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The initiation of the hydrogen exchange reaction’?@)(+ HCI — CIH + CI(?P) by excitation of the HCI
molecular stretch te = 2 is studied for total angular momentum quantum nundberY/, and both even and

odd parity. The calculations were performed using a time-dependent propagation from an initial quasi-bound
state and employed all three relevant potential energy surfaces and the nonadiabatic couplings between them.
Coriolis and spir-orbit coupling were also taken into account. The electronic and HCI rotational distributions

of the products in both dissociation channels are analyzed, and the results are interpreted using features of
the potential energy surfaces.

1. Introduction including calculations of van der Waals bound st&e% and
guantum scattering calculatioffs27-30

In this letter, we report results of a time-dependent wave
packet study in which we investigate the feasibility of initiating
the hydrogen exchange reaction in3®)+ HCI by vibrational
excitation of the HCI molecule. Time-dependent wave packet
propagation has been used before in the study of other

In recent years, interest in reactions in which open-shell
species play a role is increasing. On the experimental side,
spectroscopic studies are being combined with theory to study
van der Waals complexes of hydride radicals with rare gas
atomd~7 and molecular hydroget® Also, larger hydrogen-
bonded reactant complexes containing the OH radical, like-OH . ; : 31
COE 4 0H-N, 201 H.O and O G bumcare SEEISNIEY [oneiobate sy S et 5.1
of interest in atmospheric and combustion processes, have beelj,r ,Hz 36-39 and OF H,.40 A schematic overview of ﬂ’]e cH
studied with spectroscopy and model calculations. Much of the HCl r,eaction process.is given in Figure 1. The primary goals
experimental work on these molecular complexes was motivatedof this work are to determine if vibrationél excitation of the

by two factors. First, they enable researchers to probe prereactivq_|CI can initiate this hydride transfer reactions as well as to

complexes and thelr_role in chemical reactlon_dynamlcs. In investigate which effects are important in determining the
add|t_|o_n_, the_sg_st_udles h‘?“’e been “S‘?d to investigate thebranching ratio between vibrational predissociation and reaction.
possibility of initiating reactions through vibrational excitation We also investigate the role of the multiple potential surfaces
of a high-frequency mode of one of the molecules in the on the reaction dynamics

complex. Here, the idea is that if one can give the system just The calculations start 1;rom 2 quasi-bound van der Waals
enough energy to overcome the barrier for reaction, the productcomplex in which the HCI moleqcule is excited to its first

state distributions should provide insights into the potential . S
energy surface. P g P overtone. The evolution of the wave packet in time is computeq
on the th tical side. th ¢ hf using a Chebyshev propagator. We calculate the branching ratio
n the theoretical side, the most common approach 1or yeyyveen direct dissociation, in which the system falls apart in
describing chemical reactions is to assume that they take place[he original Cl atom and HCI molecule, and reaction, where
within a single electronic state, so that the atoms move on 2 the hydrogen atom is transferred from one Cl atom to the other.

S'Rgle ad'ab?t,:ﬁ poten;ualtenelrgy isurface (PES). Ir? lrleactlo.ns Furthermore, we analyze the resulting products in terms of their
where one of the reéactant molecules IS an 0pen-Shell SPECIESy| o rgnic and rotational distributions.

multiple coupled potential energy surfaces must be considered
to obtain an accurate model of the reaction dynamics.
. . 2. Theory

Reactions between hydrogen halide molecules and halogen
atoms form an important prototype in the study of the reactions  The Cl+ HCI system is described in a body-fixed (BF) frame
involving open-shell species. Due to their relative simplicity, in which thez-axis is chosen to correspond to the ved®Rathat
they can be studied in great detail. One such reaction which connects the Cl atom to the center of mass of the HCI molecule.
has received much attention over the years is the hydrogenThe BF frame is related to a laboratory frame by a rotation
exchange reaction CR) + HClI — CIH + CI(3P). In this over anglesf, o), which are the polar angles Bfwith respect
reaction, there are three electronic surfaces that correlate to theo the space-fixed frame. The orientation of the HCI molecule
ground state of the reactants and products. Multiple electronic in the BF frame is defined by the polar anglés ¢), where6
structure studies have been devoted to describing these surfacess the angle betweeR and the HCI bond vectar and¢ is an
in the van der Waals well on}y as well as globally®-22 The azimuthal angle. The linear EHCI geometry corresponds to
dynamics of the system has been studied in a variety of ways,8 = 0.

10.1021/jp061196d CCC: $33.50 © 2006 American Chemical Society
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Figure 1. Schematic overview of the reaction process. The surfaces

correspond to the diagonal components of the diabatic potentials which

have been minimized with respect@o The barrier heights are 4262,

6129, and 6187 cm, while the initially prepared state has an energy
of 5608 cnr™.

A
\*

The diabatic potentials that are used in the calculations are
the ab initio potentials computed by Dobbyn efalyith scaled
barrier heights as described in ref 28. The matrix elements of
these potentials in a basis of electronic orbital angular momen-
tum functions|l, A0were reexpanded in the form

ViR 1,0,9) = DUVIAC= 3 /R 1)C, (0. 9) (1)

Here,| = 1 is the total electronic orbital angular momentum
quantum number of the Cl atom, atf 1 = —1, 0, 1 are
projections of the electronic orbital angular momentumRon
The functionsCy, »—1(0, ¢) are spherical harmonics in Racah
normalization. The expansion was carried out on evenly spaced
grids inR andr, using 130 points in the range 3:32 a, for R
and 75 points between 1.0 and 4&for r, and was taken up
to |b =12.

The complex is described in a parity-adapted basis consisting
of direct products of radial and angular functions. For the angular
part, an uncoupled two-angle embedded BF basis

[7]a®alpwp2E=

: 2]+ Y2
104,50, 0 )| Dol ,,0) @)
was used. The spherical harmong,,(0,, ¢,) describe the
rotation of the HCI molecule with respect to the dimer fixed
frame, while the Wigner rotation functior@ﬂ;fg(ay, By, 0)
describe the rotation of the complex as a whole. The label

r, p refers to the arrangement channel of the complex:yfer
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expansion of the potential surfaces. A total of 90 radial functions
were used in the calculations in both arrangement channels.
These are the 10 lowest stretch functions for the monomer
stretch ground state, combined with 20 radial functions centered
in energy around the first 4 monomer stretch excited states.

The spin-orbit coupling constanA was kept fixed at its
atomic value of —588.27 cmil. The masses used in the
calculations were 1.0 078 250 u for H, 34.9 688 527 *fQ,
and 36.9 659 026 u fot’Cl. All calculations were performed
for total angular momentum quantum numBder /5.

The initial state for the reaction was calculated as a quasi-
bound state using only the reactant arrangement channel. This
wave packet was then propagated in time up to 4.8 ns using a
Chebyshev propagator with a time step of 100 au (2.42 fs). In
each time step, the part of the wave packet where the separation
between the atom and the molecule was greater thasm9v@s
damped with a Gaussian function with a width of 20 All
calculations presented here started from the second monomer
stretch excited state of the complex, which has a vibrational
energy of 5608.02 cri.

3. Results and Discussion

Analysis of the wave packet shows that vibrational excitation
of the HCI molecule initiates the hydrogen exchange reaction.
In Figure 2a, the distribution of the wave packet density over
the reactant and product channels is plotted. The initial buildup
of density in the product channel is relatively fast100 ps).
After this period, the wave packet starts oscillating back and
forth between the reactant and product channels as it dissociates.
Integration of the wave packet over time shows that ap-
proximately 43% of the dissociation products has undergone
hydrogen exchange.

In Figure 2b, the total density in the bound regidh € 9
ag) is plotted as a function of time, for the three initial
isotopologues$>Cl—H35Cl, 37CI—H3Cl, and35CI—H3"CI. The
effect of starting with an isotopically substituted -GHCI
complex is very minor. The density was fit to a biexponential
decay function

D(t) = a, exp(t/t,) + o, exp(—tlry) +1—a, — a,

The parameters of this fit are given in Table 1 $&€I—H35CI.

The parameters for the other two isotopologues differ by less
than 10% from those reported in Table 1. As can be seen in
Table 1, the effect of parity on the total decay time is very small.

r, the angles and distances are the Jacobi coordinates for thé/Vhile the symmetry of the Ct HCl reaction makes the nearly

reactant complex GHHCly; if v = p, they describe the system
in coordinates suited to the product complexHCtCl,. The
kets |ja, wadare used to describe the electronic angular
momentum of the Cl atom and are a coupled product of spin
and orbital angular momentum functions

s 041 = 3 10001, ©)

The spin-orbit couplingAi+s = A(j.2 — 12 — ®)/2 is diagonal
in this basis, The diabatic potential surfaces are the matrix
elements ofV + Al-§ in this atomic basis. The adiabatic
potentials are obtained by diagonalization of this matrix.
Rotational functions up tfp = 12 were used. The angular basis
is restricted by the relatio® = w4 + wy.

The radial basis functions are obtained by a two-dimensional
sinc function discrete variable representatibnsing the lowest
adiabatic potential on the same radial grid as was used in the

equal branching for dissociation and reaction not very surprising,
the relative insensitivity of the reaction rates, branching, and
as we will see, product state distribution when one of the
chlorine atoms is replaced witiCl is surprising.

The dissociation products were analyzed by integrating the
dissociated parts of the wave packet (the parts removed by the
damping procedure) over time. In Table 1, the distribution of
the wave packet over the three diabatic potential energy surfaces
is given. It shows that the part of the wave packet that dissociates
in the product channel has a slightly higher preference for the
lia» lwal 0= |32, Yosurface than the part that dissociates directly.
A possible explanation for this observation may be found in
Figure 1, which shows that, on top of the reaction barrier, the
surface is much lower in energy than te, 3,0PES. In fact,
only the barrier on the?,, 1/,0state is lower than the energy
that is put into the system by exciting the first overtone of the
HCI stretch. Note that, for both dissociation channels, the
contribution of the?3/,, /,00and|%,, Y,[surfaces in the products
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Figure 2. (a) Distribution of the wave packet over the dissociation channels. The distribution is normalized with respect to the total amount of the
wave packet with C+HCI distances of< 9 ap. (b) Total density of the wave packet in the bound region. The differences between the three
isotopologues are too small to be noticed.

TABLE 1: Biexponential Fit Parameters and Electronic tions can be rationalized by the fact that, in the case of reaction,
Product State Distributions for 35CI—H3CI it is anticipated that a larger fraction of the energy will go into
Fit Parameters translation, as that motion most closely correlates with the initial

HCI vibrational excitation. As a result, less energy ends up in

e parity f parity ) . . 27

0573 0564 rotation. The difference between the rotational distributions for
?l(ps) 354 358 the two electronic states for the reacting part is attributed to
qlz 0.403 0.422 the dependence of the coupling between these stat@gs on
72 (PS) 1381 1418

Electronic Distributions 4. Conclusion

Our time-dependent wave packet calculations show that it is

react. prod. react. prod. possible to make the CR) + HCI system react by vibrationally
|§/2x f/ZD 41-034 31-324’ 33-524 29-22/0 exciting the HCI molecule. The effect of substitution of either
HZ' 1;25 52'30//3 Gg'go//: 53'680//;’ fg':'(y/: of the Cl atoms by?’Cl on the reaction is very small, and the
2, 12 . . . B

product state distributions are affected only slightly. We observe
is larger than it is in the original wave packet, which had 69% a change in rotational and electronic product state distributions

of its probability amplitude in the3/, 3/,0state and 30%3>, for the products after reaction as compared to direct dissociation.
1,00 The dissociation products from the statesf afymmetry . ]
show a higher contribution of thg/,, Y,Osurface than the Acknowledgment. Support for this work from the Chemistry

products ofe parity, both in the reactant channel and in the Division of the National Science Foundation is gratefully
product channel. Since the electronic distributions for the initial @cknowledged. We thank Professors Marsha Lester and Michael
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