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Quasiclassical Trajectory Studies of H+ H,O and H + D,O Reactions on a New ab Initio
Potential Energy Surface
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We present the results of quasiclassical trajectory studies of theHiO — OH + H,, H + D,O — OD +

HD, and H+ D,O — D + HOD reactions. The new potential energy surface of Ochoa and ClaBh{s.

Chem. A1998 102, 9631) derived from ab initio calculations has been employed. Absolute reaction cross
sections as a function of collision energy have been calculated and compared with previous experimental and
theoretical results. Our calculations are in qualitative agreement with the experimental determinations.
Additionally, vibrational and rotational distributions have been calculated and compared with experimental
measurements. The calculations reproduce the low vibrational excitation for OH and OD products and the
relatively cold rotational distributions for OH, OD, and HD products observed in the experiments.

. Introduction H+D,0—~0D+HD AH,=68.9kJ/mol
—OH+D, AH,=68.7 kdJ/mol
—HOD+D AH,=7.9 kJ/mol

The reaction

H+H,O=0OH+H, AH,=63.1kJ/mol 1) ) ) o )
Absolute reactive cross sections at several collision energies

have been measured for these reactions. Another set of experi-
and its isotopic variants is recognized nowadays as a prototypicments have been performed for the reaction
four-atom reaction that has been studied both experimentally

and theoretically for already two decades (see refs 1 and 2 for H+HOD—OD+H, AH,=629kJmol (3)
review). This system provides an excellent benchmark for
understanding the dynamics of reactions of polyatomic mol- — HD + OH

ecules and the influence of vibrational or translational excitation cri 26,27 4 dth . fth Y
on these dynamics. Usually, one would like to know how the 'rtlfr]n:thD. ’ em(cj)ns.ttrstz t attrea;:tglz 0 t5ermat e}t%rrg)s
reaction rate or the production of a particular product depends Y;Ical 'brat'Fc))LeaFI)irec'tgglon 'qu(lZiJ:g aclos' ol %D oqruglr-]l arg duct
on the particular vibrational mode or bond that is excited prior vibratl xclation yi exclusively product,
: . . : ; respectively, thus providing the first striking examples of a bond-
to the reaction taking place. Reaction 1 has been investigated - ; ! ! .
thorouahly by means of hot H atom experiments using trans- selective bimolecular reaction. Analogously, Bronikowski étal.
lation ?I y nyr tic H atoms orod g by photol ig P showed that the selective enhancement of the cross sections of
ationa y,:s _?hge ¢ ato St pho uce g O;I)_C}oys?_ OF @ {hese two channels of reaction 3 can be achieved with just 1
phrecurso_. €S€ experiments f ave_provfl € ml o_rma||on on guanta of local vibrational excitation. The corresponding QCT
the reaction cross sections as a function of translational energygy s of Ht- HOD(100 and 001) reaction performed by Kudla
and the OH rotational and vibrational energy distribution. ltwas 4 5128-30 gng OM calculations of Zhang et #on the WDSE
found that the reaction occurs by an abstraction mechanism ofpgg showed qualitative agreement with these observations.
the H atom, and the nonreactive OH plays the role of a  yery recently, Smith and co-workékhave reported experi-
“spectator” with very little rotational excitation and no vibra- mental rate coefficients for reaction and relaxation ofOH
tional excitation. These features of the reaction were confirmed excited to the vibrational level®4, |13, |03, |12[F, and
by theoretical calculations on the WaleBunning-Schatz- |0203. They observed that the rate coefficients increase with
Elgersma potential energy surface (WDSE-PESysing the  the number of quanta in the excited OH streching local mode.
quasiclassical trajectory (QCT) methbid;® approximate quan- At the same time QCT reactive and QM nonreactive scattering
tum mechanical (QM) method$,?” and accurate QM meth-  calculations of collisions of H with vibrationally excited,&
ods?819 were carried out by the group of Sch&# on the 15 PE®
Several experimental studies have been reported for the H ﬁnd the nteglglhd?}[/ﬁloped tPES by OChO? andfCI?H%((DtQ F’EIS).
D:0 reacton by the groups of 24" and Woliuny* =iy (198 led hal e reacon ross sectors GDMbratons)
which the following reaction channels can be distinguished: N v getic t w lor
energy threshold and they increase very fast with decreasing
collision energy. Therefore, the calculated rate coefficients for
tPart of the special issue “C. Bradley Moore Festschrift”. reaction are very large, being a significant fraction of the gas
* Corresponding author. E-mail: jfc@legendre.quim.ucm.es. kinetic rate coefficients. Finally, we would like to mention that
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reaction 1 has also been the subject of study for its vector TABLE 1: Vibrational Energies (cm 1) of H,O
properties, that is, polarization-dependent differential cross —\prational

sections and angular momentum alignment parameters, experi- state oM e QM-SC
7,38 i 3,39
mentally? : and theoretically: . . 000 4610 4613 _3
As mentioned before, the great bulk of dynamical calculations 010 6204 6182 22
have been performed on the WDSE PES. Unfortunately, this 020 7764 7780 —-16
PES suffers from several deficiencies, such as a spurious well 100 8234 8254 —20

in the entrance channel for the OHH, reaction, an incorrect 001 8329 8380 —o1

geometry for the transition state, an incorrect force field for ~ 2Ref 41.P Present results.

the H,O molecule and, worst of all, it is not symmetric to the

exchange of H atoms. The new OC PES is free from these we have done calculations employing these types of constrains

defects and thus it should be more appropiate for dynamical to see their effect on the cross sections and to compare with

studies. Very recently Progebnya et*&f! have performed  previous studies on different PES.

accurate (six-dimensional) QM, approximate QM, and full- Finally, to define the KO vibrational initial conditions one

dimensional QCT calculations for the OH H, reaction on has to calculate the corresponding “good” action variables. The

this PES, demonstrating that it gives good agreement with the method used to obtain the action variables is based on the

experiments for rate constants, differential cross sections, andSorbie-Handy versioff of the fast Fourier transform (FFT)

the simulated photodetachment spectra fros®Hthat probes  approach described by Eaker etat*® and Martens and Ezf4.

the transition state of the reaction. In this method, the evaluation of the action integrals is performed
In this work we aim to study reactions 1 and 2 by means of using a Fourier series representation of normal coordir@tes

QCT methodology on the OC PES. In particular, we are (t) and momentd,(t). Basically, the equations of motions for

interested in calculating the excitation functions (that is, the the isolated water molecule are integrated with a fixed time step

absolute reactive cross sections as a function of translational orh. A set of M points equally spaced in time are sampled for

collision energy) of these reactions in order to compare with each coordinate and momenta at evBityme steps for a total

experimental results and previous theoretical studies. Addition- integration time of T = hMS The time series have been

ally, energy partitioning and some rotational and vibrational multiplied by a standard-74 dB Blackman-Harris window

distributions are presented. The results obtained here should bdunctiorp! before calculating their FFTs. We have used harmonic

another rigorous test of the accuracy of the OC PES. actions and angles chosen randomly to define initial conditions
for each trajectory. Once a trajectory which produces the desired
Il. Methodology actions, that is, a quasi-periodic trajectory, has been eventually

] ) o found it is integrated for a longer time storing the coordinates

has been described many times, and extensive recent reviewggnditions for the collision simulations.
can be found in the literatuf@ The classical equations of motion

have been formulated in space-fixed Cartesian coordinates with|||. Numerical Details

theZ-axis lying along the direction of the initial relative velocity.
Integration of these equations has been performed with a . ) - . - .
combined fourth-order RungeKutta and sixth-order Adams tions is to dgtgrmlne trajectories whose actions correspond to
Moulton algorithms as implemented in the VENUS96 pacKdge. the ‘?es'fe_d |n|t|_al quantum state Of. the_trlat(_)m. '_I'he computed
The evaluation of the potential energy derivatives of the OC semiclassical eigenvalues for the flr_st five wbratlonal states of
PES has been done numerically using a finite-difference the Hzo.molecule are compared with the available quantum
algorithm given by Ridder&! This numerical algorithm has been mechanical feSP'tS for the (_:)C PESn Table 1. The results
tested using the WDSE PES for which there are analytical have be?” obtained with a time step= 2 au (0.05 fs),M =
derivatives, and the results agree perfectly. The pseudoquanti-loz‘_1 points, ands = 40. No;e the good agreement between
zation of final diatomic products has been performed by equating S€Miclassical and quantum eigenvalues of the (000) state®f H

the square of the modulus of the classical rotational angular which is the ini.tial state of intergst in this vyork. Batches of
momentum tg'(j’ + 1) #. The vibrational quantum numbef 25000 trajectories for each relative translational energy have

is found by equating the internal energy of the molecule to a been_ run for reactions_l_and 2. Up to*ibjectories have been
rovibrational Dunham expansion in' (+ 1/2) andj'(j’ + 1), considered for the collision energids,, of 1.4 and 2.2 eV to
whose coefficients are calculated by fitting the semiclassical obtain rotational distributions with a reasonable statistics. A
or quantum rovibrational energies given by the asymptotic MaXimum impact parametéinay of 1.5 A has been selected
diatomic limits of the PEY5 We have checked that this [OF Ecol Up t0 2.2 €V and 2.0 A foEcoi = 2.6 eV. The initial
procedure is strictily equivalent to the usual Einstefiillouin— d[stanqeRmaxlfrorT the H art]om to thebcente'g\-of-rk?ass of the
Keller (EBK) semiclassical quantization. The nonintegesind triatomic molecule was chosen to be 8 A. The Cartesian

j" values have been rounded off to the nearest integer. In previousco_omlm‘"Ites and \{elocities for the® r,nolecule were Fa“dom'y
QCT studies of the H- H,0 and H+ HOD reactiong213it oriented by rotation through Eurler’'s angles within theCH

was proposed to apply a posteriori zero-point energy (ZPE) space-fixed center-of-mass (;oordinate framg.An integratiqn time
constrains in order to preserve the zero-point energy in the QCTStep of 2 au was used which gave a typical conservation of
method. This is achieved just by rejecting trajectories that lead total energy better than 19 eV. However, some trajectozles
to diatomic products with internal energy below their zero-point for which the conservation of energy was worse than 50~
energies. It was found that meaningful results were obtained eV were rejected.

only when these constrains are applied only to thertdlecule
and not to the OH molecule. The justification of this is based
on the fact that the OH is basically a “spectator” bond. Although  In Figure 1, the present QCT cross sections for the H,O-
we find this procedure somewhat arbitrary and not fully justified, (000) — OH + H, are compared with the results of QCT

As discussed before, the first stage of the dynamical calcula-

IV. Results and Discussion
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0.3 T T T TABLE 2: Reaction Cross-Sectionsg (in A2, and Energy
Partitioning, for the H + H,0O(000) — OH + H, Reaction
. Calculated on OC PES. (The statistical uncertainty for all
v the Cross-Sections is 0.003 &)
T 7 1 ? Ecol 14eV 226V
1 F N 100000 100000
0.2 | | - i N, 372 1406
) Y - o 0.026 0.099
O y Ftrans 051 045
3 1L 1 Hy Frot 0.15 0.12
& Ha Fyi 0.16 0.17
OH Frot 0.08 0.10
0.1 4 OH Fuip 0.10 0.15
0.5
04 - b
0.0
0.5 1.0 1.5 2.0 2.5 3.0
Ecolll eV
03 -

Figure 1. Absolute integral cross sections for the reactior-HH,0O =
— OH + H,. Filled squares: QCT results on the OC PES without ¢
ZPE constrains. Filled triangles: results with ZPE contrains. Crosses: &
QCT results on the WDSE PESSquares: QCT results on the WDSE 0.2
PES. Dashed line: QM results on the WDSE PES trajecfoFjlled
triangles down: experimental results from ref 7. Filled circles:
experimental results from ref 5.

0.1 -
calculations on the WDSE PES QM results on the WDSE
PES!8 and the available experimental measurementalso
we have done QCT calculations on the WDSE PES under the ¢4
same conditions described in ref 13 and plotted in Figure 1 as 0.0 0.5 1.0 1.5 2.0 2.5 3.0
squares. One can note that all the theoretical results clearly E./eV

underestimate the experimental values in the energy rangerigyre 2. Absolute integral cross sections for the reactior-HD;0
considered. In previous QCT and QM studies on the WDSE — 0D + H,. Filled squares: present QCT results on the OC PES.
PES, it was realized that in that PES one of the H atoms of the Filled triangles down: experimental results from ref 23. Filled
H,O molecule was not reactive and thus the cross sections werediamonds: QCT results on the OC PES fortHD.O — D + HOD
multiplied by a factor of 2 in order to somehow correct this exchange reaction. Filled triangles up: experimental results from ref
defect. This was done as well for the QCT calculations on the <~

I5 PES although for this PES both H atoms of th&hmolecule

are reactive but not in an equivalent way as discussed in ref
13. As mentioned before, this defect is not present in the OC
PES and we have checked that both H atoms are equally
reactive.

behavior showed by the experimental points in Figure 1, i.e.,
the reaction cross sections increase monotonically with collision
energy and then level off at energies above 2.2 eV.

Table 2 shows cross sections and energy partitioning infor-

. he fai b h q . mation for the H+ H,O reaction on the OC PES at two selected
Given the fair agreement between the QCT and QM excitation g vies from our calculation without ZPE constrains. Note that

fl#nctions from the WfI?S.E PES, it seelms t_hathMhdyn_amicaI we have not rounded off the vibrational and rotational actions
efiects mhayhnot be su |C|ené?s an exp ﬁnatlon or tl e d]isa?reg'before calculating the fractions for vibratidR,, and rotation,
ment with the experiment. Of course, the QM results of ref 1 Frot, Of the diatomic products. As in previous QCT studies by

are exact 6D for total angular momentulm= 0 and use the  gragiey and Schat® we find that the OH product is barely

centrifugal sudden (CS) approximation fdr> 0 but this  gyiteq rotationally and vibrationally as opposed to the H
approximation has been proved to be accurate for total mtegralproduct which is relatively more excited.

cross sections. One caveat of all the QCT and QM calculations In Figure 2 the QCT, without ZPE constrains, absolute cross
shown is that they were carried out for non-rotatingdHvhile ; ;

; . . sections for reactions

in the experiments the J® molecules have a rotational

distribution at room temperature. However, as pointed out in H + D,0(000)— OD + HD (4)
ref 11, averaging on the initial rotational angular momentum
states populated at room temperature would not be very —~HOD+D

important for calculating absolute reaction cross sections. With

regard to the present QCT calculations on the OC PES, we pointare displayed together with the experimental determinatfoRs.

out that the cross sections fgo < 2.2 eV are lower than the  Again for the H+ D,O(000)— OD + HD abstraction channel

previous results on the WDSE and 15 PESs. the theoretical cross sections fall quite below the experiment.
As can be seen, our ZPE constrained results, that rejectHowever, for the exchange channel#HD,0(000)— HOD +

trajectories that lead to Hnolecules with less energy that its D, the agreement is noticeably better. It may be argued that

ZPE, are as expected smaller. The considerations may lead tamposing ZPE constrains on the OH/OD stretch and HOD

the conclusion that the barrier in the all PES considered so far bending vibrational modes would reduce the reaction cross

is too high. Nevertheless, the QCT calculations reproduce thesections for the exchange channel. We have imposed ZPE
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Figure 3. Rotational distributions for the H- H,O — OH(v' = 0) + Figure 4. Rotational distributions for the H D,O — OD(»' = 0) +

Hx(v' = 0) reaction atEc = 2.2 eV. (a) OH¢' = 0) rotational HD(v' = 0) reaction atEqy = 2.2 eV. (a) OD¢' = 0) rotational
distribution. Filled circles: QCT results on the OC PES. Filled (istribution. Filled circles: QCT results on the OC PES. Filled
squares: experimental results from ref 7. (b) QG{vH= 0) rotational squares: experimental results from ref 23. (b) QCT HD€ 0)
distribution on the OC PES. rotational distribution on the OC PES.

constrains in this case by rejecting trajectories leading to HOD djstributions obtained by Kudla et #.on the WDSE PES at
products with less than its zero-point energy. As can be seeng_, = 2.7 eV. Further comparison can be made with the HD

on Figure 2, this correction has the effect of raising slightly the vibrational distributions,. At Ecoi = 2.6 €V the present results
threshold energy from 0.4 to 0.5 eV which is in better agreement gre P, = 0.56,P; = 0.27, andP, = 0.10, while Adelman et

with the experimental estimation of 0.88 0.11 eV reported al 20 obtainedPy = 0.47 + 0.1, P; = 0.45+ 0.08, andP, =
in ref 25. 0.08+ 0.02 atEqy ~ 2.7 eV.

Another interesting comparison between theory and experi-  Additionally, we have calculated the cross sections for the
ment is provided in Figures 3a and 4a where rotational reaction
distributions of OH{¢' = 0) and OD¢' = 0) products for
reactions 4 and 5, respectively, are depictelgt = 2.2 eV. H + D,0(000)— OH + D, (5)
As can be seen, the agreement is good for the OD rotational
distribution and somewhat worse for OH. For both cases the
agreement could be improved, in principle, by running more
trajectories to have a smaller statistic uncertainty. However, for
a very detailed comparison it would be necessary to include
the splitting of levels of OH(OD) due to spirorbit interaction
and electronierotational angular momentum interaction which
is rather difficult to implement. Nevertheless, the lack of
vibrational excitation and the low rotational excitation of the
OH(OD) product radicals has led to the conclusion that reactions
4 and 5 hardly involve the formation of a8 long-lived
intermediate and thus a direct abstraction mechanism must b

Koppe et af® detected very weak OHI(= 0) signals in their
experiments for the H- D,O reaction and gave upper limits,
R*, for the branching ratiR = ¢(OH + D)/c(OD + HD).
They reported a value d® = (4.94+ 0.4) x 1078 at E¢oy =

2.2 eV that is in qualitative agreement with our determined value
of R= (74 £ 3) x 1073. This small branching rati®* seems

to reinforce the above conclusion that very few reactive
collisions proceed via complex formation.

eV' Conclusions

invoked. QCT calculations have been presented for the reactiotis H
Figures 3b and 4b show the ' = 0) and HD¢' = 0) H,0 and H+ D,0 on a new ab initio potential energy surface
rotational distributions for reactions 4 and 5Et; = 2.2 eV. due to Ochoa and Clary and termed OC PES. It has been found
The HD@' = 0) rotational distributions are in qualitative that QCT predictions on the new OC PES reproduces qualita-

agreement with those reported by Adelman eflalvho tively the experimental excitation functions determined by

investigated reaction 2 & ~ 2.5-2.8 eV and the QCT Jacobs et al. for the abstraction channels for both reactions
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although theoretical cross sections are significantly smaller that
the corresponding experimental values. We have argued that
QM effects may be compensated in the QCT calculations and
therefore are not important for these reactions on the basis of

the comparison of QM and QCT calculations on the WDSE

PES. However, this assertion has to be taken with caution and
only accurate QM calculations on the OC PES can settle this

Castillo and Santama|
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(14) Clary, D. C.J. Chem. Phys1992 96, 3656.
(15) Wang, D.; Bowman, J. Ml. Chem. Phys1992 96, 8906.
(16) Nyman, G.; Clary, D. CJ. Chem. Phys1993 99, 7774.
(17) Echave, J.; Clary, D. Cl. Chem. Phys1994 100, 402.
(18) Zhang, D. H.; Light, J. CJ. Chem. Phys1996 104, 4544.
(19) Zhu, W.; Dai, J.; Zhang, J. Z. H.; Zhang, D. Bl. Chem. Phys.
1996 105 4881.
(20) Adelman, D. E.; Filseth, S. V.; Zare, R. Bl. Chem. Phys1993

matter. On the other hand, the calculated QCT cross sectionsos, 4636.
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