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The orbital control of stereochemistry is discussed with special reference to the RR)(@pH. collision.

As seen by H the p orbital of the electronically excited Na atom is like a quadrupole, which may or may
not lock along the molecular axis. Quantum mechanically, variations in the alignment of the orbital represent
changes in the electronic state of the system and so dynamical methods which allow for such interstate
transitions must be used. A new, time dependent quantum mechanical method for propagating the wave
function on several electronic states is used to study these interstate transitions. Particular attention is given
to the question of orbital following. The computational method is fully quantum mechanical but it uses a
basis set which takes full account of the classical motion on any given electronic state while the solution of
the Schidinger equation addresses the electronic-state-changing transitions. We pay specific attention to
the orbital alignment for both cold and rotationally warmathd for low and high impact parameters throughout

the course of the collision. It is concluded that orbital locking is not necessarily instantaneous and can lag
behind the faster nuclear motion, including the (fast) rotational motion,of H

1. Introduction

Steric effects arise because of the nonspherical charge dis

tribution of the reactants. During the collision this distribution

system of coordinates, an atomic orbital which is aligned in
the space fixed system is represented as a linear combination

of orbitals, a combination determined by the rotation of the
molecule fixed frame relative to the laboratory. This coherent

can respond in an adiabatic fashion to the relative motion of
the reactants in which case the charge redistribution is continu-
ous and the collision proceeds on a single electronic state.
However, the very redistribution of charge, which is inevitable @ ™ . L .
when bonds are broken or formed, means that more than onediV€ e to QUI.te. different electronic states, there can be state
electronic state ipotentiallyinvolved. The word potentially changing transitions.

is in italics because, as we said above, the charge redistribution An analogy to molecular state alignment may be useful. The
can be, and often is, an adiabatic change. That s, the electrongisual situation is that electrons move more rapidly than atoms.

continuously and instantly readjust to the motion of the nuclei. This is the very opposite to molecular rotation, which is often
Yet, the very need for a charge reorganization contains the Slower than the translation so one is often in the sudden regime.

combination of orbitals may evolve adiabatically so that the
atomic orbital exits from the collision just as it came in. But
if, as in our Na*+ H, example, the molecular frame orbitals

potentiality for electronically nonadiabatic effects. Even such
a well-studied system as the H H; collision, which in the
collinear configuration is almost perfectly electronically adia-

batic, has a (high energy) configuration, an equilateral triangle,

where a conical intersectidfof the ground and excited states

Therefore, if one aligns a molecule, it will often (but not
always*~17) fail to rotate and lock with respect to its collision
partner. With electrons, the opposite is the case. The orbital
can lock and follow the rotation of thesHiholecular axis. What
we will discuss below is the possible failure of the electronic

is possible. The effects of this intersection have been the subjectiocking due to nonadiabatic transitions.
of many recent reports, both at this meeting (Stereodynamics The computational example is a Na @) + H; collision18-31

of Chemical Reactiond)and elsewheré:®

A patrticular aspect of charge redistribution is the realign-
ment of orbitals, which, since the pioneering work of Woodward
and Hoffmann? has received much attention. In particular,
the “orbital following” model of Hertel et all12and Rettner
and Zaré3is an example of a potentially nonadiabatic process.
The model begins with a (say, laser excited atomic) orbital
which is aligned in the laboratory system of coordinates. As
the collision begins, this orbital locks in the molecular (body-
fixed) system of coordinates and tracks the rotation of this
system during the collision. In the molecular (body-fixed)

T University of California San Diego.

* University of lllinois.

§ The Hebrew University and University of California Los Angeles.
® Abstract published irAdvance ACS AbstractSeptember 15, 1997.

In particular, Hertel et al2 have discussed intuitive models and
suitable systems of coordinates for this collision. As seen by
H,, the p orbital of the electronically excited Na atom is like a
qguadrupole, which may or may not lock along the molecular
axis16:32-36 |n addition, and like H+ H,, this system has a
conical intersection determined by symmetry to be a.a
configuration, where the excited state and the ground state cross.
Because one starts with an electronically excited Na atom, this
intersection is accessible to thermal reactants. Therefore the
Na (3p2P) + H; collision can be used to study two distinct
electronically nonadiabatic aspects of charge redistribution: the
deformation of shape (i.e., the quenching process, N&ZR3p

— Na (3s29)) and the realignment of the three 3p orbitals. We
have already discussed some aspects of the queriéRéamd

will here emphasize the question of orbital following. The
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quantum mechanical procedure that we use is briefly discussed

in section 2. It has recently been presented in détdfl and
we refer the reader to these papers.

2. Methodology
The essence of the method we use is based on the form

v = Z C (¢ (reR)%(R:Y) (2.1)

for the time dependent total wave function. (Throughout this
paper bold letters are used to denote vectors.) Heran index

of the electronic state and(reR) is the corresponding
electronic wave function which can depend parametrically on
the set of nuclear coordinat&s The electronic states can be
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Figure 1. Schematic illustration of a collision between an atom in a
2P state and a diatomic molecule at a nonzero impact paranteter,
The different orientations of the p orbital correspond to different time
points during the collision. When the atom and molecule are far apart
the orientation of the atomic p orbital is fixed in space. As the collision
partners approach each other, a particular orientatiopdidipal parallel

to the molecular axis) is preferred and the orbital “locks” onto the
internuclear axis. As the collision partners recede from each other the
orbital “unlocks” and the correlation between its orientation and the

either diabatic or adiabatic, and we use the diabatic representa-molecular axis is lost. If, as is shown here, the onset of locking and

tion in this paper. The multidimensional nuclear wave function

unlocking occur at a similar distance, there is a well-defined locking

x(R:t) is time dependent, and we arrange this dependence toradius.

be such that, as much as possible, it fully accounts for the motion

in the electronic staté in the absence of interstate coupling.
Our procedure is variational in nature and, in principle, we can
come as close as necessary to this ideal.

The time dependence of the coefficier@gt) in (2.1) is

is, we allow a new nuclear basis state to become popufated.
If electronic state is populated, we spawn into stat@and vice
versa. In practice we even allow for “back spawning”, i.e., for
the back coupling from the ground to the excited state; see refs

therefore entirely due to interstate transitions. In our approach 38 and 43 for more details. Here we emphasize that the need
their time dependence is determined together with the time for, and the extent of, spawning is controlled by the equations

dependence of the nuclear wave functipfR;t). This is where

of motion (see, e.g., refs 3810), so that the time evolution is

the concept of “spawning” comes in. Spawning means adding Unitary and probability is inherently conserved.

a new basis state to the representation
u(RiD =Y d O (RRSO.PO./ 0.0 (22)
]

of the nuclear wave function. We add (“spawn”) another term
to the sum if the effective interstate coupling requires it. In

One could say that “spawning” is a quantum mechanical
version of trajectory surface hoppidt#> except that the
procedure is fully quantal, and the extent of bifurcation of the
wave function into different electronic states is fully governed
by the dynamics and is not specified by a model. It should be
noted that when we spawn, we spawn into a nuclear basis state
which is localized in the region of effective coupling. The

(2.2) there are again two sources of time dependence. One isspawning, as governed by the dynamics, is not instantaneous.

the time dependence of the basis states Each such state is

Hence, if the system remains too long in the region of effective

centered about a classical trajectory (defined by its position coupling it may be necessary to spawn more than once. It may

vector, R!j(t), momentum vectorP'(t), and nuclear phase
yi(t)). Hence such aspects of the dynamics that are fully

also be necessary to back spawn into the initial electronic state.
Multiple spawning will also occur if the system traverses the

classical can be described by one term in the sum in (2.2). (In region of effective interstate coupling periodically, as is the case
multidimensional problems, such as the one discussed here, eacfor our problem, particularly so with respect to the quenching

single term in the sum (2.2) is a product of one dimensional

process’38 The back and multiple spawning in the case of

basis states, which we take to be of a Gaussian form with a quenching for Na*+ H, leads to random walk-like changes in

time independent widthy'.) The additional time dependence,
as allowed for by the coefficients(t), has two sources. The

the population on the ground electronic state.

first is the object of our interest, namely, the interstate coupling 3. Orbital Following and Nonadiabatic Transitions
which transfers the system between different electronic states. ) ) )
The other and for the present, less interesting, nonclassical aspect | "€ concept of orbital following has been amply discussed

is that even for a single electronic state there can be quantu
effects in the dynamics.

In summary, before the collision, &t~ —c one specifies
the initial state. As the colliding partners approach, the only

min the literature for atorratom collisions?1346-52 Qur discus-

sion centers on the atormolecule case, with special emphasis
on the relationship to concepts of adiabaticity and nonadiabatic
transitions. In Figure 1, we present a caricature of the basic

source of a time dependence is that of those nuclear basis stateB€nomenon for an atom i’ state colliding with a diatomic

that were initially populated. The program monitors the
effective nonadiabatic coupling, which, for the present problem,

molecule. The p orbital of the atom may be randomly oriented
with respect to the molecular axis at the start of the collision.

where we use a diabatic electronic basis, is given by the absoluteS the atom and molecule approach, one particular orientation

value of the nonadiabatic coupling divided by the electronic | o .
computed at the nuclear coordinates of the basidS the one where the p orbital is parallel to the molecular axis.

energy gap,
function representing the initial state:

| BrGRIAIRC SR
HU (R) a El,l(R) - EJ,J(R)

2.3)

of the p orbital may be preferredn the case of Na*t Hy, it

If this preference is sufficiently strong, it may happen that the
p orbital “locks” on the preferred orientation at some atem
molecule distance and maintains this locked position during the
collision. As the atom and molecule separate, the correlation
between the orientation of the p orbital and that of the molecular
axis will be lost. If this occurs at the same, or a similar, atom

If Heff3(R) reaches a threshold value (preassigned and deter-molecule distance as the onset of locking, we may define a

mined by numerical convergence requiremé&hige spawn, that

“locking radius”. We will refer to this limiting case as perfect
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locking. In the opposite limit, the p orbital orientation is fixed electron of Na in a 3s orbital and the three states arising from
in space and independent of the molecular axis throughout theplacing the valence electron in a 3p orbital. In this paper, we
entire collision. are not concerned with the Na(38)H state, which is involved

It is apparent that in the case of perfect locking, the molecular in quenching of the electronically excited state. Nevertheless,
frame provides the natural representation for the dynamics we point out that the computations do include this state and
during the collision, while in the opposite limit it is the lab  permit discussion of both quenching (Nafp)Na(s) transitions)
frame that is most appropriate. This is because the definition and orbital following (Na(j) — Na(p) transitions). Our
of the relevant electronic states depends on the choice of frame potential is derived from considerations of angular ovéflap
For example, if we choose the lab frame, the state Na(3g. and parametrized with reference to earlay initio calcu-
corresponds to a space-fixed p orbital throughout the collision. lations?2=25 In particular, we invoke the approximation that
On the other hand, in the molecular frame the state Na3p  the strength of bonding and antibonding interactions is in first
H> correspondsat a p orbital which has a predefined (we take order proportional to the square of the overlap between any two
it as parallel in the coordinate system used below) orientation orbitals. In the following brief discussion, we limit consider-
relative to the H molecular axis. We have used capital and ation to the three valence electrons of #aH, and we do not
lower-case subscripts to denote the lab and molecular framesdiscuss the Na(3s) H; state, which, however, is retained in
respectively, and will continue to do so throughout. (As the computatiorrincluding its coupling to the Na(3p+ H:
discussed in detail in section 4. A, our choice of the body frame and Na(3p) + H; states. The explicit form of the potential
coordinate system is such that thaxis coincides with the HH surfaces and their couplings, including the detailed numerical
molecular axis and the NéeH system lies in thex—z plane.) parameters used, have been presented previgufepresent-
An important point is thaneitherof these frames is necessarily ing H, with two molecular orbitalsg and ¢*, it is seen that
coincident with an adiabatic description of the electronic states. any overlap of a Na(3p) orbital with the fully occupiedrbital
Instead, they are both diabatic representations and, in the absencgill lead to antibonding, i.e., Pauli repulsion. On the other hand,
of electronic transitions, neither exactly describes the situation overlap with thes* orbital allows for delocalization of the Na
where the electron instantaneously adjusts to the energeticallyelectron and a concomitant lowering of its kinetic energy. At
preferred orientation. this point we specify the coordinate system for further discussion

The lab frame is most natural for large impact parameters, as one in the molecular frame, whereR, andy denote the
where the atom and molecule interact only weakly and the p H—H distance, Na-H, (center of mass) distance, and the angle
orbital is hardly perturbed. Thus, when there is no orbital y betweenr andR. Thez axis is chosen parallel to the-+H
following, the amplitudes of the electronic states are constant molecular axis and the NeH, molecule lies in thex—z plane.
in the lab frame. On the other hand, if there is perfect locking With these definitions, theyporbital always has zero overlap
for all atom—molecule distances, the amplitudes of the electronic with both of the H molecular orbitals. On the other hand, the
states are constant in the molecular frame. One should notp, and p orbitals will be repulsive or attractive in varying
overlook the fact that there are both kinetic and potential energy degrees according to the angle In C,, symmetry, the pstate
interstate couplings in the molecular frame, the former being is repulsive and the ,pstate has a shallow well. 1€,
essentially kinematic and arising from the time-dependence of symmetry, the porbital overlaps with both of the HMO'’s,
the R matrix given below. The space-fixed frame may also while the  orbital is orthogonal to both. One therefore expects
have kinetic energy interstate couplings, but these are expectedstronger Pauli repulsion in the ptate. This implies that the
to be rather small since the p orbitals are independent of-atom  energetic ordering of the,mnd R states is reversed asis
molecule orientation. varied from 0 C.,) to /2 (Cz,) to 7 (Cw,). Because these

In the realistic case, electronic transitions will occur at some states have the same symmetry label€inthey may exhibit
point in either frame. Before the collision, when the atom and an avoided crossing. In contrast, thegebital has a different
molecule are far apart, the orbital is space-fixed and thus in the symmetry label in all three possible groups, i.e., for sll
molecular frame the electronic state amplitudes must changeHence, it is rigorously uncoupled from thgand p states. All

to reflect any rotation of the molecule. On the other hand, the of these qualitative considerations are borne out by detatted
orbital must reorient during the locking time and thus there will injtio computationg?-25

be electronic transitions during this time in the lab frame. Note
that in the atom-atom case one expects the orbital to lock onto 4 p states in the molecular frame diabatic representation

the atom-atom relative coordinateé, whereas here, and by  jegcriped above. The+H distance is fixed to its equilibrium
analogy to the stereodynamics of oriented molecules, we expect, e ‘and the seam along which the two states are degenerate
th"?“ at lower Impact parameters the _orpltal W'I_I lock onto Fhe is indicated with a thick line. The potential energy surfaces
axis, r, of the diatomic molecule. This is also in accord with qualitatively different for approach alor@., and C,

the potential seen by_ the prbital, cf. the right pangl Of Figure . symmetry. In particular, the lower energy gtate favors a

2. These considerations represent added complications relat'veperpendicular arrangemen€y), while the p state favors a

to orbital locking as discussed for ateratom collisions*2 parallel arrangemen€,). These differences are a determining
. L factor in the stereochemistry of orbital following. Notice in
4. Orbitals and Potentials in the Na* + Hz System particular the well in the pstate-it is the attractive branch of
The chemical physics of the Na# H, collision is most easily this well which provides the impetus for orbital following.
described in the body fixed system of coordinates where Picturesquely, the Na atom is captured in this well and perfect
electronic states can be classified by symmétfp:26:54 Two orbital locking would imply that it was fixed at the bottom of
technical aspects that need discussion are the transformation othe well for the duration of the collision.
the p atomic orbitals from the space-fixed to the body-fixed  Unfortunately, there is little quantitative information about
system of coordinates and the use of these orbitals to specifythe interstate coupling. Hence, we have simply used a func-
an approximate analytical form for the potential energy. tional form which is consistent with the symmetry-imposed
A. Potential Energy Surfaces. There are four low-lying requirement that the coupling is continuous and vanishes in
electronic states of N& H,—the ground state with the valence the C,, and C.,, nuclear configurations and at large N#,

In Figure 2, we show the potential energy surfaces for the p
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3py 3p, The elements of the matrikR can be determined, whenever

7 needed, because in the actual computation the atoms are
1 specified by their position in the lab system (which determines
the polar,8, and azimuthalg, angles in eq 4.2).

R (bohr)

4 5. Results

3 Our computations have been designed to model the experi-
mental scenario where Na atoms are excited by light which is
linearly polarized along a fixed axis in the lab frame at the

0 45 90 135 180 0 45 90 135 180
Y (degrees)

Figure 2. Molecular frame diabatic potential energy surfaces for the ; ;
3p« (left panel) and 3p(right panel) states as a function of the bending wavelength of the Na D line<2.1 eV). (Note that we ignore

angle y, and the Ne-H, distanceR (in bohr). (See inset in left panel) 1€ hyperfine structure of the Na atomg,nwhich broadens the

In both panels the HH distance is fixed to its equilibrium value and  distribution of initial states.) These excited Na atoms then
energy is measured (in eV) from the ground state, i.e., a Na (3s) atomimpinge on a gas of Hmolecules, and we monitor both the
and R atreq far apart and at rest. The contours are equally spaced electronic quenching and the orbital reorientation occurring
(0.25 eV apart) and the lowest and highest values are indicated in eachqyring the collision. The simulations begin with Na* and H
panel. The thick line in the right panel indicates the seam along which outside of the interaction region (separateda30 bohr), H

the two surfaces are degenerate. At bGth and C., symmetries the . . A
two surfaces are qualitatively different and in particular whereas the randomly oriented, and 0.039 eV of relative kinetic energy. A

3p, surface has a well i€, symmetry, the 3psurface is repulsive at  Single trajectory (nuclear basis function) is used to model the
this configuration and favors th€., arrangement. Perfect locking initial conditions—hence, the initial state is nonstationary and
occurs when the electron stays in a Sate. Failure to track the rotation ~ corresponds to a coherent vibrational state and pendular
of the H axis is a nonadiabatic transition to the.3pate. Therefore,  rotational stat® of H, and a translational wavepacket for the
the qualitative differences between the surfaces shown, and the Iongexcited Na atom.

seam alond, are incisive in the stereodynamics of orbital following. The nonstationary nature of the underlying basis is required

and H-H separations: in order to maintain the classical underpinning of the method
discussed above and is entirely appropriate when considering
fopz(r, R, y) =1 sin(2) exp(—a,r) exp—ozR)  (4.1) ultrafast excitation, for example, pumprobe spectrosco. 2

However, we are also interested in the historically more common

The parameters for the potential energy surfaces and couplingEXPeriments which do not use ultrashort laser pulses, and in

used have been given previoudhand here we just quote those such cases the initial state is generally a stationary one. In order
parameters used for the coupling between tharl p states, to mimic these cases, one should in principle decompose the
eq 4.1, (in atomic units} = 0.12,a, = 0.5, g = 0.25). As initial state into a sum over nonstationary states and either begin
we shall discuss, these parameters allow the electrons to la he s||mu(Ijat|onshW|th rlnore thﬁn one nuclleaorl baS|sffunc_t|on
behind the nuclear motion, thereby leading to a rather long onsetPOPU ated or coherently sum the .tlme-evo ved wave ung’uons
of orbital locking. (See Figures<46.) Note that, by symmetry, (weighted by the appropriate amplitudes) for these nonstationary

the Na(3p)—H, state is rigorously uncoupled for all nuclear States: When one is interested in expectation values of
configurations. This is of course only true in the molecular observables, we have found that it is often sufficient to replace

frame, and in general all three states are coupled in the lab frame.the final coherent sum of wave functions with an incoherent

B. Lab and Molecular Frames. The actual computations sum. Any expectation value is then a weighted average of
are done in the space-fixed frame rather than the molecule- €XPectation values for each of the time-evolved nonstationary

fixed frame which we have used to describe the potential energy Nitial states. This is not the same as the usual classical

surfaces. Furthermore, we use a Cartesian coordinate Systenz?\veraging procedure, because each .Of the nor?s.tationary initial
with no reduction in dimensionality. In contrast to most quantal states is propagated quantum mechanically, retaining full account

treatments of molecular dynamics, the three redundant degree f quant_al interference W't_h the b_a5|s functl_ons It spawns.
of freedom corresponding to center-of-mass motion are not hstead, |t.represents§1part|al classm_al averaging which retains
removed. From the point of view of computational effort, this the shor_t-tlme quaptal mterference which is absolutely necessary
is therefore a nine-dimensional calculation. We feel that the © descnbe_nona_dlabatlc events (coh_erences betw:_ee_n trajectories
increase in dimensionality is a minor price to pay in view of and the_trajectorles they spawn), Wh"‘? coarse-graining over the
the resulting simplicity and generality in the equations of Ionggr-tllmle. coherta_nces betw_een trajectories Whlch represent
motion—a conclusion which was agreed upon long ago in varying initial conditions. A distinct ad'vg.ntage Qf this proce-
classical molecular dynamié8. It is the use of classical dure, as compared to one Whe'.‘e_ an initial stationary state Is
mechanics as a guiding force in basis set selection, avoiding_re_presented dlrectly by a set of |n|t|e_1l nonstationary states_(all
the exponential scaling behavior of many quantal dynamics mmally populated), is that. one hgs d]rect access to a (lzl.assmal-
methods’’ that makes this choice practical in our method. like picture O.f the Qynam|c§, which |s,.h0\./vever, modified by
The molecular frame can constantly tumble in the space fixed guantal considerations. This greatly aids in our understanding

frame. There will therefore be a rotation matf>8 describing of the results. ] ) )
the orientation of the Na*H, exciplex in space, which will In_the following analy3|s of th_e results, ex_pectatl_op_values
transform between the two bases, of the three p orbitals obtained from the evolution of a single nonstationary initial state

are referred to as originating from “single runs”, in contrast to

3px 3p those incoherently averaged expectation values which cor-
3py =R|3p, ’ respond to a stationary initial state. The stationa_ry initial states
3p2 JLa 30, | Body modeled correspond toHy=0, j=0) and H (v=0, j=3). The
. . latter is appropriate for considering experiments at elevated
cos¢cost  —sing  cossind temperatures of 700 K.
R=|singcosd cos¢  singsing | (4.2) The expectation value of interest with regard to orbital

—sin@ 0 cos6 following is the projection angle that the Na p orbital makes
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Figure 3. Projection angle of the Na p orbital on the Bholecular
axis. Thez (body frame) axis coincides with the H-H molecular axis
and the Na-H, system lies in thex—z plane. Perfect locking occurs
when the angle is either zero ar, but as discussed in the text the
range of physically distinguishable angles extends only from zero to
7l2.
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Figure 4. Expectation values of the N&H, distance (thick line and
left axis) and of the bending angle, (thin line and right axis), as a
function of time in femtoseconds at two impact parameters: 4 bohr
(upper panel) and 2 bohr (lower panel). In both panels theélecule

is initially in a coherent vibrational state and a pendular rotational state
(drawn from av = 0, = 0 distribution), and the relative kinetic energy
in the collision is set to 0.039 eV. The zero of time is defined arbitrarily
for the reactants separated &80 bohr. At low-moderate values of
the initial impact parameteb(< 8 bohr) this is typically what we see
for these initial collision parameters: at early times the projection angle
is nearly constant because the Hiolecule is initially rotationless,
whereas due to collision-induced rotational excitation it may vary
periodically after the collision, as is most evident in the upper panel.
Locking is indicated by an oscillatory motion about an angle of zero
or xt (see Figure 3). As discussed in the text, the locking is not perfect.
At lower impact parameters a long-lived collision complex is sometimes
formed (lower panel), in which case the locking lasts for a longer time,
extending over a few Hrotational periods.

with the H, molecular axis. In the absence of electronic
transitions in the manifold of p states, this would be the same
as the projection angle of the;irholecular axis on the lab frame.
Thus for initially rotationless b it would be constant until the
Na* and H entered the interaction region. On the other hand,
after the collision is over, it will be changing to reflect the
collision-induced rotational excitation of,H In Figure 3, we
show a caricature which clarifies this projection angle.
particular, note that it varies from O ta (where the two

In

extremes correspond to perfect locking, compare to Figure 1),

Ben-Nun et al.
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Figure 5. Same as Figure 4 but at a large impact parameter of 10
bohr where in a typical run (such as the one shown here) locking is
much less pronounced (when compared to single runs atioederate
impact parameters; see Figure 4). At large impact parameters the Na p
orbital interacts only weakly with the molecule (compare the distance
of closest approach shown here to that shown in figure 4) and therefore
we do not expect to see a strong propensity for alignment.

H. distance are shown as a function of time. In this and other
plots of single runs, the results are typical and not strongly
dependent on initial conditions.

Because the Hmolecule is initially rotationless, the projection
angle in both cases is nearly constant during the-Na
approach. On the other hand, it varies periodically as the Na*
and H recede from each other. This is a consequence of the
collision-induced rotational excitation of the; tholecule and
is seen most clearly in the upper panel. (Note that although
the projection angle changes periodically, when the molecule
is rotationally excited, its range of variation is in general not
from O to & because the molecular axis and the orbital axis
need not necessarily be in the same plane, and furthermore, more
than one basis function may contribute to the expectation value
that we show.) Perfect locking would be indicated by a
projection angle of either O ot during the collision. There
are two deviations from this idealized picture. The projection
angle never reaches Oorand it oscillates rather than remaining
fixed during the collision. These deviations arise because the
electronic motion corresponding to orbital reorientation is not
perfectly adiabatic. The majority of the nuclear population
undergoes the electronic transitions necessary for orbital fol-
lowing, but some portion proceeds diabatically. In effect, there
is some probability for the orbital to “slip” out of the grasp of
the H molecular axis. The expectation value of the projection
angle that we show contains contributions from both the diabatic
and adiabatic populations, and the small amount which proceeds
diabatically prevents it from reaching O @ar The oscillations
come about from two sources. That portion of the nuclear
population which is proceeding diabatically, i.e., in a space-
fixed frame, will give rise to an oscillating contribution to the
projection angle, reflecting the nascent rotation of thg H
molecule. Furthermore, even that portion of the population
which proceeds adiabatically contributes an oscillatory signal
because there is some kinetic energy in the bending motion of
the Na*~H, complex. The collision shown in the lower panel
leads to a long-lived complex, and we see this very often for

but the range of physically distinguishable angles only extends lower impact parameters. However, one should recall that there

from O tor/2. That is to say, the phase of an aligned p orbital
is arbitrary, and we have incorporated this symmetry correctly
in the averaged results presented below.

is simultaneously electronic quenching (to the Na(3$), state)
which we are not discussing. Hence, the population of any long-
lived complex is decaying by nonadiabatic transitions to the

Figure 4 presents the results of single runs which demonstrateground state. From these two panels, one can estimate the

the orbital locking for two impact parameters (or equivalently,
two values of the total angular momentum of Nd#,), b =4
bohr (upper panel) and = 2 bohr (lower panel). These are

locking radius between 10 and 15 bohr.
A single run which is typical of larger impact parameters
(10 bohr in this example) is shown in Figure 5. There is an

representative of many such single runs (averaged resultsattempt at locking-the peak neat = 700 fs. However, the
corresponding to an initial stationary state are presented later).projection angle only reaches I'5@dicating that the electronic

The expectation values of the projection angle and the-Na*

nonadiabatic transitions are far from perfect and much of the
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Figure 6. Expectation value of the projection angle as a function of g6 7 Expectation value of the torque on the Na* atom about the
time (in femtoseconds) for Hhat is initially atz = 0, j = 0 and at center of mass of the Hnolecule for three impact parameters averaged

three impact parameters: 1 bohr (full line), 4 bohr (dashed line), and A —n— .

: : o correspond to Hinitially in a v = 0, j = O stationary state. Compare
10 bohr (dotted line). At eac_h Impact parameter the _resu_lts are averagec{Nith FiguFr)e 6 and note tr)llat the efficiiency of Iockingy is correlate(FjlJ with
over 40 runs, and the relative kinetic energy is as in Figures 4 and 5. large values of this torque

Even for the averaged results, locking is easily discerned at not too
large valuesif < 8 bohr) of the initial impact parameter, and it is 90
most pronounced at an impact parameter of 4 bohr. At large impact
parameters (10 bohr, dotted line) the motion is more adiabatic (because
the velocity along the approach coordinate is lower since the relative
kinetic energy is the same and the centrifugal barrier increases), yet
the Na p orbital interacts only weakly with the molecule (because of
the repulsive centrifugal term that prevents the atom from closely
approaching the molecule; see Figure 5), and therefore the lab frame
coordinate system becomes more natural for describing such collisions.

T T T T T
I Averaged results at b=1 bohr
70 +

50t

—j=0

E10) S

<Projection angle> / degrees

10 ! . L
0 200 400 600 800 1000 1200

wavepacket proceeds in a space-fixed manner, i.e., diabatically.
At such large impact parameters, the atom and molecule interact
only weakly, because of the repulsive centrifugal term that Time / fs

prevents the Na atom from closely approaching thendlecule. Figure 8. Same as Figure 6 but for a single value of the initial impact
Therefore, we expect locking to be inefficient. That there is Parameter, 1 bohr, and for;Hhat is initially atv = 0, j = 0 (thick
any locking at all is a reflection of the fact that the attractive In€) andv=0,j =3 (thin line). As in Figure 6, the results are averaged

. . - over 40 runs (for each initial state). Although there is still some tendency
basin of the pexcited state extends out to rather large distances , /- atj = 3 it is much less pronounced tharj ¢ 0 and the motion

(see the second contour in Figure 2 drawn at a value of 2 eV, js pasically nonadiabatic: the electronic motion fails to track the nuclear

which is below the asymptotic value of the Na D line2.1
eVv).
After examination of the behavior of individual runs, it is

rotational motion. The oscillatory motion before the attempt to lock
(at j = 3) should average to zero for a stationary initial state. Its
amplitude,+ 5°, serves as a measure for our statistical uncertainty.

natural to inquire about the behavior for a stationary initial state.
One of course expects a “washing out” of the finer structure range inR where the potential is appreciable (four to six atomic
seen in the single runs, and this is observed. In Figure 6, we units). This argument can be expressed in terms of the torque
show the expectation value of the projection angle for an exerted on the Na* atom (about the center of mass of the H
incoherent average of 40 single runs for various impact molecule) during the collision, which provides an indicator of
parameters with the initial conditions for the nonstationary initial the force directing the NaH, complex intoC,, symmetry.
basis functions chosen from a distribution corresponding to Na* Because this is the geometry which is preferred for orbital
+ H, (v=0, j=0). The locking is most nearly perfect for= locking, the magnitude of this torque specifies the degree of
4 bohr and it is less efficient (although not absent) at 10 bohr locking. The torque arises from a competition between two
for the reasons discussed in the previous paragraph. On thefactors—the b-dependent length of the lever arm (Ne
basis of Figures 46 we can conclude that the lab frame distance) and the force exerted on the Na* atom. In maximizing
coordinate system is most natural at impact parametdrs the magnitude of the torque, the first factor favors large impact
bohr where the system does not enter the locking regime andparameters, while the second favors small impact parameters.
the Na* p orbital is not significantly perturbed by the molecule. Thus, maximal torque is achieved for intermediate impact
It is interesting that locking is more efficient at intermediate parameters. These arguments are confirmed by Figure 7, where
impact parameters. The physical reason for this is that the the instantaneous expectation value of the torque is shown for
impact parameteh, determines the rate of rotation of the vector the same three values of the impact parameter used in Figure
R connecting the Na atom to the center of mass of the H 6. Note that the ordering of impact parameters by the magnitude
molecule. In the absence of forceR,rotates at the angular  of the torque is indeed the same as the ordering by locking
speed df y = bu/R2, which is faster than the rotation of,H  efficiency from Figure 6.
except at very low impact parameters. (To see this compare Figure 8 compares the average projection angle for stationary
= L/uR?to j/I wherel is the moment of inertid, is the angular initial states corresponding to=0,j =0 andv =0, = 3 at
momentum along the atormolecule approach coordinate, and an impact parameter of 1 bohr. Initial rotational excitation of
j is the angular momentum of;H Heavier diatomics, for which ~ the H, molecule makes it harder for the orbital to lock on the
| is far larger, will rotate even more slowly thamnHIt is molecular axis. This would be entirely expected if the locking
therefore the rotation oR that determines the change of the motion were that of a classical quadrupole, but we remind the
angley with time. The torque on the orbital is determined by reader that orbital locking is an electronic motion. Hence, what
the variation of the potential witly, cf. Figure 2, and hence  we are seeing here is the failure of the electronic motion to
locking is favored at such impact parameters that are not too track the nuclear motion on a time scale of 100 fs (rotational
small, yet not so large that they exclude the system from the period of H in j = 3). This is rather long on the electronic
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Figure 9. Comparison between single (different) runs at an impact
parameter of 1 bohr and for pendular states efdkawn fromj = 0
(thick line) andj = 3 (thin line) distributions. In both runs the,H
molecule is initially in a coherent vibrational state drawn from =

0 distribution. Upper panel, expectation value of the projection angle;
lower panel, expectation value of the NH, distance vs time in

femtoseconds. As is evident from the upper panel, it takes the p orbital

about 200 fs to reorient and align along the molecular axis. This rotation
time is slower than the Hj = 3) rotational period{100 fs) and hence
the failure to lock when the His initially rotationally excited.

time scale, and thus the nonadiabaticity is slightly unexpected.

Even so, one can discern some propensity for locking when
= 3. The oscillations which are present before and after the

Ben-Nun et al.

of Hy is hindered during the collision (because the Na* atom is
in its way, and furthermore in this specific example a short lived
Na*—H, complex was formed).

6. Concluding Remarks

Orbital following in the collision of a Na (3p) atom and an
H> molecule was discussed with special emphasis on electroni-
cally nonadiabatic transitions. We find that the picture of orbital
reorientation which has been advanced by Hertel et al. is valid,
with some modifications. First, it must be recognized that the
guantum mechanical nature of nonadiabatic transitions will lead
to a “smearing” of the classical picture. For example, there is
no single well-defined “locking radius” or “locking time”.
However, these concepts are still approximately valid, e.g., the
locking typically occurs in a range of N&H, distances between
10 and 15 bohr. Unlike the electronic quenching in this same
molecule, which proceeds in many small yet distinct bursts, the
reorientation of the p orbital is much more nearly continuous.
In large part, this is because the near degeneracy ofithag
p, states is dependent only on the bending angle andHya
distance in the Na*H, complex, while the intersection of the
ground and pstates (through which the quenching occurs)
depends also on the+H bond being extended. Therefore,
there are only two “clocks” governing the frequency of
nonadiabatic transitions corresponding to orbital reorientation,
while there are three in the case of quenciihg.

The second refinement of the classical picture recognizes that
the locking is not perfect. We see quite clearly that the orbital
oscillates about the locked orientation (because there is some
kinetic energy in the bending motion of the Nak, complex)
and the expectation value of the projection angle does not
usually reach the values of 0 arthat are expected in the ideal

apparent attempt at locking (between 600 and 800 fs) are thecase. This is again due to the nonclassical nature of the realistic

signature of the K rotation. Because the initial angle is

picture, where there is rarely complete population transfer

chosen randomly, these oscillations, which are pronounced inbetween electronic states corresponding to orbital reorientation.
single runs (see, e.g., the upper panel of Figure 4) should averagénstead, some pieces of the wavepacket align and others proceed

to zero amplitude before the collision when thgrHolecule is

on the same electronic state.

in a stationary rotational state. Hence, the amplitude of these A third point is the role of the torque on the Na* atom as an

oscillations provides a measure of our statistical uncertainty,
which appears to be abott 5°.

In order to investigate further the failure of locking whep H
is initially rotationally excited, we compare the projection angle
for two single runs in the upper panel of Figure 9. The thick
and thin lines describe a pendular state efdrhwn from theg
= 0 andj = 3 distributions, respectively. In the lower panel,
we show the expectation value of the N4, distance so that
the reader can see when the collision is occurring. As in the

important variable which governs the locking. This torque gives
a measure of the tendency of the complex to adoptGhe
symmetry, which most favors orbital locking. Because the
magnitude of this torque arises from two competing factors (the
Na—H, distance that favors large impact parameters and the
force exerted on the Na* atom that favors small impact
parameters), the locking is most efficient at intermediate impact
parameters.

Finally, we note that the electronic reorientation takes a

averaged results presented in Figure 6, the impact parameter isemarkably long time-often over 100 fs, e.g., Figures—4.

chosen to be 1 bohr. Looking at the variation of the projection
angle forj = 0, we see that it begins to lock aroune 300 fs
and the locking is essentially complete by= 500 fs. The
“locking time” can thus be estimated as 200 fs, which is longer
than the rotational period of Hor j = 3 (100 fs). The reader
can verify that this estimate of the locking time is consistent

Because of this, locking becomes less efficient when the H
molecule is rotationally excited, Figure 8. Given the Bern
Oppenheimer assumption that electrons move much faster than
nuclei, this might seem surprising, except of course that the
nonadiabatic transition occurs between two excited states which
are nearly degenerate over a wide rang®jrFigure 2. The

with the data in Figures 4 and 5. The averaged results presentedocking time would decrease significantly if the interstate
in Figure 6 lead to a slightly longer estimate, but this is because coupling were stronger so that the adiabatic states were further

there is a distribution of collision times which makes it more
difficult to estimate a meaningful locking time. In any case,

apart. Since there is no ready source of information regarding
these couplings, we cannot predict whether this “slow electronic

one can see from the upper panel of Figure 9 that the locking motion” is in fact the case in Na* H,. It will be interesting

takes longer than the rotational period of ¢l = 3). This is
the source of the decreased locking efficiency fanvhich is
initially rotationally excited-the rotation of the electronic p

to see whether this conclusion remains usaiginitio non-
adiabatic molecular dynamics, where the couplings and potential
energy surfaces are generated from first principteReturning

orbital is not instantaneous but takes nearly 200 fs, and whento our opening question, a nonadiabatic orbital reorientation is
H, is rotating faster than this, the p orbital cannot lock. The expected to be a general phenomenon when the coupling among
reason there is any locking at all is certainly because the rotationexcited p states is not strong.
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