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An ab initio study of the ground potential energy surfd&ES of the O¢D)+ CH,—OH+CH,

reaction has been performed using the second and fourth ordiriM@lesset methods with a large

basis set. From thab initio data a triatomic analytical ground PES with the methyl group treated

as an atom of 15.0 amu has been derived. This PES has been employed to study the dynamics of the
reaction by means of the quasiclassical traject@®ZT) method. A good agreement between the
experimental and QCT OH rovibrational distributions at a collision energy of 0.212 eV with the
methane molecule at 298 K has been obtained. The analysis of the microscopic reaction mechanism
shows that the reaction takes place almost exclusively through the insertion of'th¢ &6m into

a C—H bond, due to the presence of the deep4{)OH minimum, and the resulting trajectories may

be direct or nondiredshort-lived collision complexes mainlyith about the same probability. The

OH vibrational distribution arising from the direct mechanism is inverted, while the nondirect
mechanism leads to a noninverted one. There is some tendency to give broader OH rotational
distributions peaking at high&t’ values, particularly for the vibrational levels=0-1, in the case

of the nondirect trajectories. The PES derived here may be used in dynamics studies under
conditions where the methyl group motions are not strongly coupled to the motions leading to
reaction. © 1999 American Institute of PhysidsS0021-960609)30442-4

I. INTRODUCTION This reaction has been extensively studied using different
experimental techniques. The glokaicluding all possible
reaction channe)shermal rate constant for &)+ CH, is
t/nery large, approaching the gas kinetic value. The recom-
ended global rate constant(k) value is 1.5
x 10 P¥cmPmolecule *'s™! over the temperature range
200-300 K® This suggests that the reaction does not have
activation energy, in contrast to what happens for the analo-
gous reaction with Gf), which exhibits a high activation
energy(see, e.g., Ref.)6 At room temperature, the following
product branching ratios were measufed(OH(X IT)
+CHy(X2A%)=0.9 (+0.1,-0.2, P(CH,O(X'A))
+Hy(X =) and  ®(CHO(X'A))+H(*S)+H(%S))
=0.06+0.01, ®(CH,(a'A;)+H,0(XA;))=0.02+0.01,
and ®(O(CP)+CH,(X'A,))=0.02£0.01. The H-atom
product yield has been report&d®and in a crossed molecu-
lar beams experiment the H atom ang fdolecule channels

The reactions of the oxygen atom in the first excited
electronic state (3G0)) with alkanes, and specially with
CH,, are relevant in stratospheric chemistry in the context o
ozone degradation through the OH/K®@atalytic cycle!~>
Furthermore, its highly different reactive behavior with re-
spect to the ground state oxygen atom {P)) makes the
study of this kind of systems particularly interesting. Thus,
for instance, O{D) is claimed to react very efficiently with
compounds containing X—H bondsuch as H-H, C-H,
N—-H, and O-H, by both abstraction and, mainly, insertion
mechanisms, in contrast to what happens t8F)(

The aim of this work is to study theoretically the ground
potential energy surfacéPES and dynamics of the gas
phase reaction of GD) with CH,,

1 1 2 N
O("D) + CHy(X *A1) — OH(X “IT) + CHy(X “A3) have been investigated.
1) The measurement of the OMEII) vibrationat?>*8and
AH%g «=—43.1 kcalmol® (Ref. 4). rotationat* 1519 distributions arising from reactiofil) has

been carried out using mainly laser induced fluorescence
(LIF) to probe this molecule. The D) atom was generated

dAuthor to whom correspondence should be addressed. Electronic mail, ; it ;
miguel@qt.ub.es by photodissociation of eitherJ® (193 nm or O; (248 nm

YAuthor to whom correspondence should be addressed. Electronic maif?r 266 nm, allowing in some cases_ for (3.'1()) thermali_za-
r.sayos@qf.ub.es tion. Therefore, nascent OM(II) rovibrational populations
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considering different 3Q) + CH, collision energy distribu- quasiclassical trajectofQCT) dynamics study of the reac-
tions have been determined. However, the change of relativiéon has been performed. To the best of our knowledge this
translational energies did not modify in an important extentepresents the first theoretical study carried out on the dy-
the OH energy distributions obtained for this radical. This isnamics of this reaction.
probab|y due to the |arge reaction exothermicity’ which at- This work is organized as follows. Section Il deals with
tenuates the influence of the initial conditions on the availthe ab initio calculations and fitting of the ground PES, and
able energy in products. Thus, e.g., for the'D)+CH, Sec. Il shows the QCT OH rovibrational distributions and
reaction photoinitiated by photolysis of,8 (193 nm and the influence of the microscopic reaction mechanism on
O, (248 nm), the average collision energies are, respectivelythem. In Sec. IV the concluding remarks are given.
0.403 and 0.212 eV, while the corresponding available ener-
gies in products are 2.30 and 2.11 eV. Vibrational populateq| poTENTIAL ENERGY SURFACE
levels up tov’ =4 with a relatively flat vibrational distribu-
tion for v/ =0, 1, 2, and 3 have been determined using the- Ab initio calculations
O3 photodissociation at 248 niRRefs. 13,15 and 266 nm-# For C,, Cq, and Cs, Symmetries’ the f0||owing PES
A bimodal rotational distribution has been observed essercorrelate with the asymptotic regions of reactid: (a) re-
tially for v’ =0, which was thought to be due to the coexist- actants:(5) *A (C;), (3) *A’+(2) *A” (Cy) and (2) ‘E
ence of two different microscopic reaction +!A; (C,,); (b) products: (2) *A+(2) 3A (C,), A’
mechanisms>**® The OHX ?I15,)/OH(X 1y, spin—  +1A"+3A"+3A" (C,) and'E+3E (Cs,). Hence, both as-
orbit population ratio is statisticaf,">*® and the ymptotes may correlate adiabatically through the following
IT(A")/TI(A”) lambda doublet population ratio is larger than PES: (2) A (C,), A’ +!A” (C) andE (Cs,). Although
one!*!>1%18poth in contrast to what happens for the analo-the C, symmetry is the most important one for theoretical
gous reaction with OfP). The stereodynamics of reaction studies on the dynamics of reactions that involve four or
(1) has also been examin€d® using polarized Doppler- more atoms, we have also taken into account higher symme-
resolved LIF spectroscopy. The differential cross sectiontries since, as it will be shown below, the:--@H:--CHy
(DCY) have been determined for two rovibrationals levels ofsaddle point and the GJ®H alcohol minimum of reaction
OH(X?I), (v'=0,N'=5) and ('=4,N'=8). The (1), obtained by insertion of the D) atom into a C—H
asymmetric and mainly backward peaked DCS obtained fobond, haveC, geometries.
the scattering of OH('=0, N’=5) contrasts to the near Theab initio study has been focused on the ground PES
symmetric DCS of OH¢' =4, N'=8). (1A’ in Cy) of reaction(1), and theGAUSSIAN 94 package
The vibrationad*?® and rotationdf distributions of the of programé® has been used. Since in most regions of the
CHs; molecules produced in reactiéoh) have also been mea- PES the system behaves as an open-shell singlely
sured. The vibrational distributions in the, (symmetric  around the closed-shell GBH alcohol minimum the wave
stretch and v, (“umbrella” mode) modes are noninverted, function is single-determinanjalthe most suitableb initio
with the v, mode much less excited than statistically ex-methods to deal with this system are those that include more
pected. The rotational distribution is much hotter than thethan one reference determinant to describe the wave func-
corresponding at room temperature. The lifetitm@pproxi-  tion, e.g., the CASSCF and MRCI methods. However, al-
mately 3 p$ of the CH,OH intermediate produced after the though these methods are nowadays accessible for the char-
267 nm photolysis of the CHO; van der Waals clustét  acterization of stationary points, benchmark calculations
and the reaction of GD) with CH, clusters® have also with molecular correlated wave functions on simple tri-
been studied. Experimental information is also available fomtomic reactions, such as +4®,,* F+H,,%*%! and
the reactions of JD) with larger alkanes such as, e.g., H+HCI,*® have shown that only using very large wave func-
C,Hg and GHg.%1215-182¢ is worthwhile to point out that tions and basis sets it is possible to achieve energy values
the yield of the reaction channel leading to OH(I1) +alky! close to the experimental data. Also, in a MRCI//CASSCF
radical is very much lower for these reactions than for thecalculation on the G) + CH, system using a split-valence
reaction with CH.*® This is due to the important role that plus polarization functions basis sé0 basis functions?®
the cleavage of the weaker C—C bonds plays in the reactivityhe relative energies of the GBH minimum, CHO+H and
of these systems. CH,OH+H from reactants present important differences
Despite of the abundant experimental information avail-with the experimental values. This type of highly accurate
able on the O(D)+ CH, reaction, theoretical studies are calculations are computationally very expensive, specially
very scarce. There is ab initio study at the CCI//CASSCF when the characterization of a reaction with a large number
level on the CH+H,O, HCOH+H,, and CHO+H, reac- of atoms and electrons is intended. However, it has been
tion channelé/ which may be possible through the methanol shown that, under certain conditions, single-determinaatial
fragmentation. Anotherab initio study at the MRCI// initio methods, such as the NMer—Plesset perturbational and
CASSCEF level focused on the description of the -©EH; DFT methods, can reproduce quite satisfactorily the energet-
and CHO-+H products that also correlate with GBIH.28 In ics of this type of systems when the “broken symmetry”
this context, arab initio characterization of the ground PES approach is consideréé>3The use of this approach leads to
of the OfD)+ CH,—OH+CH; reaction has been per- energy values lying between the triplet and open-shell singlet
formed in this work. As a first approximation, a triatomic ones, due to the existence of a large spin contamination. The
analytical representation of this PES has been derived andaimination of the spin contamination of the wave function

Downloaded 14 Sep 2006 to 161.116.73.191. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 19, 15 November 1999 O+CH, reaction 8915

TABLE I. Energetics of the system using different methods and basis sets.

E+ZPE/kcal mol'* 2P

Method CH;OH minimum CH;+OH CH;O+H
PUMP2//UMP2/6-311G(&f,2pd) —-128.0—132.2 —45.6-40.9 —-28.9-24.0
PUMP4//UMP2/6-311G(8f,2pd) ~129.4-133.9 —42.6-38.6 —28.0-23.1)
PUMP2//UMP2/6-311G(82f,3p2d) —-131.9-136.) —47.1(—43.) —-31.0-26.1)
PUMP4//UMP2/6-311G(82f,3p2d) —-133.4-137.9 —45.2-41.2 —-30.3-25.9
Experimental data —133.9 -43.5 -31.1

%Energy referred to reactants. The values in parentheses correspond to the energies without including the UMP2
ZPE.

PAbsolute values of energyhartrees for O(*D)+CH, are —115.360577 (UMP2/6-311G(¥,2pd)),
—115.340479 (PUMP2//[UMP2/6-311G42,2pd)), —115.374221 (PUMP4//[UMP2/6-311Gq2,2pd)),
—115.372652 (UMP2/6-311G@2f,3p2d)), —115.353367 (PUMP2//UMP2/6-311G¢2f,3p2d)), and
—115.386 403 (PUMP4//UMP2/6-311Gq3f,3p2d)).

CAHJ  (Ref. 4.

9AHS « (Refs. 4 and 2B

becomes a critical aspect. Fortunately, an efficient projectiogvhen the 6-311G(@f,2pd) basis set is used instead of the
algorithn™ to remove the spin contamination wher/lo—  |arger 6-311G(82f,3p2d) one. In fact, the methods se-
Plesset perturbational methods are used is included in th@cted here, the UMP2/6-311G¢2,2pd) and PUMP4//
GAUSSIAN 94 package’ UMP2/6-311G(2if,2pd) methods for, respectively, geom-
We have selected as a suitable method of calculation thgtries and frequencies, and energigeluding the UMP2
unrestricted seconq-order/ﬂlker—Plesset perturb_ation theory ,ero point energyZPE) when necessayyare the ones which
(UMP2) method using the 6-311G{,2pd) basis set116  pest reproduce the exothermicity of reactidi, and predict
basis functions UMP2/6-311G(2f,2pd) ab initio level  he exothermicity of the minor channel GBHH and depth
hereafter, to locate the stationary points and connections bes ihe CHOH alcohol minimum with deviations of, respec-
tween them. The geometry optimizations and frequency calg e\ 1004 and 3.5% with respect to experimental data. The
culat.|ons have been performed at this level, although t_o der' sults obtained for the geometries and frequencies of the
termine the saddle point geometry also a more sophisticat Ha, CHy, OH, and CHO molecules also show a good

treatment have been used. The energies of the sdi wiitio . : .
: . : . .. agreement with experiments, although instead struc-
points of the PES required to obtain, as a first approximation, g P 9 Cta

a triatomic analytical representation have been calculated 5¥reTa;1Cessgth?cTuerter)s/ I(;SfF;LeedIt(\:/\t/?)dsft;iﬁi)r(-ragilﬁt?iocate d be-
the spin projected unrestricted fourth-order IMp-Plesset yp

| ) ._tween reactants and products on the groumd PES
perturbation theorfyPUMP4) method using the same basis (O H---CH, saddle point and CKOH alcohol minimun
set, PUMP4/6-311G(@f,2pd) ab initio level hereafter. The 3> boIn k(D onot minimu
spin projected method has been employed to eliminate th re plotted in Fig. 1. Their properties are |nd|cat_ed in Tables
spin contamination of the PES (08QS?)/#2<1.10). The - (geometry and energyand IV (frequencies The

strategy used to characterize the PES has been the followinyfMP2/6-311G(2lf,2pd) -optimization and the PUMP4//
first, the stationary points of the PEEeactants, products, ©MP2/6-311G(2f,2pd) energy calculation of the CGJOH

saddle point, and minimumhave been optimized at the minimum have pr_ovided qgite satisfactory results When they
UMP2/6-311G(2if,2pd) level; after this, the connections @€ compared with experimental data. Thus, #eeinitio
between these stationary points and some additional poinfructure and frequencies are in good agreement with experi-
(specially,0—H-CH; saddle point anéi—O—CH; minimum ments (see, respectively, Refs. 34 and)38nd, as it was
bending curves have been calculated at the mentioned above, only a 3.5% of deviation exists between
UMP2/6-311G(2if,2pd) level, optimizing the geometry of the ab initio and experimentaldepth of the minimum with
the methy! group; finally, the energy of each point previouslyrespect to reactantincluding ZPB.
calculated at the UMP2/6-311G@2,2pd) level has been Some more efforts have been devoted to the
computed using the PUMP4/6-311G{22pd) method. ©O---H---CHz saddle point characterization. This stationary
Each optimizatiofUMP2) plus single point energy calcula- point was previously computed using the CASS@eom-
tion (PUMP4) takes typically about 2.5 h of CPU time on a etry) and MRCI (energy methods?® In the UMP2/6-
single processor of a Silicon Graphics 02000 workstatior811G(2df,2pd) and CASSCF calculations an early saddle
with 512 Mbyte of RAM. In the next paragraphs the presentpoint with an almost unaltered structure of the JHolecule
ab initio results will be compared with experimental data andand the OfD) atom approaching collinearly to a C—H bond
previousab initio calculations. is found. However, the UMP2/6-311G¢2,2pd) optimiza-
The energetics of the system using different methods antion yields a much shorter -©H distance and a longer
basis sets is shown in Table I, considering the;OH alco-  H---CHs; distance, with an energy barrier nearly five times
hol minimum and those asymptotes relevant to the triatomidigher without considering ZPE. When the projected
model of reaction(1). No significant differences appear PUMP2/6-311G(#8f,2pd) method is used, the energy of the
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TABLE Il. Geometry and harmonic frequencies of the reactants and products mol&cules.

CH, X *Ay (To)

Ren/A this work 1.084
experimerft 1.087G
viem ! this work ~ 1350.3T,) 1590.6 €) 3085.7 @;) 3222.8(T,)
experimerft  1306.0 1534.0 2916.5 3018.7
CH, X 2A% (Dap)
Rcn/A this work 1.073
experimerft 1.0767
viem™? this work ~ 474.2 (A7) 1446.1E’) 3189.8(@;) 33815E’)
experimert 580 1383 3002 3184
OH X 2TI (C.,,)
Ron/A this work 0.963
experimerft 0.96966
viem™* this work ~ 3870.3E%)

experimerft 3737.76
CH;O X 2A’ (Cy)P

Rco. Rew» Re /A this work 1.368 1.097 1.091
experimerit 1.3637 1.0958 1.0958
LH'CO, LH'CO/°  thiswork  105.2 113.1
experimert  111.27 111.27
viem™? this work  806.3A") 975.0A’) 11465@’) 1412.6 A') 1430.0A")

1542.7@’') 3018.1@’) 3097.2@’) 3137.1@A")

aSee Fig. 1 for the internal coordinates definition. HEireinitio geometries and harmonic frequencies have been
determined at the UMP2/6-311G{2,2pd) level.

PExperimental distances and angles between effective nuclear positions derived from isotopic differences in
rotational constantéRef. 37. The reported experimental geometryQs, (X ?E), although the Jahn—Teller
effect should lead to & structure probably not far fror@5, . However, theab initio calculations lead to €
structure(see text and, e.g., Ref. B8This result comes out without including the Jahn—Teller vibronic
coupling in the calculation.

‘Reference 34.

‘Reference 35.

°Reference 36.

Reference 37.

UMP2/6-311G(2if,2pd) saddle point falls below the reac- O---H---CH; reaction coordinate, with the san@—H-C
tants asymptote and, therefore, the barrier above reactardsigle as the one found for the UMP2/6-311@(2pd)
disappears. Nevertheless, a barrier is observed when addjaddle point. Thus, at the projected level the existence of a
tional points are calculated at the projected level along thearrier is observed. This means that the projected saddle

point is shifted with respect to the unprojected one due to the
spin contamination (S%)/#2 equals 1.0 for these points
which affects, as indicated before, the “broken symmetry”
unrestricted solution.

Since in theGAUSSIAN 94 packagé® there are no avail-
able neither analytical nor numerical algorithms to optimize
stationary points at any projected level, the strategy em-
ployed to determine the PUMP4/6-311G@(&22pd) saddle
point was the following: first, a set of 32 points along the
reaction coordinate O-H---CHg, fixing the O—H-C angle
to that of the UMP2/6-311G(@f,2pd) saddle point, were
calculated by optimizing the structure of the methyl group at
the UMP2/6-311G(@f,2pd) level and computing, after this,
the PUMP4/6-311G(@f,2pd) energy; second, these points
were fitted using bicubic splines in terms of tRg_, and
Ry_c distances and the resulting values of these two dis-
tances for the projected saddle point were derived; finally,
the structure of the methyl group was optimized using the
UMP2/6-311G(2If,2pd) method, keeping fixedRo_y,
Ry_c, and the O—H-Gngle. The energy of the final struc-
ture was computed at the PUMP4/6-311@(2pd) level.
The geometry and energy of the PUMP4/6-311&{2pd)

CH,OH minimum

Saddle point

FIG. 1. O--H---(CH,) saddle point and COH minimum structures. saddle point calculated in this way show a quite good agree-
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TABLE Ill. Geometry and energy of the-©OH---CH; saddle point and C}OH minimum?

Stationary point Ron/A Ruc/A Ryc/A Rirc /A ZCHO/I°  ZH'CH°  £H'CH/I°®  /H'CHO/° E+ZPE/kcal mol'*
Saddle point

This work® 1A’

UMP2 1.329 1.182 1.082 1.082 179.9 105.9 106.2 0.0 (B0D)

PUMP2//UMP2 -8.0(—4.3

PUMP# 1.513 1.140 1.083 1.083 179.9 108.2 108.4 0.0 -0.1(3.6)
Ref. 28 'E 1.66 1.10 1.08 1.08 180.0 108.7 108.7 (2.
Experiment ~0
Minimum

This worl® A’

PUMP4//UMP2 0.956 1.928 1.085 1.091 44.3 135.2 97.6 0.0 —129.2(-133.5
Ref. 28 1A’ —122.2(-125.89
Experimenft 0.9630 1.9481 1.0937 1.0937 43.9 140.0 96.4 0.0 —133.9

aSee Fig. 1 for the internal coordinates definition. Energy referred to reactants and the values in parentheses correspond to the energiesdivith@egncl
The ab initio calculations have been done using the 6-311@f(2pd) basis set, and the ZPE have been computed at the UMP2 level.

‘The PUMP4 geometry and energy of the saddle point were obtained using bicubic $ptiaeext

dGeometries and energies calculated, respectively, bghhiaitio CASSCF and MRCI//CASSCF methods using a split-valencspd/[ 3s2p] basis set of
Huzinaga—Dunning—Raffenetti plaspolarization functions for C and O atoms apgbolarization functions for H atoms. ZPE for GBIH computed from

experimental frequencies.

*Experimental activation energi{l: 200—300 K (Ref. 5.
fGeometry from Ref. 34 and the energy corresponds g . (Ref. 4.

ment with the MRCI//CASSCFab initio dat&® (Table 11I).

be emphasized that this result comes out from a purely elec-

At the projected level, an earlier saddle point structure and &onic calculation, i.e., without including the Jahn—Teller vi-
much lower barrier are found than when the unprojectedronic coupling.

method is used. On the other hand, if the ZPE is included at

Once the saddle point and minimum were optimized, the

the UMP2/6-311G(@f,2pd) level as a reasonable approxi- connections between them and the reactants *DQ(
mation, the PUMP4/6-311G barrier over reactants disap-+ CH,) and two possible reaction channels (&8H; and
pears. This likely would also happen in the saddle point oH+CH;O) of the triatomic model were studied. The
Ref. 28 if the ZPE was computed, and is consistent with theeUMP4//UMP2/6-311G(&f,2pd) minimum energy path
experimental evidence that the rate constant is independe(WEP) calculated for reactior(1l) follows a collinear ap-

of the temperature over the 200—-300 K temperature rangeproach of the O{D) atom to a H—CH bond until reaching
which suggests that there is no activation energy for reactiothe saddle point structure. The MEP after the saddle point

(1. The O-H-C

angle

found for

structure leads directly to the formation of the ©BH;

UMP2/6-311G(2If,2pd) saddle point is not exactly 180°, products(abstraction mechanigmHowever, the insertion of
differing from Ref. 28. Nevertheless, although we have obthe O(D) atom into a C—H bond to yield the GAH mini-
tained a slightly distorte€5, structure, just as it happens in mum is also possible thanks to t@e-H—CH; bending mo-

the related O{P) + CH, system(see, e.g., Ref.)6it should

TABLE IV. Harmonic normal mode vibrational frequenciéa cm™Y) for

the O--H---CH; saddle point and CHOH minimum.

Saddle point Minimum

Mode ab initio? ab initio? Experimerit
vy 3262.1 Q") 3932.4 ") 3681 (A)
vy 3251.9 Q") 3188.6 A) 3000 A")
s 3125.6 A') 31253 Q") 2960 (A")
vy 14836 A") 3059.9 A") 2844 (A")
Vs 1407.6 @") 1539.0A") 1477 A)
e 1293.6 @) 1521.9 @") 1477 A")
v, 12111 @") 1499.9 @) 1455 A')
vg 1151.7 @") 1395.3 A') 1345 A')
vg 7783 Q") 1190.9 ") 1165 A")
V1o 298.6 A") 1116.4 @") 1060 A")
Vi1 143.0 A") 1076.1 A") 1033 A")
V1o 1860.3 (A) 312.7 Q") 200-295 Q")

UMP2/6-311G(21f,2pd) level.

tion around the saddle point structure, the evolution of the
reaction through the C{®H minimum being easily acces-
sible. Once this minimum is formed, it can lead to ®8H;

or H+CH;0 without any barrier over products. These results
agree with those reported in Ref. 28. The competition be-
tween the two clearly different microscopic reaction mecha-
nisms(abstraction vs insertiorwill be discussed in Sec. Il
(QCT dynamics study

B. Analytical potential energy surface

To describe the ground PES A’ underCs symmetry
of reaction(1), a triatomic model where the GHadical is
treated as a single atom ((GH of 15 amu placed in the
center of mass has been considered. This model has been
used previously with quite good results, e.g., in our recent
study on the O{P) + CH, related systerfi. The same type of
analytical expression (many-body expansidf) and

1,42 . .
PReference 39v,, (torsion is experimentally undefined because of the large programé™“?used by us in Ref. 6 and in other worleg.,
coupling between internal and overall rotations.

N(*S)+NO,* O(P)+CS* H(®S)+Cl, and CIPP)
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+HCI (Ref. 45 and NCLS) +0, (Ref. 46 reaction$ have TABLE V. Optimal parameters for the analytical triatomic PES.

also been employed here. The analytical triatomic PES Two-body termé a /A a, /A2 ag /A2
model has been represented as O—H 38782 3.6827 52431
H—(CHj) 4.1842 5.2347 4.7665
V(R;,R,,Rs)=VEZ\(Ry) +V§42()CH3)(R2) +V(02()CH3)(R3) O—(CHj,) 4.4502 7.0280 9.8229
3) Three-body terfh
+Vorchy)(Ri,R2.Ra), 2 Cooo 51533 s  1.7585 . 1.4159
C100 40524 cyo  0.76056
whereV® andV® are the two-body and three-body terms, Coo —2.9651 Cyy —2.6905 - 1.6055
respectively, anR;, R,, R; are the O—H, H{CHj3), and Coo1 3.1605 ¢ 8.0029
O—(CHs) distances. Ca00 11110 cyyy  4.9650 ¥a 1.9616
The three asymptotic channels of tha’ PES do not Ci10 5.8902 Cyp, —2.6699 RY, 1.2345
correlate with the same electronic state of the O atom. The Ci01 —0.19243  cozo 2.2627
first excited state of the oxygen atom,DY), correlates with Cozo 084014 coy  —4.9220  RY oy, 1.6037

reactants, while the ground state,3@J, correlates with OH cou 22?;24 oz _g'gggg o 5 1053
and QCHs). Due to this, a modified form of the usual many- % : 0 : ofcHy  —
body Eq_(2), including monoatomic termg®) and a switch-  ®The dissociation energies and equilibrium distances used in the fitting are
ing term in the three-body part of the expression, should bedven in Table V. )

usged‘.10 Nevertheless, thisyczn be avoideg if in the fitting of UMt areCix/eV AT, /AT Ri/A.

the two-body termgdiatomic potential energy curveshe

dissociation limits of those molecules that correlate with

O(®P) are altered so as to reproduce “artificial” dissociation Where

limits leading to OtD). This approximation only changes O<i+j+k<3 o

the high energy part of the diatomic curves, and the low and  P(p;,py,p3)= 2 cijkp'lp'2p§ (5)
intermediate energy regions explored in the most usual dy- hik=0

namics calculations remain almost unaltered. Hence, weyith i, j, andk positive integer numbers, and

have used here modified dissociation energi@g) (for the 3
OH and dCHz) molecules by summing up the T _ 1—t ,_(M) 6
O(*D)-O0CP) energy difference to the correspondiiy, (P1:p2:p3) iﬂl a2 ) ©

values describing the dissociation up to®@j.
The diatomic potential energy curves have been fittec%
using an extended-Rydberg potential up to third order, Y

The 20 linear parametefs;j} and three nonlinear ones
i} of the three-body term have been determined by a
weighted nonlinear least-squares procedéreising the
V@ (p)=—Dy(1+a;p+ay,p?+azpde 2, (3 O H-(CHy) saddle point, (CHHOH minimum and 124
additional ab initio points of different regions of théA’
whereD, and R, are, respectively, the dissociation energyPES: MEP from OD)+H—(CH;) to OH-+(CH;) (30
[altered for OH and CCHs) as indicated abovjeand equi-  pointg, which is essentially collineaf179°—1803, connec-
librium bond length of the corresponding diatomic or tions of the (CH)—O—H minimum with O¢D)+ H—(CHj)
pseudodiatomic molecule, apds defined as being equal to (22 point3, O—H+(CHj;) (22 pointg and (CH)—-O+H (25
R—R.. The optimala; diatomic parameters have been ob-pointg, as well as some additional grids of points in other
tained for each molecule using a nonlinear least-squareggions of interest of the PE36 points describing the bend-
procedur& by fitting a set of nine diatomi¢PUMP4 or  ing curves around the saddle point and minimun the
pseudodiatomi¢€PUMP4//UMP32 ab initio points calculated fitting, a weight of 1.0 was used for each one of these points
around the equilibrium distance. For the ¢GHs) species and for the first-partial derivatives of the energgqual to
(X=H,0) the CH; ab initio geometry was optimized in all zerg with respect to, respectivel\Roy, RucHy » and the
points of the X4CHjs) pseudodiatomic curve. The extended- O-H—(CH,) angle at the saddle point and minimum geom-
Rydberg function provides a very good fitting in all cases.etries. Moreover, nine points corresponding to the"mm)(
The optimal diatomic parameters are shown in Table V, angypproach on the (CHJ side were also considerggveight
the spectroscopic constants derived from them for the OH=1 (). As previously indicatedcf. Sec. 1l A), the methyl
H(CHs), and QCH;) molecules are given in Table VI. group structure of each one of these points were optimized at
The three-body term consists of a third-order polynomialkpe UMP2/6-311G(8f,2pd) level. The saddle point and
(P(p1,p2.,p3)) and a range functionT(p1,p2,p3)). The  minimum structures were determined using the
polynomial is expressed in terms of three internal coordi-pymp4/6-311G(af,2pd) and UMP2/6-311G(&f,2pd)
nates p1,p,,p3), defined agp; =R, —R?, where the selected methods, respectively. In all cases the energy was computed
reference structureR(,R9,R3) corresponds to the average at the PUMP4/6-311G(@f,2pd) level. The optimal three-
between the saddle point and minimum geometries. Th@ody parameters and the properties of the 8 --(CHs)
range function cancels the three-body term as one of thggddle point and (CHIOH minimum of the analytical PES
three atoms is separated from the other two. Thus, we havgre given, respectively, in Tables V and VII. Furthermore,
3) _ A" equipotential contour curves for three different
VoricHy(P1:02:03) = P(p1.p2.p3) T(p1.p2.p3),  (4) O-H—(CH,) approach angles and the connection of the
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TABLE VI. Properties of the diatomic and pseudodiatomic molecules.

Species DJ/eV? RJA® ) jemt  wexelemt  Bg/em'? aplom !
O-H
Analytical fit 6.4659 0.9634 3772.8 99.69 19.16 0.9408
(4.5459+1.9200
Experiment 6.587 0.96966 3737.76 84.88% 18.91Q 0.7242
(4.621+1.966
H—(CH,)
Analytical fit 4.7922 1.1566 3116.1 48.69 13.34 0.4776
Experiment 4.820 1.1562
O—(CHg)
Analytical fit 5.7931 1.4444 1080.8 4.726 1.042 0.17920*
(3.8731+1.9200
Experiment 6.08 1.4407
(4.06+1.966

@Ab initio D, for O—H and O4CHj;) have been corrected by summing up the PUMPA4/6-311&pd)
O(*D)-0O(P) energy differencé1.9200 eV (see text For a better comparison, the same correction has been
performed for experimental data. In parentheses are given, respectively, the adiabatic valesndfthe
added OfD)-0EP) energy difference for both the experimental aiglinitio data.

PEquilibrium distances for the pseudodiatomic (€H;) and O~«CH,) molecules correspond to the distances
between the atom and the pseudoatom {Ce¢enter of mass. See text.

Reference 36 except for the &) — O(°P) energy differencéRef. 47.

9From Do(H-CHs) of Ref. 48 and taking into account the UMP2/6-311@{2pd) frequencies calculated
here for CH and CH;.

‘Reference 34.

‘Estimated fromAH?;  of CH;O used in Ref. 28, andH{,  of O(P) and CH (Ref. 4, assumingD,
approx. equal ta&H?vo x and considering the UMP2/6-311G{2,2pd) frequencies calculated here for gM
and CH.

9R,, distance between effective nuclear positions derived from isotopic differences in rotational coifénts

37).

(CHz)OH minimum with the two possible products channelstriatomic models, see, e.g., Ref. 6. This is due to the fact that
in a H-O~CH;) arrangement are shown in Fig. 2. the ZPE of CH, O --H---CHz saddle point, CEOH mini-

The root-mean-square deviati®RMSD) for the 126ab ~ mum, and CH are not properly taken into account in the
initio points fitted is equal to 0.0694 e{1.60 kcalmoll).  triatomic model, as the vibrational degrees of freedom of the
There is also a good agreement betweenahenitio prop- ~ methyl fragment are neglected. For the analytical PES, the
erties of the stationary points and those resulting from theaddle point energy, the minimum depth and the energy of
fitting. The energiegwithout including ZPE of the fitted the OH+CH; and CHO+H reaction channels taken from
stationary points are, respectively, 0.5 and 0.4 kcalthol reactants and including ZPE are equal to 2:2]128.2,
higher than theb initio values of the saddle point and mini- —37.7, and —28.9 kcal mol!, respectively, while in the
mum. These differences are much lower than the globaPUMP4//UMP2(PUMP4 for the saddle poingb initio cal-
RMSD of the fitting. On the other hand, the largest deviationculations these values are obtaine€0.1, —129.2, —42.6,
of the fitted geometries of the stationary points with respecand —28.0 kcal mol'*. The most important effect of the de-
to the ab initio ones corresponds to the,,, distance of the fective description of the energy including ZPE resulting
saddle point, although it is only equal to 0.07(A.6% of from the model refers to the barrier energy, Thus, while there
deviation. is no barrier from theab initio data, for the triatomic model

Despite of the good agreement that exists between tha barrier of 2.2 kcal mof* exists. This should imply the ex-
analytical PES and thab initio calculations, the accord in istence of some activation energy for reacti@j in contrast
what respects the energy of the stationary points is not sto what is found in the experiments.
good when the ZPE is included, as observed in previous To analyze the influence on the reaction dynamics of the

TABLE VII. Properties of the ©-H---(CH;) saddle point and (CHOH minimum of the analytical triatomic PES.

£ O—H~(CH)!/

Stationary point  Rg_p/A Ri—cry /A deg E/kcal mol™* E-+ ZPE/kcal mot* v lemt

Saddle point 1.5832 1.1934 180.0 4.1 2.2 62857"), 969.4 (), 409.2(IT)
(Cov)

Minimum 0.9543 1.9867 46.3 ~133.1 ~128.2 4014.9A"), 1753.4 ("), 765.2 A")
(Co)

%Energy referred to reactants.
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FIG. 2. Equipotential contour diagrams of the analytical triatomic RBS,. O—H—-CH;) =180°; (b) £ O—H—CH,)=120°; (c) £ O—H—CH3)=80°; and
(d) £H—O—CH;)=100°. Energies are given in eV with respect to the dissociated atom®J@H-+(CHj)).

existence of a small spurious barrigvhen the ZPE is in- bution of this radical is the most widely experimentally char-
cluded in the fully ab initio based analytical PES, several acterized dynamics feature of this reaction. Some results on
analytical PES have been derived by scaling #teinitio  scalar and two-vector properties will also be given. The mi-
points around the saddle point region to eliminate the barriercroscopic reaction mechanism will be analyzed in detail in
In this way, it has been show(see Sec. Il that, disregard-  Sec. Ill B. To compare QCT rotational populations with the
ing the dependence of the reaction cross section with thexperimental data, as the QCT method does not include nei-
collision energy, the dynamical properties considered are ngher the orbital(A=1) nor the spin §=1/2) electronic an-
essentially affected by the existence of a small energy bargu|ar momenta of the OK2II) molecule, we have as-
rier. The best of these barrierless analytical PES is availablgumedNr, the total angular momentum quantum number
from the authors upon request. (excluded the electronic and nuclear spjns be equal tq’,

the rotational angular momentum quantum number, plus one.
I1l. QCT DYNAMICS STUDY

The QCT metho®?>*has been applied as implemented o o
in the TRIQCT prograni? considering the analytical triatomic The measurement of the OKEIT) rovibrational distri-
1A’ PES. An integration step of 0.2510 16s and an ini-  bution arising from reactioril) has been carried out using

tial distance of 10 A between the &) atom and the several different experimental conditions, concerning mostly
H—(CHs) center of mass have been selected. At this separdbe identity of the OtD) precursor and wavelength used in
tion the reactants interaction energy can be neglected witits photodissociation(cf. Sec. ). The different conditions
respect to the reactants available energy. The rovibrationafield, in turn, different collision energy distributions for
distribution of the H4CH,) pseudodiatomic molecule was O(*D)+CH,. In the present QCT calculations we have
sampled from a Maxwell—-Boltzmann distribution at 298 K. mainly employed a single relative translational energy)(
The QCT dynamics study has been focused on the cafor the O(D) + CH, system, which corresponds to the aver-
culation of the rovibrational distribution of the OMEII) age collision energy associated to thggotodissociation at
product from reactior(1), because the internal states distri- 248 nm to yield OfD) atoms E;=0.212eV using data

A. Rovibrational distributions

Downloaded 14 Sep 2006 to 161.116.73.191. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 19, 15 November 1999 O+CH, reaction 8921

0.5 0.08 0.10
v'=0 V=2
2 0.08
0.4 ;
= 0.06
°
g
2 0.04
g
3
0.021
g
=
8 0
> v'=3
0.08
g
o~ 0.064
4
0 T T T Chd
0 1 2 3 4 A 0.04-
v
0.02-1
FIG. 3. QCT(®) and experimentalO, Ref. 15 and], Ref. 13 OH vibra-
tional populations normalized with respect to the sum of the common vibra- 0-f 0

tional levels ¢'=1-4). The experimental results correspond to Eie 0 510 15N,20 » 3003 0.12 V=4
distribution arising from the GD) generated by photodissociation of &

248 nm. The QCT values result from the corresponding aveEagealue 019
(0.212 eV. In all cases the methane molecule was at 298 K. 0.08
0.06
0.04-
from Ref. 53. The most complete studies about the OH rovi- 0.024
brational distribution have been carried out using a3 the 0 .
O(*D) precursor. For the photodissociation at 248 nm, two 0 5 10 15 20 25

independent experiments® using different techniquegn-
frared emissiol? and LIF (Ref. 15] cover all OH vibrational ~ FIG. 4. QCT(®) and experimentalO, Ref. 15 OH rotational distributions.
levels arising from reactiofi). The rotational populations of each vibrational level are normalized to unity.
The QCT OH rovibrational distributions obtained for Same comments regardifig: and the C molecule as in Fig. 3.
E;=0.212 eV and H{CH,) at 298 K together with the ex-
perimental dat&'*°are given in Figs. 3—4 and in Table VIII.

From the QCT results it comes out that vibrational levels up'T_'OSt complex ones in this casef. Sec. Il B_)’_SO that colli-
to v' =4 are populated, being obtained a relatively flat vi- sion energy could be transferred more efficiently to the;CH

brational distribution for' =0—3 that peaks at’ =2 (Fig. fragment. Of course, the energy transfer to the;@Ennot

3). This is in good agreement with experimental data fromP€ accounted for in the framework of a triatomic model
Ref. 13. However, QCT data reproduces less accurately th\e{here |t.s internal degrees of freedom have been neglected. A
experimental values of Ref. 15, specially in what concerns t¢omparison between the QCT and experiméftaitational

v'=3_4, because the QCT results, as the experimental on&iStributions by means of the surprisal analy&ee, e.g.,
from Ref. 13, exhibit higher populations for both vibrational Ref. 54 has also been made. From this analysis, it comes out

levels than in Ref. 15. that both the QCT and experimental rotational distributions

There is also a good agreement between the QCT anresent a bimodal distribution far’=0, although this be-

experimental datd when the average OH rotational levels hewor is more evident in the former case, as it might be
for each vibrational level are comparé@able Vill). The directly concluded from the rotational distributions. No bi-

QCT values of the average rotational levels coincide with the

e)(é)$rlm§ntal da.'ta' -[;%e atg:eemfgt Itsbncf[t S0 ?OOd W;‘er.' thleABLE VIIl. Vibrational populations and average rotational levels of the
Q . and expenmental rota |one IStributions for eac Y" OH(X 2IT) molecules arising from the &D)+ CH,—OH+CHj reaction?
brational level are comparetFig. 4), although they still

agree quite satisfactorily, particularly for =2—4. There is P(v')IP(v'=1) and(N’}),,

a tendency to yield bimodal QCT rotational distributions for v'=0 v'=1 v'=2 v'=3 v'=4

v'=0-2, which is less evident in the experimental data. Therhis work® 0.97+0.03 1.00-0.03 1.09+0.03 0.98-0.03 0.48+0.02

main differences observed between the QCT and (14.4+1.3 (13.2¢1.1) (12.5+0.9 (10.1+0.7) (6.8+0.6)

experimentdf rotational distributions appear for the lower Exptﬁ 100 1-88 11522 00;19;7 001-32
H H r__ H H Xpt. . . . . .

vibrational levels ¢'=0, 1 specially. This could be ex- p 138 (128 (12.4 6.9 6.4

pected on the basis of the experimental resdihich show
that the production of OH in the lower vibrational levels is #The first value appearing for each work and vibrational level corresponds to
accompanied by internal excitation of the Ckadical. The  theP(v')/P(v'=1) vibrational population ratio and the one in parentheses
present calculations suggest that the higher excitation of thd!Ves the average rotational level.

. . CT results forE;=0.212 eV and H{CHj3) at T=298 K.
methyl group should occur when the OH is produced in thegy rotationally relaxed and Ref. 13.

lower vibrational levels, as the reactive trajectories are théReference 15.
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modal character appears for the=1 experimental data, but reactants, OH (CH,) products and (CEOH minimum are,
thev’=1 andv’=2 QCT rotational distributions are bimo- respectively,—4.79,—6.47, and—10.56 e\l. Only 0.52% of
dal. For the remaining vibrational levels no bimodal rota-the reactive trajectories evolved from reactants to products
tional distributions are found neither from QCT nor from with a lowest PES energy higher than7.0 eV. Regarding
experiment. The influence of the microscopic reactionthe remaining trajectories, the lowest PES energy values
mechanism on the OH energy distribution will be consideredeached falls betweer 7.0 and—9.0 eV (0.55%), between
in the next section. —9.0 and—9.5 eV (5.09%, between—9.5 and —10.0 eV
The QCT reaction cross sectiorfo) of Q(lD) (26.7% and below—10.0 eV(67.3%. Hence, the (CROH
+H—(CH;) (298 K)—OH+(CHj) for E;=0.212eV is 0.86  deep alcohol minimum plays an important role in the dynam-
A? and increases witr. The increase ofr is due to the jcs, since nearly all reactive trajectories leading to
increase of both the reaction probabiliy) and maximum  OH+(CH,) evolve through geometries close to this mini-
impact parameterb(na). At 0.212 eVP=5.07% andbmax  mum. Therefore, reactioil) takes place near exclusively
=2.32A, and the average fraction of energy appearing iRhrough the insertion mechanism instead of the abstraction
products as relative translation(f¢)=0.36), vibration gne.
((f)=0.47), and rotation (fr)=0.17) shows a large The study of the relationship between the rovibrational
amount of energy released as OH internal energy, appearingstributions and the duration of the collision complex
mainly as vibration. A—I" angular momentum transforma- formed through the insertion mechanism is of particular in-
tion trend has been observed, witl') being the reactants (erest. The analysis of the reactive trajectories evolving
(products orbital angular momentum, according to what cantyrough insertion, the most relevant ones on the dynamics,
be expected for a reaction withi—L—H (heavy-light—  eyidences the possibility of classifying them in two groups.
heavy kinematics. Regarding the two-vector properties, therne first group refers to situations where the lifetime of the
angular distributior(reactive trajectories vs scattering angle CH,)OH collision complex can be considered as negligible
is very broad and has a somewhat larger tendency towarqgjrect reaction mechanis8%). The second group corre-
backward scatteringforward/backward {/b) ratio=0.73,  gsponds to situations where the collision complexsisort
with .the initial (k) and final (k") relative veIocity.vectors lived mainly) exist during several vibrational periodson-
forming an average angle of 95.5°. The OH rotational angugirect reaction mechanisii52%). The lifetime of the colli-
lar momentum(j) tends to be perpendicular to bothand  gjon complexes ranges from 0.04 to 2.00 ps, the average
k', with broad symmetrical distributions around 90°. Thé e is 0.20 ps, and about 80% of nondirect reactive trajec-
distribution is very broad and has a sllghtotendency 10 bgyries evolve through (CHIOH collision complexes that ex-
anuparallel,. with an average a”Q'e of 104.5°. ist during less than 0.30 ps. Because of the short lifetime
_Regarding the QCT calculations performed on the PES ;a5 energy randomization is not allowed. The QCT aver-
without any barrier, quite s_|m|la}r resultg hqve .been found 'nage lifetime obtained here probably corresponds to a lower
what 2concerns the rowbrgtlon'al dIS.tI’Ib'UtIO'nS of ’ the limit of the theoretical value which would be obtained if all
OH(X H) moleculgz(a) the v'|brat.|onal distribution f,o“,’ the degrees of freedom were explicitly accounted for, and
=0-2 is also relatively flat in this case, although it is not . ot pe compared with the experimental half-collision

inverted; (b) for v'=3-4, the corresponding vibrational ot of Ref. 263 ps, due to the very different initial con-
populations are lower, even though they still remain betwee'aitions considered

the experimental values of Refs. 13 and &3;the rotational The analysis of the OH rovibrational distribution as a
populations derived from the calculations on both types Offunction of the collision complex lifetime does no reveal the

F_)ES |JUSt _d'ff,er fort\]/ :Oh_l' bg'”g r(])btalneds hl_gher rota- oyistence of important differences. The OH vibrational dis-
tional excitation when the PES without any barrier are CON%ripution arising from the direct reaction mode is inverted

sidered(the average rotational levels increase around )20% and has a maximum at'=2. The vibrational populations
Important gllfferenceg are only opserve;d .between. the PE§(V’=0):P(v’=1):P(v’=2):P(v’=3):P(v’=4) are
with and without barrier when _thelr excitation fL_lnct|ons areequal to, respectively, 0.07:0.10:0.13:0.12:0.06. For the non-
compared. The QCT reaction cross SeCt'QnS B direct reactive trajectories the distribution is noninverted.
=0._212 eV are at least one order magnitude higher for th‘?D(v’:0):P(v’=1):P(v’:2):P(v’=3):P(v’=4) are
barrierless PES and they decrease viin equal to, respectively, 0.15:0.12:0.12:0.09:0.05. Regarding
the OH rotational distributions, the most relevant results
mainly refer to thev'=0-1 levels. There is a tendency to
give broader rotational distributions peaking at higher
The analysis of the reactive trajector{@8132 obtained values in the case of the nondirect trajectories. ¥0& 0
at E;=0.212eV has allowed us to achieve a deep insighthis behavior is responsible for the bimodal rotational distri-
into the microscopic mechanism of reactiti). The contri-  bution obtained in the QCT calculations. For all popu-
bution to reaction(1l) of the H atom abstraction by the lated, the average rotational levéN'), is in general some-
O(*D) through a direct mechanism, and of the'DJ inser-  what larger for nondirect reactive trajectories than for the
tion into a C—H bond to yield the C}®H intermediate direct ones. Thus, for the former case arid=0—4 (N’) is
through direct and nondirect mechanistsee beloy, have equal to, respectively, 15.4, 13.9, 12.7, 10.4, 6.9, while for
been studied. The lowest energy reached on the ground PH&ter one the corresponding values are 11.7, 11.7, 11.9, 9.8,
by each reactive trajectory was analyZéte PES energy of 7.0.

B. Microscopic reaction mechanism
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To complete the analysis of the microscopic reaction  As the triatomic model used has a small spurious barrier
mechanism of reactiofl), a study of the OHCH; branch-  (including the ZPE in the analytical PES, additional QCT
ing ratio has been performed. &;=0.212 eV, 66% of the calculations have been performed on several analytical PES
reactivity is associated with the OHCH; products channel.  without barrier derived by scaling thab initio points around
This differs from the 90+-10,—20)% of reactive processes the saddle point region. Essentially, with the only exception
leading to these products measured at room temperafise. of the excitation function, small differences have been ob-
understand the origin of this difference, some additionakerved with respect to the fullgb initio based analytical
QCT calculations using highdf; values were carried out, PES.
obtaining the following contributions of reactiqd) to the
global reactivity; 59%, 53%, and 48% for, respectivdlt,  ACKNOWLEDGMENTS
=0.40, 0.60, and 0.80 eV. Therefore, there is a clear influ- ) o,
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