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Theoretical Study of the Validity
of the Born-Oppenheimer
Approximation in the Cl + H, —
HCl + H Reaction

Millard H. Alexander,'* Gabriella Capecchi,?
Hans-Joachim Werner?*

Reactivity of the excited spin-orbit state of Cl with H? to yield ground-state HCl
products is forbidden by the Born-Oppenheimer (BO) approximation. We used
new ab initio potential energy surfaces and exact quantum scattering calcu-
lations to explore the extent of electronic nonadiabaticity in this reaction. In
direct contrast to recent experiments, we predict that the BO-allowed reaction
of the ground spin-orbit state will be much more efficient than the BO-
forbidden reaction of the excited spin-orbit state. Also, Coriolis coupling opens
up an electronically nonadiabatic inelastic channel, which competes substan-

tially with reaction.

The kinetics of the Cl + H, reaction has been
the object of study for more than a century (/,
2). The reaction has played an important role
in the development of transition state theory,
has provided verification of the kinetic iso-
tope effect, and is the paradigm for the reac-
tion of Cl with hydrocarbons, which is of
importance in many atmospheric environ-
ments. Recently, molecular beam techniques
have been used to yield information on this
reaction at well-defined collision energies (2—
6). Quasi-classical trajectory and precise
quantum scattering investigations have been
reported (7—16) on several potential energy
surfaces (PESs) (17, 18). All previous theo-
retical work has been based on the approxi-
mation that only a single PES governs the
reaction and that the open-shell character of
the Cl atom plays no role in the dynamics.

The approach of molecular hydrogen to an
atom in a 2P electronic state splits the degen-
eracy of this state, giving rise to three PESs
(18-21). Of these only the lowest, which
corresponds to the lower state of 4’ symme-
try in C, geometry (2, symmetry in colinear
geometry), correlates with the electronic
ground state of the products [H +
HCI(X'Z%)]. The PESs of the two other
states (the higher state of 4’ symmetry and
the unique state of 4" symmetry) correlate
with HCl products in the a1 electronic state,
which is considerably higher in energy (22)
(Fig. 1).

The excited spin-orbit (SO) state of the Cl
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atom (*P, ,), which lies 880 cm ™" (2.52 kcal/
mol) above the ground SO state (23), does not
correlate adiabatically with the electronic
ground state of the reaction products. Thus, if
the reaction were to proceed adiabatically on
a single PES, as would be predicted by the
Born-Oppenheimer (BO) approximation,
then the excited SO state would not react (24,
25). For the chemically similar F + H, reac-
tion, both theory (27) and experiment (26, 27)
agree that the reactivity of the excited SO
state is, at most, 10% of that of the ground
state. The Cl + H, reaction differs in two
respects: (i) the spin-orbit splitting is more
than a factor of 2 greater (23) and (ii) the
barrier height is much higher. The larger SO
splitting suggests that the breakdown in the
BO approximation would be less important in
the Cl + H, reaction. However, because the

Fig. 1. Schematic plot
of the energetics of
the Cl + H, reaction.
The relative reactant
energies, the position
of the barrier, and the
position of the indi-
cated HCl product
channels are drawn to
scale. All energies in-
clude zero-point cor-
rections; those for the
barrier were deter-
mined from the con-
stants published by
Bian and Werner [ta-
ble Il of (78)]. Linear-
molecule ¥ and II
state labels are used,
which is appropriate
for a colinear transi-
tion state. The dashed
line indicates the sche-
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internal SO energy might help to overcome
the higher barrier, nonadiabaticity might be
more important in Cl + H,.

In recent molecular beam experiments,
Liu and co-workers (4—6) used two different
Cl atom sources to characterize the reactivity
of the two SO states of the Cl atom. Except at
the lowest collision energies, they conclude
that the excited SO state has a substantially
larger reactive cross section. This result is
surprising, because the body of prior experi-
mental work indicates that BO-allowed (adi-
abatically allowed) pathways always domi-
nate (25, 28).

This breakdown in the BO approximation
inferred by Liu and co-workers (4-6) de-
mands further theoretical investigation. Two
questions must be answered: (i) How large is
the reactivity of the adiabatically forbidden
channel [CI(*P,,,) + H,], and (ii) how well
can the reactivity of the adiabatically allowed
channel [CI(*P,,) + H,] be predicted by
standard scattering calculations (7-16), based
on a single PES in which nonadiabatic effects
are of necessity neglected. We used exact
quantum scattering calculations to answer
these questions.

We first need accurate PESs for the three
electronic states mentioned above. For the
subsequent scattering calculations, it is nec-
essary to transform the two states of 4’ sym-
metry into an electronically diabatic basis, in
which the orientation of the missing 3p elec-
tron on the Cl atom remains unchanged in the
body frame (27). Capecchi and Werner (29)
have carried out internally contracted, mul-
tireference, configuration-interaction calcula-
tions (30, 31) of these PESs and the SO
coupling matrix elements. Transformation
into the diabatic basis results in four PESs.
Capecchi and Werner subsequently devel-
oped multiparameter global fits (29) to these

HCIEIT) + H

H+HCl(v=1,=0)
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Tl3/2

4.92 kcal

H +HCl(v=0,=0)

Cl(2Pa2) + Ha(v=0,=0)

matic reaction profile

for single-surface calculations based on the BW2 PES, in which the SO Hamiltonian is not included.
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PESs and to the two SO coupling functions
(21). Their calculations extend the earlier
work of Bian and Wemer (/8), which was
limited to the lowest electronically adiabatic
CIH, PES.

In the Cl + H, arrangement, there are six
electronic states. These correspond to the
three spatial orientations of the 3p hole on the
Cl atom and the two possible spin-projection
quantum numbers. In each H + HCI product
arrangement, we neglect the high-lying I1
states of HCl (22). In general, outside the
reactant arrangement, the description of the
Cl + H, system is unchanged from the orig-
inal BW2 fit (/8), which was limited to the
lowest electronically adiabatic PES.

If the sum of the electronic interaction
Hamiltonian plus the SO coupling in the 6 X
6 electronic basis is diagonalized at each
value of the coordinates, the lowest root will
define what we will call the fully (electronic
+ SO) adiabatic Capecchi-Werner (CWad)
PES and corresponds to the reactive PES
illustrated schematically in Fig. 1. This PES
differs from the BW2 PES (/8), which is
obtained by diagonalizing only the electro-
static Hamiltonian, without inclusion of the
SO Hamiltonian.

The SO Hamiltonian couples the reactive
PES (°%,,, in linear geometry) with the two
repulsive PESs (*I1,,, and 2II,,, in linear
geometry). Because the latter are so much
higher in energy at the barrier, inclusion of
the SO coupling has a negligible effect at the
barrier. However, inclusion of the SO cou-
pling in the asymptotic reactant region lowers

Fig. 2. (A) Probabilities for reac- A
tion of Clin the j, = 3/2 (3P,,),
and j, = 1/2 (°P,,,) SO states
with H, (v = j = 0 for J = 0.
The abscissa is the collision en-
ergy. Also shown are reaction
probabilities determined from
single-state calculations based
on the fully adiabatic (CWad)
PESs for / = O but divided by a
factor of 2. (Inset) The low-ener-
gy behavior of the multistate
probabilities. (B) Similar reaction 2 0.05 -
probabilities, but for / = 17.5. -§ ]
'§ 0.00 4
(-8
B S 025
] ;
e
0.20 <4
1
0.15 4
E
0.10
0.05
1
0.00

REPORTS

the lowest adiabatic PES by ~1/3 the SO
splitting of the Cl atom. Thus, when com-
pared to the BW2 PES, the barrier to reaction
on the CWad PES is ~0.84 kcal/mol higher
(18, 21, 32-34).

In addition to the electrostatic and SO
Hamiltonians, it is also necessary to deter-
mine matrix elements of the orbital angular
momentum of the triatomic system L? = (J —
I — s — j)?, where J is the total angular
momentum, j is the rotational angular mo-
mentum of the diatomic moiety, and / and s
are the electronic orbital and spin angular
momenta (21).

With the required CIH, PESs in the diabatic
basis, it is possible to carry out complete quan-
tum scattering calculations. We draw from the
formalism presented by Schatz on the Cl + HCl
exchange reaction (32) and use the algorithms
and computer program developed over the past
decade by Manolopoulos and co-workers (35,
36), extended, as we have described previously
(21), to treat abstraction reactions involving an
atom in a 2P electronic state. The choice of
integration parameters was identical to those
adopted in the single-state studies of the Cl +
H, reaction (14).

We obtain, at each value of the total an-
gular momentum J, probabilities for transi-
tion from a given initial state to any particular
final state of either the reactants (an inelastic
collision) or products (a reactive collision).
By summing the latter over all accessible
product states and averaging over the rota-
tional (2j + 1) and electronic (2j, + 1)
degeneracy of the initial state (f, = 3/2 or 1/2),
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one extracts a total probability for reaction.

In Fig. 2 we compare, at the lowest value
of the total angular momentum (J = 0.5), the
calculated total probabilities for reaction of
H, inv = 0,/ = 0 (the lowest rotational level
of para-H,). The multistate results, deter-
mined with the full set of diabatic PESs, are
compared in Fig. 2 with the J = 0 transition
probabilities, as predicted by single-state cal-
culations on the CWad PES. In the latter
calculation, both the SO and electronic-orbit-
al angular momenta of the Cl atom were
neglected, as in any standard single-state
treatment of a triatomic reaction (/3, /4. 35,
36). The reaction probabilities are plotted as a
function of collision energy, which is the
fundamental dynamical variable in a molec-
ular beam experiment. Thermal rate constants
could then be obtained by integration over a
Maxwellian distribution of collision veloci-
ties, although an equally valid expression
involves integration over the total (collision
+ internal) energy of the “cumulative reac-
tion probability” (32).

In the multistate treatment, four states cor-
relate with the ground-state reactants C1(*P, ,)
+ H,; namely, as seen in Fig. 1, 2, , and
I, ,,,. Of these, the II states are unreactive,
within the BO approximation, so that, to zeroth
order, only 50% of the reactants will approach
on a PES that leads to reaction. However, in the
single-state calculations, one assumes that all
(100%) of the reactants will approach on the
reactive PES. To take into account this funda-
mental difference, previous investigators (21,
37) have divided the single-state results by a
factor of 2 to compare with the cross sections
and probabilities for reaction out of the j, = 3/2
level of a 2P atom obtained from multistate
calculations.

The probability for (adiabatically for-
bidden) reaction out of the excited (j, =
1/2) SO state of Cl is much smaller than the
probability for the adiabatically allowed
reaction of the ground SO state. Only at
collision energies below the zero-point cor-
rected barrier to reaction [E__, < 4.93 kcal/
mol (Fig. 1)] does the adiabatically forbid-
den channel start to dominate, because the
threshold for reaction of the excited SO
state is 2.52 kcal/mol lower.

We also observe that the reaction proba-
bilities predicted by single-state calculations
on the fully adiabatic CWad PES agree very
well with the multistate probabilities for the
adiabatically allowed channel. As discussed
above, the single-state probabilities have
been divided by 2. Because the excited Il
states are very high in energy in the region of
the barrier, the topology of the barrier, which
controls the flux from reactants to products, is
virtually identical in the multistate and sin-
gle-state calculations.

The pronounced staircase-like structure in
the reaction probability out of the lower (adi-
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abatically allowed) SO state corresponds to
the successive opening of additional vibra-
tional states at the barrier.

The lower panel of Fig. 2 displays similar
reactive transition probabilities, but for J =
17.5. Again, the CWad probabilities have
been divided by 2. At this higher angular
momentum, the centrifugal barrier has in-
creased. Consequently, the threshold for re-
action occurs at a higher collision energy. At
J = 17.5, the multistate reactions are now
substantially smaller than those predicted by
the single-state CWad calculations, even after
division by 2. Similar comparisons at other
values of J reveal that as J increases, the
multistate reaction probabilities become in-
creasingly smaller than the comparable sin-
gle-state probabilities. Because the discrep-
ancy grows roughly linearly with J, Coriolis
coupling would seem to be responsible.

In the single-state calculations, only three
outcomes of a collision are possible: (i) elastic
scattering, (ii) inelastic scattering on the reac-
tive PES, or (iii) reactive scattering. In the
multistate calculations, additional inelastic
channels are present for collisions of Cl in its
ground SO state with H,, namely (Fig. 1) (iv)
elastic and inelastic scattering on the repulsive
(*I1,,,) PES; (v) inelastic scattering from the
(*3,,,) PES to the (]IT,,) PES, which will be
accompanied by SO excitation of the Cl atom
without reaction; and (vi) inelastic scattering
from the reactive (*3,,) PES back to the I, ,
PES. The last process will yield Cl in its ground
SO state, accompanied by rotational and/or vi-
brational excitation of the H,. At low J, these
additional inelastic channels do not seem to
deplete the reactive scattering, because the sin-
gle- and multistate reaction probabilities shown
in Fig. 2A are virtually identical. However, a
difference between the single-state and multi-
state probabilities for reaction of CI(*P;,,) does
emerge as J increases (Fig. 2B). It is the inelas-
tic channels that are responsible for this differ-
ence.

We find that the sum of the reactive and
inelastic transition probabilities as predicted
by the multistate calculations at J = 0.5 and
17.5 agrees very closely with a similar sum,
but divided by a factor of 2, of the inelastic
and reactive probabilities predicted by the
single-state CWad calculations at J = 0 and
17. Because this agreement is obtained by
dividing the single-state results by a factor of
2, we conclude that incoming flux on the
repulsive 2II,,, PES (Fig. 1) has an insignif-
icant probability of either reaction (as dis-
cussed above) or inelastic scattering.

Because at higher J the summed (inelastic
+ reactive) probabilities agree whereas the
reactive probabilities are significantly lower
for the multistate (as compared to the single-
state) calculations (Fig. 2), we conclude that,
at higher J, the multistate inelastic probabil-
ities must exceed those predicted by the sin-
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gle-state calculations. This is indeed the case,
as illustrated in Fig. 3.

At low energy, below the barrier to reaction,
the multistate calculations at J = 17.5 reveal a
pronounced oscillatory structure. This structure
is the manifestation of quantum interference
between trajectories that undergo an inelastic
transition from the less repulsive 3, , PES to
the more repulsive 2I1,,, PES when the system
passes through the zone of strong nonadiabatic
coupling as the atoms approach and then again
as they recede, having bounced off the barrier to
reaction (38).

As the collision energy rises above the bar-
rier, the inelastic probabilities predicted by the
CWad single-state calculations remain relative-
ly independent of J. However, the multistate
inelastic transition probabilities show a pro-
nounced increase. This is a consequence of the
presence of an additional electronic channel(s),
not present in the single-state calculations.

In a linear molecule, the non-BO coupling
between 3, and 2I1,,, states is due to “/-
uncoupling” (39), which arises from the J:1
term in expansion of the L2 operator. Further
investigation shows that the J-dependent en-
hancement of the inelastic probabilities in the
multistate calculations can be attributed pre-
dominately to rovibrational excitation of the
H, molecule without excitation of the ClI
atom and hence corresponds (Fig. 1) to tran-
sitions from the 23, to the 2II,, PESs.

Integral cross sections are proportional to
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Fig. 3. (A) Solid curve indicates the inelastic
transition probabilities for CI(j, = 3/2) + H,(v
= j = 0) for / = 0.5, summed over all energet-
ically accessible final states. The abscissa is the
collision energy. Dashed curve indicates a sim-
ilar sum, but divided by 2, of inelastic transition
probabilities from single-state calculations on
the CWad PES for / = 0. The abscissa is the
collision energy. (B) Similar plot of the inelastic
transition probabilities but for J = 17.5 (J = 17
for the CWad calculations).
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the sum over J of the transition probabilities
weighted by (2J + 1) (21). In general, as the
collision energy increases, successively
greater values of J contribute. Because the
multistate reaction probabilities are increas-
ingly depressed at higher J (compared to the
single-state probabilities), we expect that the
increase of the multistate reactive cross sec-
tions with increasing collision energy will be
smaller than the prediction from single-state
calculations on the CWad PES. This is indeed
the case, as shown in Fig. 4.

In the experiments of Liu and co-workers
(4-6), only the lowest three (f = 0, 1, and 2)
rotational levels of H, are present in the
beam. By weighting the cross sections out of
each j level by the experimental populations
of these levels, we can obtain reactive cross
sections appropriate to the experiments with
p-H, or n-H, (Fig. 5).

We observe, similarly to the transition
probabilities, that the cross section for the
adiabatically forbidden reaction of Cl in its
excited SO state is small in comparison with
that for reaction of the ground SO state,
which is adiabatically allowed. Only at very
low collision energy, where the adiabatically
allowed reaction is throttled off by the large
barrier, does the adiabatically forbidden reac-
tion begin to dominate. This is a consequence
of the greater internal energy of the excited
SO state, which does, albeit inefficiently, al-
low the barrier to be surmounted. Figure 5 is
qualitatively similar to our earlier predictions
of the relative reactivity of the two SO states
of the F atom (21).

Because the statistical degeneracy of the
ground SO state of Cl is twice as large as that of
the excited state, which is not taken into ac-
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Fig. 4. integral cross sections for reaction of Cl
with Hy{v = 0, = 0) (A) and with H,(v = 0,
= 1) (ZB) Also shown are the predictions of
single-state calculations based on the fully adi-
abatic (CWad) PES, divided by a factor of 2.
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Fig. 5. (A) Integral cross sections for reaction of
Clin its ground (j, = 3/2) and excited (j, = 1/2)
SO state with p-H,. (B) Similar integral cross
sections for reaction with n-H,. The relative
rotational state populations of the j = 0,1 and
2 H, rotational levels were taken from (4-6).

count in Fig. 5, the observed reactivity of the
excited SO state will be a factor of 2 less than
predicted by Fig. 5.

We predict, fully in agreement with the
body of available experimental evidence on
other reactions (25, 28), that the adiabatically
allowed [Cl(P,,,) + H,] reaction will domi-
nate the adiabatically forbidden reaction
[CI(*P,,,) + H,], except for collision energies
below 5 kcal/mol. This prediction is in direct
contrast with the recent work of Liu and co-
workers (4-6). This disagreement is one of the
major currently unsolved problems in the dy-
namics of elementary chemical reactions.

Although we predict the reactivity of the
adiabatically forbidden channel to be small, we
conclude that the breakdown in the BO approx-
imation nevertheless plays an important role in
the C1 + H, reaction. The coupling between the
electronic-orbital angular momentum and the
overall orbital motion of the reactants opens up
a inelastic channel that competes with reaction.
The predicted reactive cross sections are small-
er than those calculated from more traditional
treatments, in which these nonadiabatic inelas-
tic processes are not taken into account.

We have shown that nonadiabatic processes
influence the Cl + H, reaction dynamics in
subtle and as yet not fully understood ways. In
the ab initio calculations of Capecchi and
Wemer, the nonreactive I states were charac-
terized only in the reactant arrangement, where
these states lie relatively close in energy to the
reactive 3 state. It may be that additional elec-
tronic couplings at (or inside) the reaction bar-
rier underlie the discrepancy with Liu’s exper-
iments. The need for further studies, both the-
oretical and experimental, is clear.
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Dynamic Aggregation of Chiral
Spinners

Bartosz A. Grzybowski* and George M. Whitesides*

An object spinning at the surface of a liquid creates a chiral vortex. If the
spinning object is itself chiral, its shape modifies the characteristics of the
vortex; interactions between that vortex and other vortices then depend on the
chirality of the objects that produce them. This paper describes the aggregation
of millimeter-sized, chiral magnetized plates floating at a liquid-air interface
and rotating under the influence of a rotating external magnetic field. This
external field confines all the plates at densities that cause the vortices they
generate to interact strongly. For one set of plates investigated, plates of one
chirality attract one another, and plates of the other chirality repel other plates

of both chiralities.

The properties and interactions of chiral mol-
ecules are a central concern in chemistry,
with applications in chromatographic separa-
tions, asymmetric catalysis, and medicinal
chemistry (Z, 2). Chiral interactions between
molecules are conceptually well understood

Department of Chemistry and Chemical Biology, Har-
vard University, 12 Oxford Street, Cambridge, MA
02138, USA.

*To whom correspondence should be addressed. E-
mail:  bgrzybowskigmwgroup.harvard.edu (B.A.G);
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(3, 4). Interactions between chiral objects
larger than molecules are, however, less well
explored or exploited. Here, we describe a
study of the interactions between millimeter-
scale vortices generated in a fluid by the
rotation of chiral objects floating at the sur-
face of that fluid. This system has the char-
acteristics that it is dynamic (5—/0)—that is,
the interacting objects (the vortices) exist
only when there is a flux of energy into the
system—and that both the vortices and the
objects that generate them are macroscopic.
The system consists of magnetically doped
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