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Quantum Dressed Classical Mechanics: Application to the HOt CO — H + CO, Reaction
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Reaction dynamics of a four atom system (HOCO) is investigated using the classical trajectory method
and two quantum-classical theories. At 298 K, the new quantum-classical method predicts a rate>of 1.49
10 3 cm¥s, compared to an experimental value of .80 13 cm?/s. It also reproduces the unusual temperature
dependence.

1. Introduction here, § and kb are the vectors of the CO and OH bonds,
respectively, an is the vector connecting the centers of mass

The utilization of quantum-classical methods for the treatment .
of the two molecules, can be written as

of molecular dynamics problems, in particular fdkbody
systems (withN > 3), for which a full quantal approach is 1 1
numerically cumbersome, is extremely attractive because itH = —P,2+ P>+ P, + Z —(p, 2+ pyZ +p,%) +
attempts to incorporate the most important quantum effects into 2u i£T22m % ‘ 4

a framework which maintains the classical simplicity, both _ (i =i

conceptual and computational, connected to the integration of Vi R (i = )}) + Viu(rp) + Viu(rp) (1)
the equations of motion. Recently, the quantum theory has beer‘where the reduced masses are defined as

reformulated in such a manner that these mixed quantum-
classical theories emerge naturally from a certain parametrization

of the time-dependent Schtimger equatiod° Here, we use My = MeMy/(Me -+ ) @)

the theory to study the reaction between HO and CO. _ / i 3
The reaction of carbon monoxide (CO) with the hydroxyl m, = Memy/(Mo + M) ©)

radical (OH) is the final stage in the oxidation of carbon-

containing compounds by combustion and through atmospheric _(me + my)(mp + my) 4

photochemistry. This reaction is the principle source of heat in = (Mg + 2mg + my,)

hydrocarbon flames and, in the atmosphere, the principal sink

of both OH and CO. Accordingly, the reaction has received a gnd the momentum vector for the relative motion s, (Py,
great deal of attention from theori&ts!3 and experimentalisté Pz) and for the two moleculespg, py, p;) (i = 1,2). The
and is the focus of several reviews'®2°The system is unusual  intermolecular potential can be expressed in terms of six
for a bimolecular reaction as the rate constant is relatively yariables as for instance the atemtom distance®; (i = j).
insensitive to temperature; increases with pressure; and showsqr the isolated system, we introduce two Morse potentigls
large H/D, C, and O isotope effects:° The high-pressure limit  The above Hamiltonian can now be used for classical trajectory
of the reaction rate has not been observed. These observationgtydies of the chemical reaction by solving the 18 coupled
are consistent with an indirect mechanism. The reaction equations of motion along trajectories, which are initialized for
coordinate is complex, involving a saddle point on the entrance molecules in a specific vibrational/rotational st&&he problem
and exit channels (TS1 and TS2) and an intermediate barrieryith a classical treatment of reactions has to do with mainly
(TS3). TS1 involves the conversion of the initial hydrogen- two aspects, namely, tunneling and conservation of zero-point
bound complex OHCO to the intermediate carboxyl radical yiprational energy. Both of these problems can be handled by
species (HOCO}! There is a large barrier (TS2) for the treating the motion in theirand b bonds quantally. The
hydrogen atom to leave the system. In addition, there is a small question is then how this quantization should be introduced. In

barrier within the intermediate, for the interconversioncis some of our previous work?” we have solved the classical
andtransHOCOX o dynamics of the remaining degrees of freedom, i.e., all degrees
Previous theoretical investigations have ranged from quantum of freedom exceptyrand i in an effective mean field potential
reduced dimensionality (andl = 0) studie$” over quantum-  over the quantum variables. Another possibility (which is also
classical calculatiort$to quasiclassical trajectory studi€sThe used in this paper) is to solve the classical dynamical equations

reaction is, in the present paper, studied theoretically using two s in ordinary trajectory calculations, i.e., in the full space, and

different quantum-classical theories as well as the so-called the quantum dynamics using the time-dependent Siohger
quasiclassical trajectory method. The results are compared withequation (TDSE) inyand b space, i.e.

available experimental data.
" oW(ry, 1, 1)

2. Theor
y at

= HW(r, 1, 1) (5)

The Hamiltonian for a system of two diatoms in a space-
fixed Jacobi coordinate frame, where, for the case investigatedwhere
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R h2 92 Thus, K(t) is the center of the wave packet ig which, in its
H=- z — ——F V()| + Vierys 12, 1) (6) ground state, i.e., whem = 0, is a Gaussian wave packet. The
™| 2m ari2 basis set is also characterized by a momentum paraméter

by a width parametef(t), and by a phasg(t).
where the time-dependence of the potential arises from the NiandN; are the highest index of the Hermite polynomials
dependence of classical variables. We have also used thisused in [ and b, respectively, and thus, they represent the
method in the present paper. The results are denoted “2Dnumber of grid points in each quantum degree of freedom in

quantum-classical”, but we emphasize that although this pro- the DVR approach. In this way the grid points in #ik degree
cedure looks physically sound it is ad hoc. of freedom are determined by the number of zeroes oNlie

If we wish to solve the classical dynamics in ifsll Hermite polynomial, and their position is not fixed in time, but
dimensionality for a given system, what then are the quantum it varies as a function of the time dependent variableg\t)
mechanical equations which consistently go along with that and k(t), being
solution? This important question has recently found its solution
by the ti_me-dependent Gausdermite discrete variable rep- M = rt) + h z; k=1and?2 (11)
resentation (TDGH-DVR) method as formulated in refsol ’ \/ 2 ImA(1)

Below, we shall briefly repeat the main features of this new
dynamical theory. for thei—th grid point, where is thei-th zero of the Hermite

2.1. TDGH-DVR Formulation. In the TDGH-DVR method, polynomial of ordemy.
the wave function for the system, which in Jacobi coordinates ~ To introduce the DVR representation, we use the following
will be of dimension 9, is expanded in the Gaustermite basis relation:
set! If this expansion is inserted in the TDSE, we generate the
classical equations of motion for the nine degrees of freedom. 2,0 (0 = D Con (081, (2)¢0,(2) 12)
Aside from these equations of motion, we obtain a large matrix I
equation in the GaussHermite basis representation. Instead of
solving these, we can switch to a discrete variable representatio
(DVR). This procedure yields a set of equations, now involving
the amplitudes for the specific DVR points. The DVR is by _
construction defined to follow the classical trajectories in space. f dry dr, wii(rl' T Oy, T 1) = 6i,|‘5j,m5152 (13)
Furthermore one grid point in a given dimension corresponds hereS, is defined as
to a classical treatment of it. With many grid points we approach

wherez are grid points of the Hermite polynomial, i.&ly,(z)
"= 0. The DVR basis functions are orthorgofiat:

the quantum limit. The idea then in the present calculations is N1
to use one grid point in all degrees of freedom excepnd p. Zb¢nk(zi)¢nk(zj) =0, & (24)
For the spectator bond = rco we can use a modest number n=

of points? whereas the bond which breaks requires more DVR ) . . . .
points for a proper description. Because one grid point corre- By inserting the above expansion (12) into the TDSE, we obtain

sponds to a classical treatment, we shall illustrate the derivationthe following set of differential equations for the center of the
by considering just the two degrees of freedom treated with F&jectory k(t), the momentunpy(t), the width A(t), and the

more than one grid point, i.e., instead of giving the derivation phasey(t):

in nine dimensions, we give it in two. However, we emphasize t (1) = put)/ 15

that the final equations are those which would come out of a (0 = PO (15)

nine-dimensional formulation assuming then afterward only one D) = —Vope, (16)
ef,

grid point in seven of the dimensions!

Thus, the wave functioN!(ry, rp, t) is first expanded in the . 2 5 1\/
Gauss-Hermite basis set as Al =~ n—]kAk(t) — 5Verrk (17)
lp(rl, r21 t) = n;Za-nlvnz(t)(I)nl(rlr t)(bnz(rz t)d)nl(rlr t)d)nz(rzr t) V (t) _ pk(t)2 3 h Im Ak(t) (18)
(7) o m,
where®p,(ry, t) is whereVer i andVeri« are effective forces which can be derived

on general grounds using the Diralerenkel variational prin-
_ 14 i ciple}? However, because the solution of the problem is
(an(rk' =z EXF(E(V'((I) +PO0— ) + independent of the forces (only the convergence pattern is
2 affected), we can choose to use the leading terms of these forces,
Re AM(rc — () )) (8)  which (see ref 2) are the classical forces. Thus, for the first
derivative, we us&/esx = (8/0ry)Vest Where
with k=1 and 2 and
Q/_ﬂx_k_i_ BVYk+ oV %

= -t — (29)
$n (G ©) = 1 Hr (S ex[{_%gkz) 9) e MM M 9% Ty
A/ N 12%
M T can easily be obtained because the derivatd&8xy, etc., are

used in the classical equations of motion. Equations 15 and 16
show that the center of the packet moves as a classical trajectory.

If in addition the second derivative is taken\&§y = (64/ard)-
Ec= V2Im A/, — (D) (10) , ;

Vetr, NOt only do the grid point positions vary with time, as

whereH(&) is an Hermite polynomial and
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mentioned before, but also the grid spacings, being a function
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(1) Set up the classical equations of motion in the coordinate

of A(t). In some cases, the equations of motion can lead to system of choice.

large values of ImA(t). Thus, to prevent the grid points from
collapsing in a very narrow region, an approach wheré\i(t)

is constant can be introduced. This fixed-width treatment is
achieved by setting

vk = 4 1m A(t)/m,

instead of the second derivative of the potential.

Together with the 18 classical equations of motion in Jacobi
coordinates, the following set of equations for the expansion
coefficient is obtained?

(20)

Alm A,
@n +1)—+
m,

AlmA,
(2n, + 1) ———|04,mOnm, (21)
m2 11 '2

ih3a”1n2 = z amlmzwnlnzmlmz + amlmz

mmy

where

Wi = Ebid’ﬂv(rlivrzj) = Verra(ry — 14(t)) —
Verro(lz — 1o(1) +

- lve'ff,l(rli — (1) - %ngf,z(rzj - rz(t))2|¢i'¢j'[| (22)

2
If we now use

d; = Cij\/Sl_Sz

(23)

and put eq 12 into eq 21, we get the coupled equations in the

DVR framework as

- AlmA, M 5
ihdy; = W ;00505 + Tm kdejﬂik Oy +
Alm N2
o Ti0; (24)
m, &
where
1 Np—1
T ==Y ¢,@@n + 1)¢, (@) (25)
S.Ln1:
1 Np—1
Y = S 0, (2)(20 + 1), () (26)

Thus the potential matrix is diagonal and the kinetic energy

(2) Decide upon the degrees of freedom which should have
more than one grid point. This choice defines the quantum
degrees of freedom.

(3) Calculate the classical Newton force for the quantum
degrees of freedom.

(4) Use these forces together with the fixed width fordgs
to obtainW at the DVR points.

(5) Propagate the classical and quantum equations of motion.

3. Initialization and Analysis

The initialization of the classical variables was carried out
as in ref 9; that is, random values of impact parameter (orbital
angular momentum), rotational angular momenta, corresponding
angles, as well as the orientation of the two molecules are
chosen. The initial distand@(t) was taken to be sufficiently
large that the interaction potential becomes negligible.

Concerning the initialization of the quantum wave packet,
the initial wave function is taken as the product of two Morse
oscillator wave functions representing the vibrations of the two
molecules:

(it 1y t = 0) = W)W r,) 27)

To obtain the initial expansion coefficient(to), we need
to project the initial wave function (27) onto the Gauss-Hermite
functions:

L R
6t = (2 Im Al(to)) (2 Im Az(to)) ex’{ﬁ[pfl(to)(rli B
r4(19) + Re AT, rl(to»Z]) exp(%[przao)(rzj -
1) + Re A, —
rz(to»zl) Lo e ) (2g)

The dynamical evolution of the system in time is thus studied
by simultaneously propagating the equations of motion for
classical variables, integrated together with the differential
equation 24 for thel;’s. In practice, for each time steft, the
equations of the classical variables have been propagated with
a predictor-corrector method, whereas for eq 24 a Lanczos
procedure has been used. The accuracy of the integration
procedure can be verified by checking the conservation of the
norm of the wave function, of the total energy, and of the total
angular momentum.

Each trajectory obtained through the dynamical propagation
of the system can be nonreactive or reactive or, unlike pure
classical trajectory methods, only part of the wave packet can
react. Thus, we can obtain information on probabilities for the
reactive event or for inelastic scattering. As a matter of fact, as

terms are block diagonal, so that the matrix which couples the shown in refs 5 and 6 |? represents the probability of being

grid points is sparse, which makes it particularly convenient to
use the Lanczos method to propagate eq 24.

In this section, we have given the quantum mechanical
equations of motion (24), which are consistent to solve if one

wants to introduce quantum corrections to the classical dynami-
cal ones. Once these equations have been obtained, we can solve
the classical dynamics using for instance Jacobi coordinates.

All we need to do is to calculate the classical fora¥#r; and
use these forces for the effective ondg; in the definition of
the potential matrix elemenW. So the recipe is the following:

at the grid pointi in r; andj in ro. To have the reaction
probability P(t) then, it is sufficient to sum over those grid points
for which r; = ry*, i.e., where the OH bond can be considered

as broken:
PO=7 3 14,0

=]

(29)

Within this approach, it is not necessary to insert an absorbing
potential as we do in ordinary grid methods (see ref 9), provided
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that the number of grid points employed is sufficient to follow TABLE 1: Parameters Used in the Calculationg
the dynamics. value
Note that as the grid moves the grid pojhicorresponding

. . . . 2D
to rp* is not fixed but moves in time. As for a mixed quantum parameter quantum-classical TDGH-DVR
classical method, for each trajectory, the probabHift) is not /R 3 3
) ) . ) . .
tnhecesTarti/Nan mtegbe_lrl,t.as is th(tahce:si in classmaltmechanut:s whereDOH(100 Ka/mol) 4.4586 4.4586
e only two possibilities are that of a non reactive eve(t)( Deo(100 kJ/mol) 10.8314 10.8314

= 0) or of a completely reactive collisiofP(t) = 1). Once the Borl/A1 2.2962 2.2062

probability of reaction is defined, we can obtain the reaction Bco/A~L 2.2996 2.2996

cross section and the rate constant. The rate constant is defined 1 (CO)/A 1.1283 1.1283

a8 r2 (OH)/A 0.9696 0.9696
Forof A 2.9 2.9

JoTm 5 Ny, 64 21
k(T) = /8K T/u(T,/T) d(pE) N; 128 129
e Tlmu(TyT)" f, d (T T1parAT)A 0,2,0.031 0.686, 1.5706, 0.042
exp(—(E — E, ,)/ksT) [6501(30) ("2 Tomao AT2)/A 0,5,0.039 —2.09, 4.029, 0.047

R/A 7.0 7.0

HereE is the total energyE — Enn, = Eq is the sum of kinetic, aBoth the CO and the OH molecule were initially in the vibrational

rotational and vibrational energy of both molecules, @pds ground stateN;, andN;, are the number of grid points alomgandr.

an arbitrary reference temperatui@:is the so-called average o is the initial separation of the centers of mass.

cross section for the reaction, defined by For energies below 200 kJ/mol, 1000 trajectories were

evaluated to ensure convergence of the average reaction cross

.max .max

ah® Lz Ima ) ] sections to less than 10%; however, at higher energies, 200
[orl = —32 z Z(le +1)(Z, + 1)(2 + 1)Py trajectories were sufficient. Energies greater than 700 kJ/mol
8ul (kg To)™ 10 2 = required the maximum impact parametay,, to be augmented

(31) from 3 to 4 A.

The initial separation of the centers of mass of the two
This sum is evaluated using a Monte Carlo sampling technique. reactants was set to 7 A, at which distance the interaction
The initial rotational angular momenta, orbital angular momen- potential is negligible. We notice that the average cross sections
tum, and orientation of the diatomic molecules in space are obtained with the 2D quantum-classical method are much larger
chosen randomly. The reaction probability for a given trajectory (at low energies) when compared to the numbers obtained with
is given asPq and determined by eq 29 for— «. The average  the TDGH-DVR method. The classical trajectories underesti-
cross sectionidrl(not to be confused with the reaction cross mate the cross sections at 5 kJ/mol, because of the lack of

section!) has been calculated at a number of eneigigshe tunneling possibility in this theory.
sum of the kinetic and rotational energies of both molecules  The lifetime, 7, of the HOCO radical complex was also
(see below). estimated from the duration of the collisiagrand the initial
kinetic energy of each trajectory:
Calculations
The total reaction cross sections were computed at 15 distinct r=t—t .=t ﬁo (32)
values of the energ, in the range of 2.52000 kJ/mol. The coll Vr

cross sections were estimated using logarithmic interpolation
between the 15 energies and extrapolation to energies belowwhereRy is the initial separation of the reacting species and
2.5 kd/mol when computing the rate-constant using eq 30. is the velocity along the center of mass coordinates the
Because of formation of collision complexes, the cross sections duration of the trajectory, antdy is the time required by the
are expensive to evaluate in the low energy region. The crossreactants to travel the distanc&2without the interaction
sectiondar[Wwere evaluated using the “2D quantum-classical” potential. The difference is the duration of time that the reactants
method as well as the TDGH-DVR method. The results of exist as a complex. Trajectories for whidhy = t were
purely classical trajectories are also reported for comparison. nonreactive as no complex was formed. The average lifetimes
The potential energy surface for the HGO system was that  atE; = 5 andE = 10 kJ/mol were found to be 2942 and 1707
of Schatz et al? The grid size used for the 2D quantum-classical fs, respectively, confirming that a long-lived complex is formed
method was (64:128); this was reduced to (21:129) for the at low energies during the reaction. These numbers are in good
TDGH-DVR method to reduce computation time. However, this agreement with earlier estimates, which at somewhat higher
did not affect convergence. The two methods are different in energies are around and less than £334.
several respects. In the 2D quantum-classical method, a fixed Experimentally, the rate of reaction of carbon monoxide with
grid with absorbing boundary conditions was used. In the the hydroxyl radical has been studied extensively at and around
TDGH-DVR method, the grid follows the trajectory in space. 298 K2529The low-pressure limit rate constant for this reaction
The parameters used in the calculations are given in Table 1.is 1.5 x 1072 cm™3 s71 at 298 K, and several studi@have

We have in Figure 1 shown the wave packet evolve in time. concluded that it is practically constant in the temperature range
We notice that part of the wave packet stays in the reactive 200—400 K. This non-Arrhenius temperature dependence is
region (large value of;) even when the collision trajectory is  characteristic of complex-forming bimolecular reactions. This
nonreactive. The reason for this is that with 129 grid points agrees well with the calculations presented in this work; the
aroundr»(t) we cover the reactive region, even if the trajectory new TDGH-DVR method predicts a rate constant at 298 K of
is nonreactive. 1.49 x 10718 cm2 s with a standard deviation ofs(= 0.25

The average cross sections at some of the lower energies arex 10713). Our calculated rate constant is also nearly invariant
given in Table 2. in the range 106350 K, see Figure 2. At low temperatures,
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A recent study by Golden et &.sums up the available high-
they are generally lower. At high temperatures (combustion

intermediate temperatures, as the kinetic studies usually employ

Figure 3. Rate constant of the reaction of CO with OH in the
emperature range 16@50 K. The experimental data are taken from

d
the quasiclassical rates become small.
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in Figure 3 at 178, 138, and 80 K and are in good agreement values follow the same trend as our calculated rate data even if

liguid nitrogen temperature at 80 K. These values are indicated temperature rate data for the reaction (48000 K), these
alreports rate constants at 137 and 91 K that are also in goodconditions), experimental error is relatively lartfethan at

method and experimental data. The experimental data are taken from
reports rate constants for the reaction from 296 K down to near
agreement with the TDGH-DVR (see Figure 2). At higher

refs 14, 15, 25, 29, and 30
there are relatively few available experimental data. One tudy

Figure 2. Rate constank, for the reaction CG+ OH as a function of
temperature. The rates calculated using a 2D quantum-classical metho
and the new TDGH-DVR method are compared to a purely classical
with the TDGH-DVR calculations. Another study by Fulle et
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indirect methods and often probe the reverse reaction, €0
H — CO + OH.
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