8672 J. Phys. Chem. R004,108,8672-8681

Theoretical Reaction Dynamics Study of the Effect of Vibrational Excitation of CO on the
OH + CO — H + CO; Reaction’

Rosendo Valero and Geert-Jan Kroes*

Leiden Institute of Chemistry, Gorlaeus Laboratories, Leidensgiisity, P.O. Box 9502,
2300 RA Leiden, The Netherlands

Receied: March 15, 2004; In Final Form: June 23, 2004

The OH+ CO — H + CO; reaction has received a great deal of attention in recent years, being presently
the prototypical complex-forming four-atom reaction. An interesting issue is the extent to which the vibration
of the nonreactive CO bond acts as a spectator in the reaction. To get insight into this question, we report a
study of the reactivity of the ground & 0, ] = 0) and first excited vibrational state & 1, ] = 0) of CO

with the OH diatom in its ground rovibrational state= 0, ] = 0). For these reactions, the time-dependent
wave packet (TDWP) method was used to calculate exact, full-dimensional (6D) initial-state selected reaction
probabilities on the Bradley-Schatz potential energy surface (PES), for total angular mondent@mAn
approximate diabatic (potential-averaged five-dimensional, PA5D) model was also used, in which the 6D
potential is averaged over one asymptotic CO vibrational wave function. The results show a large increase in
reactivity upon vibrational excitation of CO, particularly in the 6D model. A comparison of the 6D results
with the diabatic PA5D results for CQr (= 1), as well as the analysis of the potential curves constructed
according to an adiabatic-5 1D model, reveal that this effect is mostly due to vibrationally inelastic energy
transfer from the CO bond to the reaction coordinate. The reactivity of GO X) is much higher in the 6D

than in the PA5D model. These findings allow us to conclude that the CO bond does not act as a spectator
in the reaction. Finally, the quasiclassical trajectory (QCT) method was employed on the above-mentioned
Bradley-Schatz PES, as well as on the most recent PES (LTSH). The QCT method is able to predict quite
well the difference between the 6D and PA5D reaction probabilities foriCO 1) obtained with the TDWP
method on the BS PES. The PA5SD QCT results are also in good agreement with 6D and PA5SD TDWP
results for reaction of COv(= 0) and for the BS PES. The large differences found between QCT reaction
probabilities for CO ¢ = 1) in the 6D and the PA5D model, on one hand, and the large differences between
6D QCT results for COY = 1) and PA5D QCT results for CQ/(= 0), on the other hand, for the LTSH

PES, strongly suggest that our conclusion (CO does not act as a spectator) can be generalized to this newer
PES.

Introduction in solid matrixes*?-34 Furthermore, previous dynamic studies
The OH+ CO — H + CO; reaction is among the most of the OH+ CO reactiof® have shown that in more than half

extensively studied four-atom reactions. This interest has been?f the reactive events a collision complex is formed that exists
prompted by the fundamental importance of the reaction in the for Ionger than 100 fs, up to large collision energis®(8 eV).
chemistry of the troposphetein combustion processésand In a recent set of experiments, it has _been found that linear
in astrophysical ice3 Thus, many experimental studies of the Nydrogen-bonded complexes detected in the-@® asymp-
kinetics and dynamics of the OH CO reaction have been fotic region could be relevant to the reactivity of O
reported24 The reaction is a prototype of bimolecular CO 171821232451 dies of the kinetics of the reaction on model
complex-forming reactions with participation of a radical species Potential energy surfaces (PESs), based on the statistical Rice-
(OH), in which the internal states of both reactants can influence Ramsperger-Kassel-Marcus (RRKM) theory, have afforded a
the reactivity. A large body of information now exists on the good prediction of the available experimental rate con-
thermal rate constants of the reaction, for an extended range ofStantsi'*2%Some experimental studies have also reported state-
temperature and pressure conditions<8800 K; 104-700 specific rate constants for vibrationally excited states o OH
bar)!! The rate constants present an unusual temperatureand CO3"-38While the vibrational excitation of OH produces a
dependence, leveling off at temperatures below 500 K and rising large increase in the rate constait,our view the experiments
steeply at higher temperatures. A reaction mechanism, includingon vibrationally excited CO do not yet allow definite conclusions
formation of a stable reaction complex, was proposed many on the relative reactivity of ground and excited-state3C®
years ago to explain the observed kine#t3he existence of (see below).
the complex has been confirmed, and its properties determined, Reaction dynamics measurements of several properties, such
in numerous experiments carried out in the gas plfa¥eand a5 absolute cross sectiolsproduct angular and translational

" Part of the “Gert D. Billing Memorial Issue”. distributions{f gnd energy 'partiti'oning. in the rgactiémave
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reported by Schatz, Fitzcharles, and Harding (S¥+Heveral /
improvements were made over the years as more accurate /
electronic structure calculations became possible. The most /
recent potential surfaces are those of Bradley and SchatZ{BS),

of Yu, Muckerman and Sears (YM%),and of Lakin, Troya, o
Schatz, and Harding (LTSHY.Many dynamical studies em-

ploying the quasiclassical trajectory (QCT) mett#dd243 R
guantum reduced-dimensior4t?2 and mixed quantum-classical

method&®-55 have been performed on these PES’s. Only very /

recently, the first full-, six-dimensional quantum dynamics /

studies Of the reaction have been repoffed? The extreme . Figure 1. Reactant Jacobi coordinate system used to define the OH
computational challenge posed by exact quantum dynamical + co Hamiltonian for) = 0. In the figure Riis the distance along the
calculations on the OH- CO reaction can be understood from  pody-fixed axis connecting the centers of mass of the diatosnsnd

the presence of the intermediate complex in the reaction pathrco are the diatomic bond distancekn and 6o are the polar angles
and of three heavy (non-hydrogen) atoms. Thus, large basis setdetween the OH and CO diatom axes on one hand, and the body-fixed

and propagation times must be used to vield converaed reaction?Xis on the other hand, angis the dihedral azimuthal angle between
probzbilri)tigs y 9 the OH and CO diatoms with respect to rotation around the body-fixed

axis.
The purpose of this study is to provide an accurate account

of the role of the vibration of the nonreactive CO bond in the Bs PES. The reaction mechanism is discussed and results are

reactivity of OH+ CO. In particular, we address the question  gjso reported for the newest LTSH PES. Finally, conclusions
of the extent to which the CO bond acts as a spectator in the gre drawn.

reaction. To this aim, we have used the time-dependent wave
packet (TDWP) method to obtain exact, six-dimensional (6D) Computational Methods
and approximate, potential-averaged five-dimensional (PZ%D)
initial state-selected reaction probabilities for the reaction of
OH (v = 0, = 0) with CO (#+ = 1, = 0), and for angular
momentumJ = 0. The BS potential surface was used in all the
guantum dynamics calculations. We believe that the reported
TDWP 6D calculation of COY = 1) is the first exact quantum
dynamics calculation from an excited state of the reactants of
a four-atom system involving three heavy atoms. The 6D and
PA5D reaction probabilities for COv(= 1) are compared
between them and to our previously reported 6D and PA5D
results for the reaction of OH/(= 0, j = 0) with CO (v = 0,

j = 0).58In previous studies of the OH H,>° and H, + CN®°

The TDWP method as implemented by us has been described
elsewhere-®8 and only a brief description will be given here.
The nuclear Hamiltonian of the HOCO system is set up in a
set of six reactant Jacobi coordinates, for total angular momen-
tumJ = 0 (Figure 1). The usual choice of ignoring the electronic
(orbital and spin) angular momenta of the OHIK molecule
has been adopté@>° As mentioned above, the reactions studied
areOH¢=0,j=00+CO@w@=0,j=0)and OH ¢ =0, j
=0)+ CO (v = 1, = 0), although new results are only
presented for the latter. Two types of models were used, in
which the potential was treated differently. In the 6D model,

4 o . the full six-dimensional BS PES was employed, while in the
reactions, this kind of comparison was made to conclude that . ! - A .
; . potential-averaged five-dimensional (PA5D) motfetffective
the nonreactive bond (OH and CN, respectively) acts as a',. L - . . .
. o . " diabatic five-dimensional potentials were defined as averages
spectator as far as total reaction probabilities and cross sectlonsf he 6D ial ither th nd € 0 he fi
are concerned. of the potential over either the ground € 0) or the first

. . . vibrationally excited statev(= 1) wave function gas-phase CO.
In the present work, the nonreactive CO bond willbe said 0 The representation of the total wave function uses the

act as a spectator if (i) the total reaction probability does not ygiection operator formalisif. This formalism involves two
show a large dependence on the initial vibrational state ofCO, ifferent representations in the asymptotic reactant chael (
and (|_|) the total reaction probability can b_e ac_curately optalned and in the region of the HOCO well up to the product channel
applying the PA5D approact, ®also for vibrationally excited  (p) The advantage of using this formalism is that different

CO. In our definition, we only consider the total reaction representations and sizes of the basis sets can be used for each
probabilities; four-atom reactions in which the nonreactive bond channel, allowing for a reduction in the size of the total wave

behaves as a spectator also with respect to state-to-state reactiognction and in computational time. Thus, the orientation of
probabilities are unusual, one example being thetHOH the reactants was described in different finite-basis representa-
reaction® In this regard, note that effects of the nonreactive tjgns (FBRs in the R and P channels, consisting of mutual
bond on product state-specific reaction probabilities, as found eigenfunctions of the angular momentum operaes; co, and
in, for instance, the b+ CN reactiort® may depend on the ;.\ - 66\hich were transformed to and from the corresponding
vibrational couplings occurring after the reaction barrier has been giscrete variable representations (DVRs) to carry out the
crossed. The TDWP results presented below show that thepotential operation. Likewise, translational motions are repre-
reactivity of CO ¢ = 1) must be studied with the full 6D model,  sented on Fourier sets of basis functions (FBR) or on the
and that in this model it is much larger than the reactivity of associated grid points (DVR). The representation of the
CO (v = 0). These results allow us to conclude that CO is not yiprational degrees of freedom is based on a Lanczos-Morse
a spectator in the OH CO reaction. Additional 6D and PASD  generalized DVR (GDVR) representation, in which the number
quasiclassical trajectory (QCT) calculations, carried out on both of grid points is larger than the number of basis functi®ifs.
the BS and LTSH PES's, strongly suggest that this conclusion Fyrthermore, two different GDVRs represent the CO vibration
does not depend on which of the potential surfaces is used. jn the R and P channels, while the OH stretch is represented
The paper is organized as follows. First, we describe the with a GDVR in theR channel and with a Fourier FBR/DVR
TDWP and QCT methods as used in this work. Next, the new in the P channek® Therefore, all degrees of freedom of the
TDWP results for CO« = 1) are presented and compared with system have their representations tailored to the qualitatively
QCT results and with previous results for C@=€ 0) on the different R or P) regions of the potential, allowing for an
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TABLE 1: Parameters for the 6D TDWP CO (v = 1) Calculation on the BS Potential Surface

Valero and Kroes

projection operator representation

wave function parameters P R
maximumjon in rotational basis 40 30
maximumjco in rotational basis 100 90
energy cutoff parameter for rotational basis 1.10 1.10
number of rotational basis functions 65 366 31610
number of points for Fourier DVR iR 32 256
range of Fourier points iR 3.00-4.84 3.06-18.14
number of points foroy 32 6
range of Fourier points inon 1.20-5.46 -
number of points forco 14 10
propagation time step 10.0 10.0
analysis time step 120.0 120.0
range of optical potential iR - 15.5-18.2
amplitude of optical potential in R (eV) - 0.24
range of optical potential inoy 4.8-5.6 -
amplitude of optical potential inon (eV) 2.65 -
center of initial wave packet - 14.2
energy range of initial wave packet (eV) - 6.0.8
analysis cut imon 4.64 -
number of DVR points for the flux analysis R 12 -
size of wave function in the primary representation 2.40° 49x 10°

a Atomic units are used throughout except when stated otherwise.

efficient description of the TDWP dynamics. The initial Additional quasiclassical trajectory (QCT) 6D and PA5D
Gaussian wave packet is evolved in time by using a split- calculations were performed with the VENUS'96 general
operator propagatd®. Optical potential® are introduced to  chemical dynamics cod@.The PASD calculations involved a
absorb the wave packet at the edges of the grid employed tomodification of the program, in which the CO bond is effectively
represent the wave function. After propagation of the wave kept fixed along the trajectories by adding a high-frequency
packet, the initial (energy-dependent) state-selected total reactiorharmonic potential to the PA5D potentfdlAs stated above,
probabilities are extracted using the flux operator formaf%f. one of the goals of the QCT calculations was to assess whether
The parameters defining the representation of the wave the main conclusions derived for the BS PES would also hold
function for the 6D CO% = 1) calculation are detailed in Table for the most recent (LTSH) PES. The differences in the LTSH
1. The parameters for the PA5D calculation are the same, excepPES with respect to the previous BS PES are an improved
that only one basis function was used for the CO bond vibration. description of the asymptotic region and the scaling of the
The total size of the wave function for the 6D model was 6.9 energies of several stationary points, both based on high-level
x 108 for the reported COy= 0) calculatiofi® and 1.4x 10° ab initio data. As we will show, the QCT calculations also
for the new calculation on CQv(= 1). Due to the huge size of ~ provide interesting information for which vibrational state and
the wave functions and to the long propagation times required in which model the QCT method yield a good prediction of the
(approximately 2.3 ps), it was necessary to devise a suitable TDWP quantum reaction probabilities for the reaction of CO
parallelization strategy to reduce the wall-clock time spent by (v, = 0) with OH ( =0 ,j = 0).
the 6D calculations. Here, and in our previous reports on OH
+ CO 515658 ye have used the OpenMP protoéab parallelize Results and Discussion
our wave packet code. In our previous research, the parallel-
ization was effected mainly by distributing the different opera- 1. Quantum and Classical Dynamics: CO% = 1) vs CO
tions to the processors according to the elements of the Fourier(v = 0). In Figure 2 the 6D and PAS5D probabilities for reaction
grids in theR translational coordinate. In this manner, each of CO (v = 0) (Figure 2 (a)) and COv(= 1) (Figure 2 (b)) on
processor managed approximat®lyiio/Nproc €lements of the the BS PES are presented, as obtained with the quantum
total wave function, wher®lyiq is the number of grid points ~ (TDWP) and classical (QCT) dynamical methods. The reso-
andNproc is the number of processors. For the 6D GG 1) nances observed in all the TDWP curves are due to relatively
calculation presented here, we found that a more suitable long-lived quasibound states associated with the HOCO com-
strategy was to effect a distribution over the rotational basis plex. The properties of these resonance states have been
functions. This choice permitted a considerable reduction in analyzed using reduced-dimensional modefS.As we found
wall-clock time, as compared to the previous choice of paral- in our previous researchi;® the 6D and PA5D reaction
lelizing the calculation over thR coordinate, for this specific ~ probabilities for CO ¢ = 0) (Figure 2 (a)) are in almost
calculation. The cost of the 6D CO & 0) and CO ¢ = 1) quantitative agreement throughout the extended range of col-
calculations on a modern 1 Gflop/s/processor SGI Origin 3800 lision energies studied (0-10.8 eV), apart from details associ-
supercomputer was about 100 000 and 200 000 CPU hours,ated with resonances. The behavior of the @G=(1) reaction
using 64 and 80 processors in parallel, respectively. The extremeis markedly different, the 6D model predicting significantly
computational expense of these full-dimensional calculations, larger reaction probabilities than the PA5D model (Figure 2
even forJ = 0, is an additional reason to find suitable (b)). The relative increase in reactivity in the 6D model at the
approximations to the dynamics of OH CO; for example, lowest collision energies (0-10.2 eV) is about a factor of 4,
using the PA5D model instead of the full 6D model if it provides on average. Since the reaction from one particular vibrational
accurate reaction probabilities for a particular initial state of state of the CO bondv(= 1) cannot be described accurately
reactants. by the PA5D model, criterion (ii) above is not fulfilled and one
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Figure 2. Reaction probabilities for the BS PE@) Results for CO Figure 3. Gaussi_an-smoothed TDWP reaction probab_ilities for the BS

(v = 0) in the 6D model (TDWP results (QM) in blue, open squares PES.(a) Results in the 6D model_ for CO/(= 0) (blue line), and for

for QCT results (CT)), and in the PA5D model (TDWP results in red, CO ( =1) (red line).(b) Results in the PASD model for CO = 0)

open triangles for QCT results)) Results for CO% = 1) in the 6D (blue line), and for CO(= 1) (red line). The energy increment between

model (TDWP results (QM) in blue, open squares for QCT results consecutive data points in the original TDWP calculgtlons_ is always

(CT)), and in the PASD model (TDWP results in red, open triangles 0-32 meV except for the 6D CQr (= 1) curve, for which it is 0.64

for QCT results). The energy increment between consecutive data pointsmev-

in the TDWP calculations is always 0.32 meV, except for the 6D CO

(v = 1) curve, for which it is 0.64 meV. Error bars correspond to two A possible problem with ZPE in OH does not manifest itself in

standard deviations for 10 000 trajectories/energy. the reactivity of OH+ CO, presumably due to the larger
frequency of the OH bond (0.46 eV) and perhaps also to the

can conclude that the CO bond does not act as a spectator ifact that this bond needs to be broken anyway at the most

the OH+ CO reaction. important, exit channel barrier for reaction to occur.

Figure 2 also offers a view of the performance of the QCT  The much better performance of the QCT 6D model observed
method in the reaction dynamics. For C® £ 0) (Figure 2 here for reaction of a vibrationally excited (C®= 1)) reactant
(a)), the 6D QCT results overestimate the exact 6D TDWP than that found for the ground-state (CO= 0)) reactant is in
reaction probabilities, while the PASD results obtained with line with reports for D+ H, (v = 0, 1;j = 0)"*and Li+ HF
these two methods are in fairly good agreement. In contrast, (v = 0, 1;j = 0),/> "¢ and with the agreement between QCT
the QCT method yields a much better prediction of the quantum and quantum-mechanical (QM) results in inelastic processes at
results for CO ¢ = 1) in both the 6D and the PA5D model high vibrational excitation of reactants as in, for example, He
(Figure 2 (b)). The failure of the 6D QCT method concerning + CS.”” In contrast, studies in which the agreement between
the 6D reaction probabilities for CO & 0) is most likely due ~ QCT and QM results is better for a ground state than for a
to the well-known zero-point energy (ZPE) conservation Vibrationally excited reactant are rare, and the only example
problem. The presence of such an effect in the ®HCO we know is for the reaction for which classical-like behavior
reaction is borne out by a recent QCT study using the LTSH should be least expected, that is,#HH, (v = 0, 1)8
potential surfacé?in which ZPE violation problems caused an The TDWP reaction probability curves shown in Figure 2
unphysical increase of the total energy in the normal modes of above are convoluted with a Gaussian function wifivamof
the CQ product. The authors also found that the 6D QCT 50 meV and presented in Figure 3. This figure focuses on a
reaction probabilities for COv(= 0) are larger than the 6D  comparison between the two models (6D and PA5D) used in
TDWP ones, especially at low collision energies. The poor the TDWP calculations. The results show a large increase in
performance of the QCT 6D model for the reaction of GO (  reactivity upon vibrational excitation of the CO bond in the 6D
= 0) is consistent with the relatively low vibrational frequency model, and a moderate increase in the PASD model. These
of CO (0.27 eV), facilitating the coupling to other degrees of results evidence that the C@ & 1) dynamics can only be
freedom to which part of the vibrational energy (for= 0, the treated accurately by performing a full-dimensional 6D calcula-
ZPE) can flow. This problem is not present in the QCT PA5SD tion. A comparison of the relative reactivity of ground and
model, which shows a remarkably good performance for this excited-state CO afforded by the TDWP method with the QCT
reaction (Figure 2 (b)), and is apparently much less severe inresults for the 6D model was not deemed meaningful, due to
the QCT 6D model for the CO/(= 1) reaction (Figure 2 (b)).  the poor performance of the QCT method for CO= 0) in
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this model (Figure 2 (a)). As a result of the overestimate of the L cisTs2
v = 0 reaction probabilities, the QCT method yields too small os{ (a) BS N
a difference between CQ (= 0) and CO ¢ = 1), which is " ﬂ
particularly important for the 6D case, and these results are not o 1
included in Figure 3. The fact that the TDWP 6D reaction S f | He+ O,
probabilities for CO ¢ = 1) are considerably larger than those 3 _, = I
for CO (v = 0) is in contradiction with criterion (i) above for W o || — cow=0)5+10 adiavatic | [ ff ]
CO to act as a spectator. In conclusion, none of the two criteria 28 || —cow=1)5+1D adiabatic \ .
defined above are fulfilled, which leads to the conclusion that A CO(v=0) diabatic _ '
the CO vibration is not a spectator in the GHCO reaction. 42 COWv=1) diabatic '
A full 6D calculation is required to describe correctly the 14 wansHoco __,\/ * cisHOCO
reaction of CO ¢ = 1), while for CO ¢ = 0) a PA5D A8
calculation is sufficiently accurate as far as the average trend oa : : : ’ o 9
in reaction probabilities is concerned. 05| (b) LTSH P
Another point that arises concerning the 6D calculations in 04 :
Figure 3 (a) is the efficiency of CO vibrational excitation at 02
promoting the OH+ CO reaction. Since the quantum of o | oHsco /‘ \ H+CO,
vibrational excitation in CO (0.27 eV) is much larger than the 2 02 r-TS1
observed shift between the C® <€ 1) and CO ¢ = 0) curves w 04 [ _ cop=0) 5+1D adiabatic
in Figure 3 (a) (0.120.15 eV), one can conclude that at the 08 || _ cofv=1) 5+1D adiabatic
same total energy, translational energy is more efficient than 08 || cofv=0) diabatic
vibrational energy of CO in promoting the OH CO reaction. || — cofv=1) diabatic e s
One can define the vibrational efficady, of the reaction for A2 trans-HOCO —
excitation of the CO bond as 14 -
0 1 2 3 4 5§ & 7 8
© = {(Eyans co = 0(R) ~ Exansco ¢ = y(RNH/ | . PPRE T , ,
Figure 4. Variation of the energy along the projected reaction
{(Euib,CO w=1) " Evib,CO (v=0))} coordinate (see text) for the diabatic model and for the adiabatic 5

. ) . » 1D model. The curves for the reaction of C®= 0) are represented
whereRis a given value of the reaction probability. Thus, the jn plue tones and those for the reaction of GG=(1) in red tones, for
vibrational efficacy is the ratio of the shift in translational energy the BS PESa), and for the LTSH PE$b). The approximate location
that makes the reaction probabilities of Co= 0) and CO ¢ of stationary points is indicated in the plots.
= 1) approximately equal and the difference in the vibrational
energies of gas-phase CO for these two states. According to
this definition, the vibrational efficacy for vibrational excitation =~ channel barrier. This extra energy is very similar in the diabatic
of CO is around 50%, depending somewhat on the translational (0-050 eV) and adiabatic 5 1D (0.055 eV) models and for

energy (see Figure 3 (a)). the BS and LTSH PES'’s, and slightly larger in a normal mode
2. Reaction Mechanism for Vibrationally Excited CO.The ~ approximation (0.0780.075 eV); see Table 2. For the diabatic
fact that the difference between the reactions of @G=(1) approximation, the energy difference is in very good agreement

and CO ¢ = 0) in the 6D model is much larger than in the With the shift of the reaction probability curve of C®@ € 1)
PA5D model (Figure 3) suggests that the reaction mechanismto lower energies relative to that of C@ € 0), as obtained in
through which the COy = 1) reaction proceeds differs our diabatic (PA5D) model (Figure 3 (b)). The latter result
depending on the model used. In the PA5D model, the CO bondindicates that the CO vibration has an essentially local character
is treated diabatically, meaning that the CO vibrational wave along the reaction path up to the exit channel TS, thereby
function does not change along the reaction path. This yields justifying the use of a separable approximation as in the PASD
very little, if any, possibility to describe the possible effects of and adiabatic 3 1D models. A similar argument based on the
vibrational deexcitation of the CO bond. In fact, the diabatic change in the frequency of the non- reactive bond along the
picture will be close to an uncoupled vibrationally adiabatic reaction coordinate has been invoked to explain the different
picture if the CO bond length is more or less conserved along reactivity of the ground and first excited states of OH and CN
the reaction path (as is the case here) and if the same is true foin the OH + H,*® and H + CN’® reactions, respectively,
the force constant describing the CO vibration. In contrast, in although the effect was found to be smaller. The corresponding
the 6D model vibrational excitation or deexcitation of the CO shift for the adiabatic 5+ 1D model is expected to be very
bond, as well as coupling to the other degrees of freedom of similar. The shifts observed here for the PASD model (0.050
the system, can also occur. eV, Figure 3 (b)) and predicted by our analysis for the adiabatic

To gain further insight into the reaction mechanism, we have 5+ 1D model (0.055 eV) are much smaller than that found in
also constructed an adiabatict51D model, in which we first the 6D model (in the range 0.3®.15 eV, Figure 3 (a)). The
solve for the perturbed reactant CO vibration at each point much larger difference observed in the 6D model must therefore
describing CO in HOCO to obtain an effective 5D PES. The be due to a substantial part of the= 1 reacting CO molecules
adiabatic 5+ 1D model has been compared to the diabatic losing a full quantum of CO vibrational energy before the exit
PA5D model, and to the energies obtained adding the vibrational channel barrier is reached, and transfer of a large part of this
energies of the normal mode most similar to the nonreactive energy along the reaction path. Note that vibrational deexcitation
CO stretch in ther = 0 andv = 1 states to the 6D potential, has been found to be largely favored in reactions that form
along the projected reaction path. The results are shown incollision complexe$? The reaction mechanism can be classified
Figure 4 and Table 2. as both vibrationally nondiabatic and vibrationally nonadiabatic,

As seen in Figure 4, CQ/(= 1) can release more vibrational or as vibrationally inelastic. In the rest of the paper, we adopt
energy than CO« = 0) in going from reactants to the exit the latter terminology for the reaction mechanism.
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TABLE 2: Energy of Stationary Points on the BS and LTSH Potential Surfaces Obtained with the Separable Adiabatic 51D,
the Diabatic, and the Normal Mode Models (See Text)

BS PES
cis-HOCO—-OH +
OH+ CO trans-HOC O cis-HOCO CO difference
adiabatic 5+ 1D r=0 0.134 0.074 0.237 0.103
v=1 0.398 0.308 0.447 0.049
diabatic r=0 0.134 0.077 0.288 0.154
v=1 0.398 0.314 0.501 0.103
normal mode v=0 0.134 0.075 0.230 0.096
v=1 0.398 0.314 0.427 0.029
LTSH PES
cis-H-OCO—-OH +
OH+ CO trans-HOC O cis-HOCO CO difference
adiabatic 5+ 1D v=0 0.134 0.107 0.196 0.062
v=1 0.398 0.372 0.405 0.007
diabatic r=20 0.134 0.107 0.247 0.113
v=1 0.398 0.372 0.460 0.062
normal mode v=0 0.134 0.108 0.164 0.030
v=1 0.398 0.378 0.363 —0.035
5 (b) shows the time evolution of the expectation values of the
CO bond distance in the reactions of Co< 1) and CO ¢ =
>S4 (@) 0). The expectation value of the CO bond distance for €O (
= L = 1) tends toward the value for CQ’ & 0) as propagation
_gi 3 time increases. Furthermore, the average CO bond distances
E_a' become essentially equal at the same propagation time for which
£ f_.i 2 the incremental difference in the reaction probabilities of CO
‘;E s (v = 0) and CO ¢ = 1) vanished £ 0.8 ps). The increase in
29 ] the CO bond that is seen in Figure 5 (b) as the wave packet
= moves into the interaction region is due to the increase of the
. === CO bond distance along the reaction path. The influence of this

: increase on the reaction dynamics of GHCO is discussed
g 02 93 B4 08 08 0x 98 below. Thus, the information given in Figure 5 is consistent
Collision energy (eV) with a picture of the COy = 1) reaction in which for many
2.26 collisions the CO bond suffers an essentially complete deexci-
tation early in the reaction, due to vibrationally inelastic
interactions along the reaction coordinate. The energy released
in the process is either used within about 0.8 ps to surmount
the last reaction barrier, or it is randomized within the complex
after which there is barely any difference between the reactivity
of CO (v = 0) and CO ¢ = 1).
3. Comparison of the Dynamics on the BS and LTSH

2.24
222
2.2

218

CO bond expectation value (au)

216 | SR : ! _
V= Potential Surfaces All the dynamics calculations presented so
214 —v=1 far were carried out on the BS PES. As explained above, the
212 1 | o most recent (LTSH) PES represents an improvement over the
0 500 1000 1500 2000 2500 BS PES, which, according to previous TDWP studie®¥|eads

to rather different reaction probabilities than those predicted by
] ) ) i ~ the BS PES for the reaction of CQ@ & 0). Thus, it seems
Figure 5. (a) Time evolution of the difference between the 6D reaction important to assess if the behavior of the @GHCO reaction
probabilities for CO ¢ = 1) and CO ¢ = 0). The propagation times . . .

represented are 220 fs (brown), 440 fs (green), 880 fs (red), and 117OWIth respect tQ th,e CO vibration found above for the BS PES
fs (blue). The energy increment between consecutive data points inWould be qualitatively the same for the LTSH PES. Due to the
the plot is 2.0 meV(b) Time evolution of the CO bond expectation large computational cost involved, a full 6D TDWP study could
value for CO ¢ = 0) (blue line) and COy = 1) (red line). Arrows not be carried out for the latter potential surface. Instead, we
indicate the propagation times corresponding to the curves in (a).  adopted the strategy of comparing the TDWP and QCT
calculations for the BS PES, and from this comparison and

A clearer view of the dynamics of the reaction of CO= additipnal QCT and PA5SD TDWP calculations for the LTSH
1) is provided by the time evolution of the TDWP 6D reaction PES inferring what the 6D TDWP results are expected to be
probabilities and of the expectation value of the CO bond for this potential surface.
distance. Figure 5 (a) shows the difference between the 6D Results for the LTSH potential surface are presented in
reaction probabilities of COv(= 1) and CO ¢ = 0) for four Figures 6 and 7. First, a separate comparison is made of the
different propagation times. As can be seen, the rate of changereactivity of CO ¢ = 0) (Figure 6 (a)) and COv(= 1) (Figure
of the difference in the reactivity of CQ/(= 1) is largest in 6 (b)) in the 6D and PA5D models. Figure 6 (a) shows that the
the early stages of the reaction, decreasing with propagationPA5D QCT results for COY = 0) compare quite well with
time and becoming essentially zero after about 0.8 ps. Figure 5the PA5SD TDWP results already presented elsewpfefdso,

Propagation time (fs)
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Figure 6. Reaction probabilities for the LTSH PE&) Results for Figure 7. Reaction probabilities for the LTSH PE@) QCT results

CO (v = 0) in the 6D model (open squares for QCT results (CT)), and in the PASD model for COy( = 0) (open triangles), and in the 6D

in the PASD model (TDWP results in blue, open triangles for QCT model for CO ¢ = 1) (open squaresjb) QCT results in the PASD

results) (b) QCT results for CO¥ = 1) in the 6D model (open squares), model for CO ¢ = 0) (open triangles), and for CQ (= 1) (open

and in the PA5SD model (open triangles). The energy increment betweensquares). Error bars correspond to two standard deviations for 10000

consecutive data points in the TDWP calculation is 0.32 meV. Error trajectories/energy.

bars correspond to two standard deviations for 10 000 trajectories/

energy. on one hand, and any uncertainty caused by the difference
between the CO(= 1) and CO ¢ = 0) results being relatively

the QCT reaction probabilities are much larger in the 6D model small, on the other hand. At the same time, we firmly believe

than in the PASD model. It seems reasonable to expect that thethat the additional TDWP results would confirm the QCT results

results of the 6D model calculation will be much too large for these lower energies, since there is no reason to expect that

compared to those that would be obtained in a TDWP the CO vibration would affect the reaction through different

calculation, this being a consequence of ZPE effects as wasmechanisms for the two energy regions. We expect the

found for the BS PES (Figure 2 (a)). Therefore, we will not jprationally inelastic mechanism that applies for the BS PES
further discuss the 6D QCT result for C@= 0) and the LTSH to also be valid for the LTSH PES.

PES. The QCT calculations for C@ € 1) presented in Figure
6 (b) show the same trend as for the BS PES, that is, much
larger reaction probabilities in the 6D model than in the PA5D
model at all collision energies. We do trust this result, because
the QCT model gave quite good results for the reaction of CO
(v = 1) in both the 6D and the PA5D model for the BS PES.
A further comparison of the QCT results for the LTSH PES
is shown in Figure 7. In Figure 7 (a), the QCT results that should
give the best predictions of the quantum reaction probabilities
for CO (v = 1) and CO ¢ = 0), that is, the 6D model for CO

The trends shown in Figures 6 and 7 regarding the behavior
of the CO ¢ = 0) and CO ¢ = 1) reactions in the 6D and the
PA5D model for the LTSH PES are in a qualitatively good
agreement with those already presented for the BS PES (Figures
2 and 3). As noted above, a comparison of the TDWP and QCT
results for the BS PES strongly suggests that the QCT method
is able to provide a good description of the reaction of @O (
= 1) in both the 6D and the PA5D model (Figure 2 (b)), and
that it also provides a good description of the reactivity of CO

(v = 1) and the PASD model for COv(= 0), are presented. (v = 0) in the PA5D model, but not in the 6D model (Figure 2

Essentially, their difference is as large as that found between(a))'

the 6D and PA5D QCT results for C@ & 1) (Figure 6 (b)), All the above results taken togethef therefore strongly suggest
due to the fact that the PASD QCT results are very similar for that the TDWP method would also find a larger reactivity for
CO (» = 0) and CO ¢ = 1), with slightly larger reaction ~ CO (» = 1) than for CO ¢ = 0) in the 6D model (Figure 7
probabilities for CO# = 1) (Figure 7 (b)). For energies greater (8)), and a larger reactivity for COv (= 1) in the 6D model

than 0.3 eV, Figure 7 (a) shows that the nonreactive CO bond than in the PASD model, for the LTSH PES. Therefore, we
does clearly not act as a spectator. For energies smaller tharvould expect the outcome of TDWP calculations on the LTSH
0.3 eV, the QCT calculations also suggest that CO does not actPES to be that the CO bond does not behave as a spectator also
as a spectator. However, it would be desirable to also have for this most recent potential surface.

TDWP results available for this range of energies, to rule out To gain some understanding of the relation between the
any uncertainty caused by the inaccuracies of the QCT method,dynamical results presented above and the differences between
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Figure 8. Variation of the CO bond distance and of its expectation 0 1 2 3 4 5 6
values in thev = 0 andv = 1 vibrational states along the projected pPRC f au

reaction coordinate (see textp) BS PES, andb) LTSH PES. The

approximate location of stationary points is indicated in the plots.  F19ure 9. Variation of the CO frequency along the projected reaction

coordinate (see textja) BS PES, an@b) LTSH PES. The approximate

. . . . location of stationary points is indicated in the plots.
the underlying potential surfaces, we have carried out an analysis

of the description of the CO bond distance and frequency along |1 is also interesting to study the relation of Figure 8 with
the reaction path in the two different potential surfaces. To this Figure 5 (b) above, which showed the evolution of the average
aim, the intrinsic reaction coordinate (IRC) was determined by ¢ pond distance as a function of propagation time in the
integrating the defining differential equation downhill from the  tpwp calculations. In Figure 8 (a), the CO expectation values
relevant transition states using the POLYRATE 8.5 reaction 5, , = 1 andy = 0 in separate reactants are 2.135 and 2.151
dynamics prograrfit Figure 8 presents plots of the CO bond  popy, respectively, in good agreement with the average CO bond
distance and of its expectation value in the= 0 andv = 1 distance at the start of the propagation in Figure 5 (b). For both
vibrational states versus a reduced reaction coordipgte, the CO ¢ = 0) and the CO« = 1) reaction, the average CO
defined as the distance along the IRC projected onto e ( gistance increases until a plateau is reached8 ps. Figure

row) reactant Jacobi coordinates, for the BS PES (Figure 8 (a)) 8 (a) shows that in an adiabatic picture a larger average value
and for the LTSH PES (Figure 8 (b)). The distance measured of the CO distance would be expected for GO 1) than for

in these Jacobi coordinates is expected to be a good approximaco (» = 0) throughout the reaction, in contrast to what is
tion to the true reaction coordinate. As shown in the plots, the opserved in Figure 5 (b). This is again consistent with an
CO distance presents a pronounced maximum between thenelastic mechanism in which the vibrational quantum in CO
entrance channel barrier and the HOCO minimum for the BS (, = 1) is lost during the reaction, after which the evolution of
PES (Figure 8 (a)), and a much less prominent maximum in the average CO distance with respect to time is the same as for
the more recent LTSH PES (Figure 8 (b)). The presence of this the ground state (COv(= 0)) reaction.

pronounced maximum is an unphysical feature of the BS PES,  Figure 9 presents plots of the vibrational frequency of CO
and the question naturally arises as to its possible influence onas a function of the same reduced reaction coordinate as before.
the reactivity. However, as discussed above, our 6D QCT results|n general, the CO frequency tends to decrease, in accordance
for CO (v = 1) and PA5D QCT results for CO’ (= 0) for the with the increase in the CO distance as the reaction proceeds
LTSH surface also predict a large difference between the to products. The maximum that is observed beyond the exit
reactivity of CO ¢ = 1) and CO ¢ = 0) for this surface, which  channel barrier (cis-TS2) is most likely due to the recoupling
does not contain the pronounced maximum referred to above.of the HOCO normal modes as the nonreactive CO bond
The difference observed for the BS PES should therefore notbecomes part of the product G@olecule, and is not expected
be due to the artifact in the PES, but rather to the same physicsto have an important effect on the reaction probabilities due to
as present in the more recent LTSH PES. In both PES'’s, a sharpthe exothermicity of the reaction.

increase in the CO bond distance wgidkcis observed between Some experimental studies comparing the reactivity of CO
the entrance channel barrier and the HOCO minimum, which (v = 0) and CO ¢ = 1) have been reportéd.In these studies

is however exaggerated in the BS PES. This sharp increase couldt has been inferred that the rate constant for GG=(1) is

well lead to vibrationally inelastic energy transfer from the CO somewhat smaller than for CO & 0), or, at any rate, that
vibration to motion along the reaction path, thereby explaining vibrational excitation of CO has a small effect on the reaction.
the enhanced reactivity of CO & 1). However, it is difficult to make a meaningful comparison to
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these data, since the experimental error bars are larger than thef CO (v = 0) for the LTSH PES. Similarly, the QCT prediction
measured difference between the rate constants of the twofor the LTSH PES, that 6D reaction probabilities should be much
reactions. As an example, the error bars for a CO vibrational larger than PA5D reaction probabilities for CQ= 1), is also
temperature of 298 K are four times larger than the observed expected to hold in quantum dynamics.

difference between the rate constants at CO vibrational tem- The main conclusion of this study is that the dynamical
peratures of 298 and 1400K Furthermore, for a meaningful  behavior of the CO bond in the OH CO reaction is not
comparison with these data, theoretical results would be alsoconsistent with a spectator picture, in two related senses: (a)
required for lower energies than here presented, and thefor CO (v = 1), the 6D reaction probabilities are significantly
comparison would also be preferably based on theoretical resultsdifferent from the PA5D ones; and (b) in the 6D model, the

for J > 0. CO (v = 1) reaction probabilities are much larger than the CO
(v = 0) ones, especially at low collision energies. The above
Conclusions conclusion was based on quantum dynamics results for the BS

PES, but our QCT results for the LTSH PES strongly suggest

A quantum and quasiclassical reaction dynamics study of the y o the conclusion that CO does not act as a spectator should
effect of the vibrational excitation of the CO bond on the OH ;0 hoid for the LTSH PES.

+ CO — H + CO, reaction has been presented. It has been
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