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'van der Waals Interactions in
the Cl + HD Reaction

Dimitris Skouteris,” David E. Manolopoulos,’ Wensheng Bian,?
Hans-Joachim Werner,? Lih-Huey Lai,? Kopin Liu®

The van der Waals forces in the entrance valley of the Cl + HD reaction are
shown here to play a decisive role in the reaction’s dynamics. Exact quantum
mechanical calculations of reactive scattering on a potential energy surface
without Cl-HD van der Waals forces predict that the HCl and DCl products will
be produced almost equally, whereas the same calculations on a new ab initio
potential energy surface with van der Waals forces show a strong preference
for the production of DCL. This preference is also seen in crossed molecular beam
experiments on the reaction. The study of chemical reaction dynamics has now
advanced to the stage where even comparatively weak van der Waals inter-
actions can no longer be neglected in calculations of the potential energy

surfaces of chemical reactions.

The idea that the structure of the transition
state of a chemical reaction determines the
overall thermal rate coefficient is deeply in-
grained in our understanding of chemical re-
actions, and it forms the basis of a number of
approximate (/) and exact (2) theories of
chemical reaction rates. However, there is no
indication from these theories that the more
detailed dynamics of chemical reactions will
not be sensitive to regions of the potential
energy surface that are far removed from the
transition state region, such as the shallow
wells in the reactant and product valleys that
are caused by van der Waals interactions.
Here we show that the van der Waals forces
in the entrance valley of the Cl + HD reac-
tion do in fact have a substantial effect on the
outcome of this reaction when the HD mol-
ecule is rotationally unexcited. This result has
some precedent in the context of ion-mole-
cule reactions, the rates of which are often
dominated by long-range electrostatic forces
and can be highly sensitive to the initial
rotational state of the reactant molecule (3).
However, ion-molecule reactions often pro-

'Physical and Theoretical Chemistry Laboratory,
South Parks Road, Oxford OX1 3QZ, UK. 2Institute fiir
Theoretische Chemie, Universitat Stuttgart, Pfaffen-
waldring 55, D-75069 Stuttgart, Germany. 2Institute
of Atomic and Molecular Sciences, Academia Sinica,
Post Office Box 23-166, Taipei, Taiwan 10764.

ceed without activation barriers, whereas the
Cl + HD reaction is a classic example of an
activated chemical reaction (4). Furthermore,
the van der Waals forces in the entrance
valley of the Cl + HD reaction are consider-

‘ably weaker than the long-range forces in

ion-molecule reactions. For example, the
depth of the CI-HD van der Waals well is
less than one-tenth the height of the reaction
barrier on the Cl + HD potential energy
surface (Fig. 1). The fact that such weak van
der Waals forces can actually affect the out-
come of the reaction is quite remarkable.
The kinetics of the Cl + H, reaction and its
deuterium-substituted isotopomers have been
studied for well over a century. The reaction
played a central role in the development of
transition state theory (4), is an important ele-
mentary step in the mechanism of the Cl, + H,
—> 2HCI chain reaction (5), and has been used
as a textbook example of the kinetic isotope
effect (6). A number of electronic potential
energy surfaces have been developed for the
reaction over the years, the most recent being
the G3 potential energy surface of Truhlar ef al.
(7). This surface has been shown in variational
transition state theory (VTST) calculations (7)
to give excellent overall agreement with exper-
imental thermal rate coefficients (8) for the
Cl + H, and Cl + D, reactions over a wide
temperature range. Furthermore, detailed quasi-
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Fig. 1. Schematic reaction profile for the Cl +
HD — DCl + H reaction on the BW potential
energy surface of (75).

classical trajectory (QCT) and quantum me-
chanical (QM) reactive scattering calculations
on the G3 potential energy surface have been
found to be in good agreement with the HCI
product angular distributions measured in mo-
lecular beam experiments (9). However, al-
though both of these experimental results are
clearly sensitive to- the shape of the potential
energy surface in the transition state region,
.they are comparatively insensitive to the poten-
tial in the reactant valley. ‘
In order to provide a more sensitive test of
the reactant valley region, we performed a
crossed molecular beam experiment on the
Cl + HD isotopomer of the reaction using the
procedures described in (10). In brief, a Cl atom
beam was generated by 355-nm laser photolysis
of Cl, at the throat of a pulsed valve. The
subsequent supersonic expansion and skim-
ming served to cool and confine the Cl beam,
which then collided with the target HD beam
from a second pulsed valve. The photodissocia-
tion of Cl, at 355 nm yields only about 1% of
the excited spin-orbit state of the Cl atom (/1),
and therefore only the ground spin-orbit state
contributed to the experimental measurements.
The characterization of the HD beam indicated
an average rotational energy of 0.05 kcal/mol,
~ which corresponds to a rotational temperature
of 50 K with 82% of the HD in its ground
rotational state (j = 0) and the remaining 18%
inj = 1. All of the reactant HD molecules were
in their ground vibrational state (v = 0). The
reaction excitation function (that is, the transla-
tional energy dependence of the reaction cross
section) was measured . for each of the two
. product channels using the procedures de-
scribed in (Z0). The uncertainties in the relative
cross sections for the two channels were deter-
mined to be within =5%, and the overall errors
in the experiment, including uncertainties in the
collision energy, were estimated to be less than
*10%. '

The results of this molecular beam experi-
ment were . then compared with QM calcula-
tions of reactive scattering on the G3 surface
(Fig. 2). These calculations were performed
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Fig. 2. Comparison of theoretical and experimental excitation functions and DCI/HCl product
branching ratios for the Cl + HD(v = 0, 82% j = 0 + 18% j = 1) reaction. The top three panels
show the cross sections for DCl and HCl production as a function of the collision energy. The
bottom three panels show the corresponding DCI/HCL product -branching ratios. The columns
labeled G3 and BW show the results of the calculations on the two different potential energy
surfaces, whereas the column labeled Expt shows the relative cross sections for' HCl and DCl
production that were measured in the present molecular beam experiment.

with the use of the same hyperspherical coor-
dinate reactive scattering methods that were
used previously to study the dynamics of the
F + H, and F + HD reactions (/2). In the
present application to the Cl + HD reaction, all
reactant and product channels with diatomic
rotational quantum numbers less than or equal
t0 jax = 17, helicity quantum numbers less
than or equal to &, = 3, and internal energies
within £ = 1.7 eV of the bottom of the
asymptotic reactant valley were included in the
QM basis set, resulting in over 850 coupled
channels for the largest angular momentum and
parity blocks involved. The calculations were
performed at 26 total energies between 0.35 and
0.60 eV, and for all total angular momentum
quantum numbers up to J_. = 35. Numerous
convergence tests were performed to check the
accuracy of the calculations, which were deter-
mined to be converged to within *5% for all of
the results presented here.

The theoretical results in Fig. 2 consist of
absolute excitation functions for the Cl + HD
— HCl + D and Cl + HD — DCl + H
reactions, along with the corresponding DCl/
HCI product branching ratios. The experi-
mental results consist of relative excitation
functions for the two reactions, because it
was not possible to determine absolute reac-
tion cross sections in the molecular beam
experiment. The collision energy dependence
of the DCI/HCI product branching ratio was,
however, extracted from the experiment in
order to provide a direct comparison with the

results of the calculations. It was clear from
this comparison that, in spite of its promising
agreement with earlier experiments (7, 9), the
G3 potential energy surface substantially un-
derestimated the measured DCI/HCI product
branching ratio throughout the entire experi-
mental collision energy range.

This disagreement between theory and ex-
periment motivated the development of a new
ab initio potential energy surface for the Cl +
H, reaction by Bian and Werner (BW), the
computed cross sections for which are also
shown in Fig. 2. The new surface was con-
structed with the use of quantum chemical
techniques (/3) similar to those used previ-
ously to construct the Stark-Werner potential
energy surface for F + H, (14, 15). The
calculated cross sections on this new surface
were found to improve the agreement with
the present Cl + HD experiment and repro-
duce the experimental preference for the DCI
product very well (Fig. 2).

The transition state regions of the BW and
G3 surfaces are broadly similar. Bdth surfaces
have collinear transition states, with classical
barrier heights of 7.61 and 7.88 kéal/mol, re-
spectively (16). The harmonic vibrational fre-
quencies for the bending and stretching coordi-
nates at the transition state are also very similar
at 540 and 1360 cm™! for BW and 581 and
1358 em™! for G3. There is a notable differ-
ence, however, in the imaginary frequencies,
which are 1294i cm ™! for BW and 1520 cm™!
for G3, indicating that the G3 surface has a
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Fig. 3. Typical reactive classical trajectories
leading to the HCl and DCl products on the G3
surface (top panel), compared with trajectories
from the same Cl + HD(v = 0, j = 0) semi-
classical initial conditions on the BW surface
(middle panel). The thin lines in each panel are
contours of the two-dimensional potential en-
ergy function V(R,y) = min_V(R,r,y).in steps of
20 meV, with the first (dashed) line in the BW
panel corresponding to an energy of —10 meV
below the bottom of the asymptotic reactant
valley. The coordinates R, r, and -y are defined in
the bottom panel, and the scale of the R axes is
in bohrs (1a, = 5.29177 X 10~ m). The G3
surface is collinearly constrained throughout its
entrance valley, whereas the BW surface has a
Cl — HD van der Waals well with a nonlinear
equilibrium geometry.

somewhat thinner barrier at collinear geome-
tries. More important, the two surfaces have
very different shapes in the reactant valley. The
G3 surface has no van der Waals well and is
most repulsive for perpendicular approach of
the H, or HD to the CI atom. In contrast, the
BW surface is attractive at long distances and
has a van der Waals minimum with a well depth
of 0.5 kcal/mol at a T-shaped equilibrium ge-
ometry (Fig. 1). This is similar to the F + H,
case and results from the dispersion and qua-
drupole-quadrupole interactions between the re-
actants. Moreover, the van der Waals interac-
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Table 1. Thermal DCI/HCl product branching ratios for the Cl + HD reaction.

Theor!
Temperature M Experiment*
(k) G3 (VTST)t G3 (QM) BW (QM)t
300 0.49 0.51 038 057
445 0.56 0.54 0.47 073~

*Experimental results from (78).
present calculations.

tions are not confined to the well region but
persist for some distance into the side of the
reaction barrier.

In order to understand how these differences
between the two potential energy surfaces lead
to the calculated QM cross sections in Fig. 2,
we used a simple classical mechanical model.
This is justified by the fact that qualitatively
similar product branching ratios are obtained on
both potential energy surfaces when the calcu-
lations are performed with the QCT method
(17). Reactive classical trajectories leading to
the DCI and HCI products on the G3 surface
were therefore compared with trajectories from
the same initial conditions on the BW surface
(Fig. 3). Approximately half of the trajectories
that reacted to produce DCI on the G3 surface
also reacted on the BW surface, despite the
influence of the van der Waals forces in the
reactant valley. However, most of the trajecto-
ries that reacted to produce HCl on the G3
surface were deflected by the torque toward
perpendicular geometries in the entrance valley
of the BW surface before reaching the transition
state region, and subsequently exited the en-
trance valley without reacting.

Although this effect is only illustrated in
Fig. 3 for two particular classical trajectories,
we have found it to be quite general for trajec-
tories with semiclassical initial conditions cor-
responding to C1 + HD(v = 0, j = 0 and 1).
The BW surface is less reactive for these tra-
jectories than is the G3 surface, because the van
der Waals forces in its entrance valley deflect
trajectories away from the collinear transition
state saddle point, thereby inhibiting the reac-
tion at low collision energies where there is
only just enough energy to surmount the reac-
tion barrier. This effect is more pronounced for
the HCI product than for the DCI product,
because the center of mass of HD is closer to
the D atom, and thus the H atom experiences
the van der Waals forces at a larger Cl-to-HD
separation (as can be seen from the asymmetry
with respect to y — 7 — <y of the potential
energy contours in Fig. 3). Hence, a simple
classical explanation accounts for both the low-
er absolute cross sections on the BW surface
and the computed DCI/HCI produect branching
ratios in Fig. 2.

It should, however, be stressed that this
explanation applies only to trajectories with low
HD rotational excitation, for which the initial
kinetic energy in the vy coordinate in Fig. 3 is

+Variational transition state theory results from (7).

1QM results from the

comparatively small. Trajectories with more
rapid HD rotation are not deflected so strongly
by the van der Waals forces, and an entirely
different picture therefore emerges when one
considers a thermal population of initial HD(j)
states at temperatures in excess of 50 K. Indeed,
the experimental DCI/HCI product branching
ratio is less than 1 for the C1 + HD reaction at
temperatures between 300 and 445 K (18), in
stark contrast to the present molecular beam,
results. This is clearly a result of the participa-
tion of higher HD(j) states at these elevated
temperatures, and in fact the present QM cal-
culations on both surfaces predict a preference
for the HCI product when these higher HD
rotational states are taken into account.

This preference can be seen when one
compares experimental and theoretical DCl/
HCI product branching ratios at temperatures
of 300 and 445 K (Table 1). Because the
population of the excited spin-orbit state of
the Cl atom is less than 3% at the higher of
these two temperatures, the recently estab-
lished reactivity of this state (/9) is unlikely
to play an important role. The good agree-
ment between the earlier VIST results and
the present fully. QM results on the G3 po-
tential energy surface suggests that the prod-
uct branching ratios at these temperatures are
determined almost entirely by the shape of
the potential in the transition state region,
because the VTST calculation only involves
this region of the potential energy surface.
The fact that on neither surface is the QM
result in particularly good agreement with the
experiment at 445 K therefore implies that
more work needs to be done to understand the
transition state region. Closely related calcu-
lations suggest that the solution may simply
be to include the effect of the €1 atom spin-
orbit interaction in the BW surface (/6).
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Nanoporous and Nanorelief
Ceramic Films from Self
Assembling Polymer Precursors
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Three-dimensional ceramic nanostructured films were produced from silicon-
containing triblock copolymer films exhibiting the double gyroid and inverse
double gyroid morphologies (space group /a3d). A one-step room-temperature
oxidation process that used ozonolysis and ultraviolet irradiation effected both
the selective removal of the hydrocarbon block and the conversion of the
silicon-containing block to a silicon oxycarbide ceramic stable to 400°C. De-
pending on the relative volume fraction of the hydrocarbon block to the silicon-
containing block, either nanoporous or nanorelief structures were fabricated
with calculated interfacial areas of ~40 square meters per gram and pore or

strut sizes of ~20 nanometers.

The controlled fabrication of mesoporous inor-
ganic materials is an area of burgeoning interest
_because of their important applications as se-
lective membranes, next-generation catalysts,
and photonic materials. In 1993, Monnier et al.
(1) reported the formation of mesoporous silica
by using surfactant templates (MCM materials).
This approach has allowed access to various
mesoporous structures but generally involves
multistep processes and does not allow simple
production of large-area continuous films (2).
Nonsurfactant templates, such as block copoly-
mers or complex sugars, have also been used,
but these processes again either involve multi-
step preparations (3), long processing times
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calcination temperatures (between 400° to
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We have produced porous and relief ceram-
ic nanostructures from self-assembling (tem-
plate-free) block copolymer precursors, with a
one-step, low-temperature technique. By care-
ful selection of the relative volume fraction and
phases, block copolymers can be used to pro-
duce precursor materials with a vast range of
different symmetries and structures that allow
nanostructures with highly ordered and com-
plex pore or strut structures to be prepared (6).
In addition, pore sizes, feature sizes, and spac-
ings are also readily tailored either through
blending of one or more homopolymers with
the block copolymer or through control of mo-
lecular weight. A bifunctional oxidation pro-
cess was used to both selectively remove a
hydrocarbon block and convert a remaining
silicon-containing block to a silicon oxycarbide
ceramic. The resulting ceramic materials are
either nanoporous [three-dimensional (3D) con-
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nected pores] or nanorelief (3D connected strut
networks), depending solely on the volume
fraction of the hydrocarbon block relative to the
silicon-containing block in the block copolymer
precursor. ‘ *

The formation of porous and relief nano-
structures was accomplished by using two
triblock copolymer precursors with composi-
tions chosen to exhibit the double gyroid (7)
and inverse double gyroid morphologies (space
group Ja3d) (Fig. 1). This morphology was
chosen because it allowed the production of
intricate ceramic nanostructures with periodici-
ties in three dimensions that are not obtainable
by conventional lithographic techniques be-
cause of the small size and complexity of the
patterns formed. The materials are triblock co-
polymers of the type A;BA,, where A is poly-
isoprene (PI) and B is poly(pentamethyldisilyl-
styrene) [P(PMDSS)] (8, 9). One material has a
composition of 24/100/26 (kg/mol) and forms a
double gyroid morphology of PI networks [vol-
ume fraction of PI () = 33%] in a matrix of
P(PMDSS) [referred to as the P(PMDSS)-DG]
and is a precursor for the nanoporous structure.
The other material has a composition of 44/168/
112 (kg/mol) and forms the inverse double
gyroid morphology of P(PMDSS) networks
[bpempssy = 51%] in a matrix of PI [desig-
nated PI-DG] and can be converted into a
nanorelief structure.

Samples of the triblock copolymers (1 mm
thick) were cast from toluene and cryo-
microtomed at —90°C. The approximately 50-
to 100-nm-thick sections were then picked up
either onto 600-mesh Cu grids or onto ultrathin
amorphous carbon films on 100-mesh copper
grids, énd the PI blocks were 'preferentially
stained in vapors of a 4% osmium tetroxide—
water solution for 2 hours. These sections were
then characterized in the bright-field mode with
a JEOL 2000 FX transmission electron micro-
scope (TEM), operating at 200 keV. Imaging of
the unannealed, as-cast material revealed that
highly ordered microphase separation occurs in
this system even without annealing. Annealing
the 1-mm-thick samples for 1 week at 120°C
resulted in single grains that were several tens of
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