitting of a set of 24 CASPT2 points computed around the CASSCF structure
(see text for further explanation

tures were distinguished for this TS, depending on whetheone obtained here. The geometry of a TS connecting reac-
the O—H-C-H dihedral angle was equal to @TS19 or tants with CHOH should be expected to be bent, since a
180° (TS1bh. Both structures are very similar in geometry collinearO—H-—Chbarrier could be thought to lead directly to
(except for the aforementioned dihedral angiead energy products(without passing through the alcohol minimumia
(Table Il). The energy barrier for these TSs is 3.8 kcalifpl  an abstraction pathway. Thus, for the related@)+ H, re-
which is in agreement with what was reported in Ref(2®  action the MEP connecting reactants with thgOHminimum
kcalmol'), but higher than the value of Ref. 22.1  occurs via a bent attack of the &) atom to the H
kcal mol'%). When including the zero point vibrational en- molecule?®
ergy (ZPE) correction, the energies of TS1la and TS1b remain  An examination of the imaginary frequency and evolu-
above reactanté3.6 kcal mol'). On the other hand, the ex- tion along the intrinsic reaction coordinate for the TS deter-
periments suggested that reactidn should not present ac- mined in our previous work of Ref. 2&ollinear O—H-C
tivation energy, and this was also proposed in thb initio  arrangementindicated that it corresponds to an abstraction
study of Ref. 23. This suggests that a proper description ofype MEP. Such detailed analysis was not performed in Ref.
this early transition state requires the inclusion of the dy-22 to elucidate the nature of the TS. However, leaving aside
namical correlation energy, as the CASPT2 results showmhether the early TS found in that work allows for insertion
below demonstrate. or not, we believe that our present results lead to a better
Once the barrier is surmounted, the CASSCF MEPdescription of this stationary point. The broken symmetry
evolves through the insertion of the ) atom into a C—H  wave function used in Ref. 23 to optimize the TS structure
bond, reaching the C¥DH minimum(M1). This means that did not stand for the pure singlet state, but for a 50:50 mix of
the MEP is of insertion type. This was also stated in Ref. 22the singlet and triplet states of the system. The active space
although the early TS found in that work presented a collin-and basis set employed in Ref. 22 were significantly smaller
ear O—H-C arrangement, instead of the noncollinearthan those used here. Hence, the CASSCF MEP of reaction
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R0

¥ out exploring the CHOH minimum to the OH+CH; as-
704 ymptote via an abstraction pathway. This pathway passes
through a vdW minimun{M2) located in the exit channel of
the reaction. The properties of this minimum are shown in
s04 Table 1.
A better description of the energetics of thé/ PES
was obtained by means of the CASPT2 metfieid. 2). First
30 of all, CASPT2 pointwise calculations on the CASSCF MEP
connecting reactants and @BIH were carried out. The
. CASPT?2 energies of these points were in all cases below the
101 Tsta ISt energy of reactants, even for the CASSCF TSla and TS1b
- I - ) geometries. Hence, the CASPT2 insertion pathway connect-
120 160 200 240 280 ing reactants with the CHDH minimum is barrierless. This
0-H-C angle / deg. differs from the CASSCF resultswhere a barrier 3.8
kcal mol™! high was determinadand is consistent with the
experimental findings.Thus, the fact that the overall rate
constant for the D)+ CH, reaction at room temperature
is very high and approaches to the gas kinetic limit, together
(1) corresponds to the insertion of the 1) atom into a  Wwith the observation that is shows a negligible dependence
C—H bond proceeding via a bef@—-H-Q transition state.  on the temperature, within the 200—-350 K interval, suggest
The properties of the C{OH minimum are well de- that reaction(1) should not present activation eneryy.
scribed at the CASSCF levéTable 1l). The alcohol mini- The dissociation pathways of the @BIH structure to
mum connects with products along the MEP without sur-yield either OH+-CH; (main reaction channglor CH;O
mounting any energy barrier above them. A similar situation+H products were also analyzed using the CASPT2 method.
was obtained when analyzing the fragmentation of;OH  As for the CASSCF level, these two possible dissociations
to produce CHO+H, which is another reaction channel of evolve without surmounting any energy barrier above prod-
the O¢D)+CH, system'® These results agree with those ucts.
reported in Refs. 22 and 23. As for the insertion type MEP, the CASPT2 pointwise
The evolution of the energy barrier with tf@—H-C  calculations on the CASSCF stationary points of the abstrac-
attacking angle was also studied at the CASSCF level. Wéion pathway[nearly collinear approach of the &f) atom
analyzed the approach of oxygen to methane for differento a C—H bond yielded energy values below the energy of
angles. To make the calculations easier, they were performegactants in all cases. Therefore, the attack of théDQ(
assuming the existence of @-H-C—H planar geometry atom to a C—H bond through a collinear O—H-C arrange-
(i.e., assumingCs symmetry, in accordance with the fact ment takes place without surmounting any energy barrier
that the CASSCF MEP of reactidft) was found to maintain  along the corresponding collinear pathway. The lack of en-
such planar structure. The results obtained are depicted iergy barrier at the CASPT2 level was also observed when
Fig. 3. The energy barrier was found to be minimal for thecomputing the CASPT2 energies on the CASSCF structures
TSla and TS1b structures, which present a deviation witltorresponding to the approach of oxygen to methane for dif-
respect to th®©—H-Ccollinear geometry of-55.5°. As this  ferentO—H—Cangles. Only folO—H—-Cattack angles below
deviation increases, the energy barrier rises smoothly. On th@0° an energy barrier in the entrance channel of the reaction
other hand, whert©®—H-C conformations closer to the col- was observed at the CASPT2 level. Therefore, the CASPT2
linear limit are considered, the energy barrier increased A PES is quite isotropic at the reactants region for
slightly and a maximum is reachédt about 6.0 kcalmol) ~ O—H-Cangles within the 90°-~180° range. This means that
for an O—H—-Cangle nearly equal to 180°. For this angle, thealthough the MEP of the ground PES involved an insertion
energy gradient and harmonic frequencies of the structure &gpe reaction path, this particular PES also allows an abstrac-
the barrier geometry were calculated and found to corretion reaction path to take place. Nevertheless, due to the
spond to a transition state of the!A PES(TS2. More ex-  existence of the deep GBH minimum on the PES, the
actly, it was characterized as a saddle point of third ordergontribution of the abstraction mechanism to the reactivity
because it has three imaginary frequencies: One associatedgbould be expected to be small.
the motion along the collinear path of reactig@—H-C This is consistent with previous results. Thus, QCT cal-
asymmetric stretchingand the other two, which are identi- culations on a triatomic analytical representation of the
cal, corresponding to the bending of tBe-H—Cstructure. It  ground PES, which reproduced the main features here estab-
can be inferred that the TS2 stationary point governs thédished for this surface, showed that reactidn mainly pro-
abstraction pathway leading from reactants to products ofeeded via the insertion mechanism, the abstraction mecha-
reaction(1). nism only accounting for 1%—-2% of the reactivity at the
The reaction pathway for a fixe—H—Cangle equal to  usual conditions attained in the experimefftélso, mea-
the TS2 ondnearly collinear approaghvas further analyzed surements of the energy distribution of the OH product sug-
at the CASSCEF level. The profile obtained for such pathwaygested that reaction(l) takes place via an insertion
is given in Fig. 2. As stated above, TS2 leads direatlith-  mechanisn?:**~13

404

Baurier energy / keal mol”’

2094

o

BT

FIG. 3. Dependence of the CASSCF energy barrier withQhdéi—Cangle
for the 1'A (@) and 2'A (#) PESs.
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The presence of a vdW minimum located in the exit 25
channel of reactior{l) for an O—H—Cangle of 180° was
confirmed at the CASPT2 level.

2'A PES

TSt CASSCF

oDy +CH, H%
ol ,

B. Excited 2 'A PES

The first excited PES (2A) had not previously been
studied to a significant extent. Only in tlab initio study of 254 . M2
Ref. 22 a preliminary analysis was performed. There, it was R —
reported that in the entrance channel of reactibrthis PES
was much more repulsive than the ground PESA)L How-
ever, recenfb initio and dynamic studies about the related
O(*D) + H, reaction have proved that the role played by the
first excited PES (1A”) of the system should not be
neglected® 32

Here, we performed two different types of CASSCF cal- . ._,_(g
culations on the 2A PES, depending on wheth€x, or Cq ol HDCH T
symmetries were considered. In the former case, we worked
with a state-average CASSCF wave function, because ob-
taining a pure 2A CASSCF wave function was not possible
in most cases, due to its energetic closeness to the groun 254
1A one. This prevented us from carrying out optimizations
and frequency calculations for the'& PES inC; symmetry. —
On the other hand, when constraining the O, H, C, and H Mz-Mz  OH*CH,
atoms to have them in the same pldne., underCg sym- -50
metry), the 2*A state converts into the A" state. Thus, we Reaction coordinate
recover the advantages of working with ground state wave . 4. Schematic representation of the stationary points and connections
functions. Preliminary calculations i@; symmetry showed between them found at the CASSCF and CASRiB2initio levels for the
that the stationary points and MEP of thé/& surface had 2'A PES.
C, symmetry, as had happened for théAlsurface.

The stationary points and MEP obtained at the CASSCF
level for the 2'A PES are given in Fig. 4 and Table Il, and 1A PES(TS2. The dependence of the energy barrier on the
Table B of the supplementary materialThe MEP of this O-H-Cangle was also studied at the CASSCF level for the
PES corresponds to a collinear appro@a®h-H—Cangle of  excited PES, assuming that the O, H, C, aridatbms were
1809 of the O(D) atom to a C—H bond, giving rise to an placed in the same plar{€ig. 3. As stated above, the mini-
early transition state (TS]. Its geometry, energy and har- mal energy was obtained for a collinda~H-Cstructure in
monic frequencies were computed. However, since these cahis case. When deviating from collinearity the energy barrier
culations were carried out i€ symmetry, it was not pos- steeply increases, so that for the first excited PES the inser-
sible to perform a complete characterization of TSds only  tion of the O¢D) into a C—H bond was found to be ener-
frequencies of the\’ type could be computed. From these getically disfavored. Hence, reactivity over thé/& surface
frequencies, it was inferred that TSWas an ordinaryfirst ~ must be expected to occur only via an abstraction mecha-
order, one imaginary frequencgaddle point of the PES. nism, in contrast with what happens for thé'A surface.
Pointwise CASSCF calculations for out-of-plane distortionsSimilar results have been obtained for theDJ+H,
of the TST geometry always yielded higher energies thanreaction?®4°
that corresponding to TS1 When applying the CASPT2 method to study the excited

TS1' allows connection of reactants with products via2 *A PES, the main features established at the CASSCF level
an abstraction pathway, evolving through geometries withwere reproduced, but the CASPT2 optimal energy for TS1
collinear O—H-C arrangements. A second stationary pointwas significantly shifted from the CASSCF one. Thus, al-
was found along the CASSCF MEP, corresponding to a vdWhough the CASPT2 transition state was found to have a
minimum located in the exit channel of the reaction (W2  collinear O—H-C geometry too, it seemed to occur for a
The geometry, energy and harmonic frequencies are the sanenger O—H distance. In the interest of accurately determin-
than the ones for the M2 vdW minimum of the ground&l  ing the energy barrier for the excited PES, special pains were
PES (cf. in Table Il and Table B of the supplementary taken to obtain the CASPT2 geometry of TSWe operated
materiaf®). This is due to the degeneracy of thé A and sequentially as followsta) a set of 40 CASPT2 points were
2 1A PESs in the exit channel of the collinear MEP of reac-computed along the reaction coordina®e-H—CH;, fixing
tion (1). This situation corresponds t@;, symmetry ar- the O—H—Cangle to 180° and optimizing the structure of the
rangements of the system. methyl group for each one of these points at the CASSCF

The CASSCF energy of TS1(about 12 kcal mol?) is level; (b) the calculated CASPT2 energies were fitted using
much higher than that found for the early collinear TS of thebicubic splines in terms of the O—H and H-C distances and
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the resulting values of these two distances for the CASPTavity might be expected. The contribution of other excited
TS1' stationary point were derived employing numerical PESs to the process may be considered to be much less im-
gradients;(c) the geometry of the methyl group was opti- portant, since they do not correlate adiabatically with the
mized at the CASSCF level for thBoy and Ryc values  OH(X 2I1)+ CH; products. Nevertheless, it might be inter-
found and arD—H-Cangle equal to 180°. The energy of the esting to estimate the role played by the excitddPES for
final structure was calculated by means of the CASPT2wo reasons(a) it is expected a 1A—3*A avoided crossing
method(see Table Il and Fig. )4 for geometries close t&C;, symmetry; (b) this avoided

As mentioned, TS1 at the CASPT2 level presented a crossing might occur once surmounted the barrier of the ex-
more evident early saddle point character than at theited PES, which in principle could be overcome at the usual
CASSCF level. ThusRoy is equal to 1.625 and 1.401 A for experimental conditions, because theA2and 3'A PESs are
the optimal CASPT2 and CASSCF geometries, respectivelynearly degenerate for geometries closeCty symmetry at
Also, a non-negligible energy shift was observed betweenhe entrance valley of the reaction. This situation resembles
the CASSCF and CASPT2 saddle points. The high CASSClwhat was described for the related *O)+H, system,
energy barrier(12.0 kcalmor?) is significantly reduced where a non-negligible contribution of the excited &
when including the dynamical correlation by means of thestate to the reactivity, due to nonadiabatic interactions with
CASPT2 method1.2 kcal mol'Y). At this point, it must be the ground T*A’ PES, was reportetf.
noted that the average collision energies usually employed in  As explained at the beginning of Sec. IlI, théA-31A
the experiments on reactiofil) [4.8 kcalmol',"”? 6.5  avoided crossing arises as a consequence of the crossing be-
kcalmol,** and 9.3 kcalmol' (Refs. 11-18] are large  tween the A, and 1'E PESs forC,, symmetry(collinear
enough to allow for reactivity on the A PES, accordingto O_H-C geometries Therefore, in this work we have just
the CASPT2 energy barrier. focused on the characterization of théA,—1'E crossing

In spite of the abovementioned results, no experimentahy means of the CASSCF and CASPT2 meth¢aisd the
evidence was found of the involvement of the first excitedsame active space and basis set reported apverder to
PES on reactiorfl). This is probably due to two main rea- jnvestigate the avoided crossing between tHé &and 3'A
sons:(a) though possible at the usual energies of the experipgss for geometries close @,, symmetry. AlthoughC,
ments, reactivity on the 2A PES should be expected to be symmetry could be assumed in the calculations, we carried
significantly smaller than that for the ground surface, as thgyt them inC, symmetry because future work is intended to
latter is barrierless and quite isotropic in the entrance chamg developed to characterize thé A’ (1A in C;) and
nel; (b) it is not easy to experimentally assess the contribu- 15 (31Ain C,) PESs around the crossing region. Thus, a
tion of the excited PES in reactiail) and specific experi- state-averag®’ CASSCF wave function with equal weights
ments focused on this problem would be needed. Fopfthe 11A’ and 2'A’ states was considered in the calcula-
instance, although a large number of experimental workgjons. A rough picture about the location of the crossing was
have been addressed to the elucidation of the energetics ghtained by analyzing the energy difference between the
the OH product of reactiofil),*~**the highly excited vibra- 1 1A’ and 21A" roots of the state-average CASSCF solution.
tional levels of OH expected to be populated by the abstracrhis was done for all geometries previously computed when
tion mechanism occurring on the!A PES have been little studying the collinea®—-H-CH; pathway connecting reac-
analyzed. Such analysis was recently carried out, howevefgnis with products through the!A PES. The point with the
for the analogous (?D)’LCZHG (Ref. 41 and OGD). _ least energy difference between both roots was taken as a
+CoH, (Ref. 42 reactions and the findings showed prelimi- st approximation of the crossing geometry. Afterwards, a
nary evidences of the contribution of an abstraction mechaset of 40 CASPT2 and CASSCFE energies was calculated for
nism to the formation of high internally excited OH mol- severalRoy and Rey distances around that geometry, fixing
ecules. o , the O—H—Cangle to 180° and taking the GHtructure from

At this point, it is worth considering recent experimental a pure 1'A’ CASSCF optimization calculation. A 2D map of
and theoretical investigations reported for the relateqhe differences between the'A’ and 2'A’ energies was
O(*D) +H,—OH+H process and its deuterated iSOOPIC yatermined by fitting a bicubic splines expression to the cal-
variants(see, e.g., Refs. 26—B2Zrom these it has been in- . 13104 energies and, by numerical differentiation, the point
ferred that, althpugh the major conFrlbutlon to the reactlv_ltyWith minimal energy difference was found. The geometry of
of the system is due to an insertion mechamsm_ eVOIV'nglhis point was taken as the lowest energy crossing structure
through the ground A’ PES, the low energy barrier pre- between the 1A, and 1'E PESs(see Table .

Se”te?' by the firgt excited PES {4” P,ES allows an a,b' For both the CASSCF and CASPT2 calculations, the
straction mechanism to take place on it. The contribution of 1A,—~11E PESs crossing is observed to occur once the

this mechanism increases with collision energy and render; arly barrier for the excited PES is surmounted, which has
O.H m_olecul_es Wit.h specific dyn_amic propert_ies: pronounce(feen previously calculatedee TS1 in Table II). Tr,lus, the
vibrational inversion, low rotational excitation, and back- Rop values found for the crossing and the barrier were 1.081
ward scattering. A (CASSCH and 1.073 A (CASPT2, and 1.401 A
(CASSCH and 1.625 A(CASPT2, respectively. Because
the energy barrier for the *E PES is only 1.2 kcal molt

From the calculations given here, it was inferred that ahigh (at the CASPT2 levgl the crossing region might be
significant contribution of the excited’2 PES to the reac- accessed at the usual experimental conditions when the sys-

C. Influence of other excited PESs
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TABLE III. Properties of the lowest energy crossing structure between t#g &nd 1'E PESS

Ron/A Ruc/A Ryc/A Ryrc/A £CHOP° LH'CHI® LH'CH/® AE/kcal mol*P E/kcal mol* ¢

CASSCF 1.081 1.280 1.094 1.094 180.0 101.7 101.7 0.1 6.4
CASPT2 1.074 1.307 1.090 1.090 180.0 101.0 101.0 0.1 —15.6

aSee Fig. 2 for the internal coordinates definition. See text.
PEnergy difference between the PESs at the lowest energy crossing geometry found.
°Energy of the I'A PES at the crossing geometry mentioned above. Energy referred to reactants.

tem evolves on this PES. This means that, in case that smahe Spanish Ministry of Science and Technology through
distortions of the collinea©—H-C arrangement leading to Project Nos. BQU2002-04269-C02-01 and -02, and
Cs or C, geometries occur, the avoided crossing region willBQU2002-03351. Financial support from the “Generalitat de
be explored, where significant nonadiabatic interaction€atalunya” (Autonomous Government of Catalopi&ef.
might be expected between théA’ (1A in C;) and 2'A’  2001SGR 00041 is also acknowledged. J.H. thanks the
(3'Ain C;) PESs. As a consequence, the excitédd3ur-  CIRIT from the “Generalitat de Catalunya” for a predoctoral
face might contribute to the reactivity of reactigh) for  research grant. The authors are also grateful to the “Center
geometries close t65, symmetry, although it does not adia- de Supercomputacioi Communicacions de Catalunya
batically correlates with the OB(?IT) + CHs products. (C*CESCA/CEPBA)” for computer time made available.

IV. SUMMARY AND CONCLUSIONS

1 . .
. 1 M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.
The two potentlal energy surfaces j(A and 2°A PES$ McDonald, and A. N. Syverud, J. Phys. Chem. Ref. Dtal (1985.

adiabatically correlating the reactants and products asymp2j. R. Wiesenfeld, Acc. Chem. Rek5, 110 (1982.
totes of the title reaction were studied by means of the®P. WarneckChemistry of the Natural Atmosphecademic, San Diego,

CASSCF and CASPT2 methods. A full valence active space4ég?Bumett and C. R, Bumett J. Atmos. Chezt. 13 (1995

and a large _baSiS SEﬁ.-.3;LlG(21f,2pd).] were emplqygd. SR. Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, M.

At the highestab initio level considered, the minimum  J. Rossi, and J. Troe, J. Phys. Chem. Ref. 2&a191 (1999, and refer-
energy path determined for the ground PES'A) evolved enees therein.
through the barrierless insertion of the’D( atom into a  ,A & Luntz, J. Chem. PhyS3, 1143(1980.

X P. M. Aker, J. J. A. O'Brien, and J. J. Sloan, J. Chem. PI84.745
C—H bond of methane. The OHCH; products arise from  (19gg.
the dissociation of the CH¥DH intermediate formed. How- 2S. G. Cheskis, A. A. logansen, P. V. Kulakov, I. Yu. Razuvaev, O. M.
ever, it was also found that reactigh) may alternatively giaﬂélsgv, Ifnd éA-J/-\-RTI\t,S}/, Ch;srrd. ljhxésr.] Len5P5 |9;s7 éigg?l.ggj)
- - - . R. Park an . R lesentelq, J. em. K .

occur via an ab;tract!on pthway_ through nearly C_Ol,lmeaﬁoY. Rudich, Y. Hurwitz, G. J. Frost, V. Vaida, and R. Naaman, J. Chem.
O-H-C geometries(without involving the CHOH mini- Phys.99, 4500(1993.
mum). M. Gonzdez, J. Hernando, R. SagpM. P. Puyuelo, P. A. Efquez, J.

Reactivity over the excited 2A PES was found to pro- 12(83“3\'/'3(;' a”dd'-K Bas, Eag‘ﬁay Discussos ;5831(11%%”-
ceed only via an abstraction pathway. The energy barrief, oo 2o 0 "Pu'yueﬁ(;s' J Hee":nan%jo iy (Sayg.. A. Eriquez, J.
calculated for such process at the CASPT2 level is oW Guallar, and I. Baas, J. Phys. Chem. A04, 521 (2000.
enough(1.2 kcal mol'®) to expect that the 2A PES plays a i;‘M Brouard, S. P. Duxon, and J. P. Simons, Isr. J. Chgn67 (1994.
non-negligible role in the reaction, even at the usual condi- M- Brouard and J. P. Simons, ithe Chemical Dynamics and Kinetics of
. . . . Small Radicals, Part |ledited by K. Liu and A. WagndWorld Scientific,
tions of the experiments. Although no experimental evidence Singapore, 1995 p. 795.
was found yet of such a situation, we believe that specifi¢ém. Brouard, H. M. Lambert, J. Short, and J. P. Simons, J. Phys. Cé@m.
experiments different from those already reported in the lit- 13571(1995.
erature should be required in order to assert it M. Brouard, H. M. Lambert, C. L. Russell, J. Short, and J. P. Simons,

. . . ’ 1 Faraday Discussl02, 179(1995.

Finally, the avoided crossing between théAland 3'A 155 p simons. J. Chem. Soc. Faraday Tra8s4095(1997).
PESs was also investigated, the latter surface correlatingJ. J. Lin, J. Shu, Y. T. Lee, and X. Yang, J. Chem. PH{i§ 5287(2000.
with the excited OHQ *2 ™) product. The features found for 'T. Suzukiand E. Hirota, J. Chem. Phs, 2387(1993.
the crossing are such that it might be expected a non- Tég’%go?ti(‘]l'gz‘gh"“’ M. Olzmann, and K. Kleinermanns, J. Chem. Phys.
negligible contributiqn of _the_ 3a PES to r_eactionjl), as @ 22y Arai, S. Kato, and S. Koda, J. Phys. Ches8, 12 (1994).
result of the nonadiabatic interaction with the!A PES.  2*M. Gonzdez, J. Hernando, I. Bars, and R. Sayg J. Chem. Physl11,
However, dynamic calculations on reactiéh), accounting 8913(1999, and references therein. ’
24M. Gonzdez, J. Hernando, M. P. Puyuelo, and R. Say& Chem. Phys.

for nonadiabatic couplings between PESs, will be required in 113 6748(2000.

order to unravel this point. R, Says, J. Hernando, M. P. Puyuelo, P. A. frez, and M. Gonizez,
Phys. Chem. Chem. Phy4, 288 (2002.
ACKNOWLEDGMENTS 26Y.-T. Hsu, J.-H. Wang, and K. Liu, J. Chem. Phy€7, 2351(1997.

2M. Alagia, N. Balucani, L. Cartechini, P. Casavecchia, E. H. van Kleef, G.

This work was supported by the “DirecaioGeneral de .2 Volpi, P. J. Kuntz, and J. J. Sloan, J. Chem. PIji§ 6698 (1998.
Ensémnza Superior” of the Spanish Ministry of Education \7('5;;1?'159“5;;' Liu, L. A. Pederson, and G. C. Schatz, J. Chem. Phj.
and Culture through Project Nos. PB98-1209-C02-01 andeg ¢ schatz, A. Papaioannou, L. A. Pederson, L. B. Harding, T. Holle-

-02, and also by the “DireccioGeneral de Investigaaid of beek, T. S. Ho, and H. Rabitz, J. Chem. Phy87, 2340(1997.



9512 J. Chem. Phys., Vol. 119, No. 18, 8 November 2003 Hernando et al.

30K. Drukker and G. C. Schatz, J. Chem. Phy&l, 2451(1999. experimental geometries and harmonic frequencies of the reactants and
315, K. Gray, C. Petrongolo, K. Drukker, and G. C. Schatz, J. Phys. Chem. products molecules, and for the CASSCF harmonic frequencies of the
A 103 9448(1999. stationary points of the 1A and 2*A PESs. A direct link to this document

82F. J. Aoiz, L. Bamres, M. Brouard, J. F. Castillo, and V. J. Herrero, J.
Chem. Phys113 5339(2000.
33|, Salem and C. Rowland, Angew. Chem., Int. Ed. Erdl. 92 (1972.

may be found in the online article’s HTML reference section. This docu-
ment may also be retrieved via the EPAPS homephgp://www.aip.org/
B, 0. Roos, Adv. Chem. Phy§9, 399 (1987. pubservs/epaps.htinbr from ftp.aip.org in the directory /epaps/. See the

%K. Andersson and B. O. Roos, iModern Electronic Structure Theary 4OEP2PS homepa”gebforkmore mE)_rmanon. di d G. C. Sch
edited by D. R. YarkonyWorld Scientific, Singapore, 1995Part I, p. 55. T. S. Ho, T. Hollebeek, H. Rabitz, L. B. Harding, and G. C. Schatz, J.

%\voLcas, Version 4.1, K. Andersson, M. R. A. Blomberg, M. P.I§eher Chem. Phys105, 10472(1996. i

et al. (Lund University, Sweden, 1998 “IM. Gonzdez, M. P. Puyuelo, J. Hernando, R. Say®. A. Enfquez, and J.
37M. J. Frisch, J. A. Pople, and J. S. Binkley, J. Chem. PI8@s.3265 Guallar, J. Phys. Chem. 205, 9834(2001. )

(1984. “2M. Gonzdez, M. P. Puyuelo, J. Hernando, R. Maee, R. Says, and P.
38T, H. Dunning, Jr., J. Chem. Phy80, 1007(1989. A. Enriquez, Chem. Phys. LetB46, 69 (2007).

39See EPAPS Document No. E-JCPSA6-119-305342 forathénitio and ~ “*M. R. Hoffmann and G. C. Schatz, J. Chem. PHy&3 9456(2000.



