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Vibrational excitation through tug-of-war

inelastic collisions

Stuart J. Greaves'*, Eckart Wrede?, Noah T. Goldberg®*, Jianyang Zhang’, Daniel J. Miller’ & Richard N. Zare®

Vibrationally inelastic scattering is a fundamental collision pro-
cess that converts some of the kinetic energy of the colliding part-
ners into vibrational excitation"?. The conventional wisdom is
that collisions with high impact parameters (where the partners
only ‘graze’ each other) are forward scattered and essentially
elastic, whereas collisions with low impact parameters transfer a
large amount of energy into vibrations and are mainly back scat-
tered’. Here we report experimental observations of exactly the
opposite behaviour for the simplest and most studied of all neut-
ral-neutral collisions: we find that the inelastic scattering process
H+D,(v=0,j=0,2) >H+D,(v' =3,j =0,2,4,6,8)  leads
dominantly to forward scattering (v and j respectively refer to
the vibrational and rotational quantum numbers of the D, mole-
cule). Quasi-classical trajectory calculations show that the vibra-
tional excitation is caused by extension, not compression, of the
D-D bond through interaction with the passing H atom. However,
the H-D interaction never becomes strong enough for capture of
the H atom before it departs with diminished kinetic energy; that
is, the inelastic scattering process is essentially a frustrated reac-
tion in which the collision typically excites the outward-going half
of the H-D-D symmetric stretch before the H-D, complex dis-
sociates. We suggest that this ‘tug of war’ between H and D, is a
new mechanism for vibrational excitation that should play a role
in all neutral-neutral collisions where strong attraction can
develop between the collision partners.

Vibrationally inelastic scattering is usually treated by considering
the repulsive part of the potential and it is assumed to happen by
means of impulsive compression of one of the bonds of the collision
partners. This behaviour well describes the vibrational excitation of
targets with closed-shell configurations, such as He + H, (ref. 4). It
has also been shown to provide an explanation for what is observed in
collisions of fast H atoms with CO (ref. 5) and CO, (ref. 6).
Sometimes attractive forces between the collision partners have been
invoked to explain increased vibrational transfer. An example is the
study of H + NO (ref. 7) in which it was suggested that vibrational
excitation is enhanced by the acceleration of the incoming H atom as
it passes through the well before it strikes the NO molecule and
compresses the NO bond. In general, however, the attractive portion
of the potential seems to play an auxiliary role in accounting for
vibrational excitation when the collision energy is large in compar-
ison with the well depth®. We examine the collision of fast H atoms
(1.72 V) with supersonically cooled D, molecules in which the col-
lision energy greatly exceeds the van der Waals well depth (~3 meV)
for the collinear geometry. We find that H-D attraction nevertheless
plays an important role in the production of D,(v' = 3), as will be
explained in what follows.

The experimental setup is virtually identical to that described in
refs 9—11. A mixture of 3% HBr in D, with a typical backing pressure

of 1.3 bar is introduced through a 10-Hz pulsed valve into a vacuum
chamber. The reactants undergo internal and translational cooling in
the supersonic expansion, and the D, is prepared almost equally in
the v=0, j=0and v =0, j = 2 states. Because of symmetry (causing
the preservation of ortho and para states during collision),
D,(v=10,j=1,3) molecules do not contribute to what is observed.
Two linearly polarized, tuneable ultraviolet laser pulses (At = 5ns)
intersect the molecular beam at right angles. The reaction is initiated
by photolysing HBr with a pulse of laser light (1=~ 209.4nm,
Epuise =300 1J) to produce monoenergetic H atoms with a well-
defined spatial anisotropy. Single collisions with H atoms cause some
of the initially cold D, molecules to become rovibrationally excited;
nascent D,(v' = 3, ') is state-selectively probed via (2+ 1) resonance-
enhanced multiphoton ionization on the Q branch lines of the (0, 3)
E,FlZ‘.ng—XIZ‘.gJr electronic band system, where EF refers to the
double-well upper electronic state (220.1 =1 =221.9nm,
Epuise = 300 pJ). The resultant D, " ions are formed in the extraction
region of a Wiley—McLaren time-of-flight mass spectrometer and are
accelerated toward a time- and position-sensitive detector whose
output is analysed to determine the three-dimensional velocity of
each incident particle. The PHOTOLOC (photoinitiated reaction
analysed using the law of cosines) method" is used to map the
observed laboratory-frame product speeds |v;| into unique centre-
of-mass scattering angles 0;, allowing the measured speed distri-
bution to be converted into the differential cross-section I(0).

In Fig. 1 we present the differential cross-sections for the forma-
tion of D,(v/ = 3,7 =0,2,4,6,8). In all cases a large peak in the
forward-scattered direction (the same direction as the initial dir-
ection of each collision partner) is observed, although we see that a
second, side-scattered peak begins to appear as j' decreases, for j' = 4.
This behaviour contradicts conventional wisdom for neutral-neutral
inelastic scattering’. To seek an explanation, we carry out quasi-clas-
sical trajectory (QCT) calculations on the BKMP2 potential energy
surface'’. We note that for the H + D, reaction at a similar collision
energy (2.20 eV), calculations on the BKRMP2 surface using QCT and
fully quantum mechanical methods have been shown to agree to a
high level of accuracy.

The QCT methodology has been described in detail previously
An overview of the QCT method and the potential energy surface
is presented in Supplementary Figs 1-4. Five million
H + D,(v=0,j=0) trajectories are propagated at a collision energy
of 1.72 eV. The initial and final atom—diatom distances are both 6 A
and the maximum impact parameter is 1.6 A. Trajectories are analysed
on the fly and the number of times the system crosses the reaction
barrier is counted (a barrier crossing event is defined as the H-D
distance becoming smaller than the D-D bond length, or vice versa).
Inelastic trajectories have an even number of crossings, whereas reac-
tive trajectories have an odd number. 2,424,078 trajectories are found
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to be inelastically scattered, and a standard binning methodology"
gives 842 that produce D,(v' = 3, = 0). Because a significant frac-
tion of inelastic trajectories involve two or more crossings of the
reaction barrier, this inelastic scattering process is closely related to
reactive scattering. We therefore focus on D,(v' = 3,7 = 0) instead of
j states with larger cross-sections and purer forward scattering,
because of extensive existing work on the complementary reactive
channel, H + D,— HD(v' =3, = 0) + D (refs 16-25).

The reactive channel, like the inelastic channel, had been expected
to proceed by means of a back-scattered direct-recoil mechanism,
until a surprising forward-scattered peak in the HD(v' = 3,7 = 0)
differential cross-section was observed at a collision energy of 1.64 eV
(ref. 17). QCT'®" and quantum mechanical'®'® calculations agree
that the forward-scattered peak arises from an indirect mechanism
that is delayed ~25 fs relative to the direct-recoil mechanism. QCT
methods, however, underestimate the intensity of the forward-scat-
tered peak by a factor of roughly two. The reason for this discrepancy
is that the forward-scattered features are influenced by interference
between near-side and far-side partial waves*>**. As shown in Fig. 1,
QCT calculations closely agree with experiments for inelastically
scattered D,(v' = 3,j' =4,6,8), whereas the intensity of the for-
ward-scattered feature predicted by QCT is too small for
D,(v' = 3,7 =0,2). This finding suggests that a similar interference
effect is involved in inelastic scattering with low values of /', and that a
fully quantum mechanical treatment is needed to describe the obser-
vables of the system completely. Because quantum mechanical calcu-
lations for the differential cross-sections of the inelastic channel are
not available in the literature, we compare in Supplementary Fig. 7
the quantum mechanical calculations of ref. 19 for reactively scat-
tered HD(v' =3, =0) with recent experiments using methods
identical to those in the present work™. The excellent agreement
supports the accuracy of both the BKMP2 potential energy surface
and the present experiment on the complementary D,(v' = 3, = 0)
inelastic scattering channel.

In Fig. 2 we present the correlation between deflection angle and
impact parameter for the D,(v' = 3, ' = 0) trajectories, which agrees
with conventional wisdom in that low-impact-parameter collisions
are back scattered whereas high-impact-parameter collisions are for-
ward scattered. What is surprising, however, is that high-impact-
parameter collisions are effective in forming this highly vibrationally
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Figure 1| Products of inelastic H + D, collisions are mostly forward
scattered. Experimental and calculated (QCT, quasi-classical trajectory)
differential cross-sections for H + D,(v =0,j=0,2) > H + D,(v' =3,j' =
0,2, 4,6, 8) inelastic collisions. Each experiment is repeated between three
and seven times and the standard deviation of the replicate measurements
used as an estimate of the overall error (shown in error bars). Both
experiment and theory are scaled so that the peak in the differential cross-
section is unity. The scattering angle 6 is measured relative to the initial
directions of the collision partners, so ) = 0° represents perfect forward
scattering (no deflection) of each collision partner. Inelastic scattering is
dominated by re-crossing trajectories.
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excited product. Furthermore, a correlation is found in which low-
impact-parameter trajectories exhibit hard collisions exclusively
leading to re-crossing of the barrier for forming HD + D, whereas
high-impact-parameter collisions are more glancing in nature and
show a reduced amount of re-crossing. Examination of the traject-
ories shows that the D-D bond is never compressed by these inelastic
collisions, irrespective of whether the scattering is forward or back-
ward. On the contrary, the D-D bond is stretched, which results from
the pull of the approaching H atom on the closest D atom of D,. This
pull is stronger than would be expected on the basis solely of the van
der Waals well depth for the equilibrium D, bond length, because the
well deepens as the D-D bond lengthens (in a reactive collision, the
well deepens enough to capture the H atom and form a new H-D
bond).

In those collisions with high impact parameters, which dominate
the process because of the weighting with impact parameter, we find
that the reactants are scattered in a forward direction. At large impact
parameters, the H atom approaches the D, diatom in an orientation
in which the H atom’s motion is nearly perpendicular to the D-D
bond axis. The H atom passes through a well for the collinear con-
figuration, but the well does not deepen sufficiently to capture the H
atom. Simultaneously the H atom pulls on the nearby D atom, caus-
ing vibrational excitation of the D, diatom as the H atom escapes the
shallow well with diminished kinetic energy. The H atom is not
appreciably deflected from its initial direction, causing it to be for-
ward scattered. Figure 3 illustrates this behaviour for one particular
high-impact-parameter trajectory, in the form of snapshots of the
H-D-D configuration as a function of time. Several representative
trajectories are made available in Supplementary Videos 1-6. The
lowest impact-parameter collisions forming D,(v' =3, =0) are
collinear and cross the reaction barrier more than once. Some evi-
dently go on to react and form HD + D, but others are channelled
into an outward-going symmetric stretch of the H-D-D complex,
which prevents the H atom from being captured by the neighbouring
D atom. In this sense, these inelastic scattering events are frustrated
reactive scattering events.

180°

135°
Near side

1 Dy(v' =3, =0)
@ 0 crossings

Far side

- © >2 crossings

T

T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
b (A)

Figure 2 | Impact parameter is linearly correlated with deflection angle.
Deflection angle © versus impact parameter b, for D,(v' = 3,j' = 0)
inelastically scattered products from QCT calculations of

H + D,(v=0,j = 0) collisions at a collision energy of 1.72 eV. The strong
correlation between impact parameter and scattering direction is clearly
shown, with the direct trajectories having high impact parameters and being
forward scattered. The deflection angle is defined as the positive scattering
angle for near-side scattering (same hemisphere as the incoming H atom)
and as the negative scattering angle for far-side scattering. Because of the
cylindrical symmetry in the experiment, the laboratory observation is the
absolute value of the deflection angle, that is, the scattering angle.
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Previous work has shown that QCT overestimates the number of
re-crossing trajectories (that is, more trajectories lead to inelastic
scattering by crossing back into the H + D, configuration instead
of forming HD + D products) in comparison with fully converged
quantum mechanical calculations®. As shown in Figs 1 and 2, the
majority of the D,(v' = 3,7 = 0) trajectories re-cross the barrier,
particularly at large scattering angles. Therefore, the quantum mech-
anical differential cross-section would probably show less back scat-
tering than the QCT differential cross-section, in line with the
experimental result (Fig. 1). Nevertheless, the QCT calculations pro-
vide us with deep insight into the mechanisms of inelastic scattering.
Because the QCT calculations and experiments are in close agree-
ment for high-j’ levels of D,(v" = 3), which show one forward-scat-
tered peak, it might be expected that the QCT calculation for
D,(v' =3,j =4), for example, would be more representative of
the behaviour of the system. As shown in Supplementary Videos
7-10, the same tug-of-war mechanism is operative for both
D,(v' =3,7 =0) and D,(v' =3,j =4); that is, extension of the
D-D bond by the incoming H atom causes vibrational excitation
of the D, diatom. Again, we emphasise that D,(v' = 3,7 =0) has
both a forward- and a back-scattered peak. It might be expected that
the back-scattered peak could be explained by compression of the
D-D bond, but our work shows otherwise.

Forward scattering in vibrational inelastic collisions has been
observed previously in ion—molecule reactions, but not to our know-
ledge in neutral-neutral scattering events. Vibrationally inelastic
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Figure 3 | Snapshots from a representative forward-scattered trajectory.
Representative classical trajectory foraH + D,(v=0,j=0) > H + D,(+v' =
3,j' = 0) inelastic collision at 1.72 eV, with a scattering angle of 40° (red
arrow in d) with respect to the initial direction of the H atom (red arrow in
a). The HD, potential energy surface is presented in a space-fixed frame
centred at the middle of the D, bond. The 0-6-eV energy scale of the
potential energy surface is shown in the colour bar: 0 eV corresponds to
separation of the H atom and the D, diatom. High values of the potential
energy are found perpendicular to the D, bond, owing to the conical
intersection of the HD, molecule in the shape of an equilateral triangle (D3},
geometry). The red circles represent 1.0-fs time steps of the motion of the H
atom and the blue circles show the corresponding motions of the D atoms.
The filled circles (white, H atom; black, D atoms) correspond to the step for
which the potential energy surface is displayed. The potential energy surfaces
are shovx:n for the following D, bond lengths: 0.86 A (11fs, a), 0.72 A (16fs,
b),0.95A (21fs,¢) and 1.14 A (25 fs, d). The D, bond stretches as the H atom
passes through the attractive well and escapes.
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scattering of H* with H,, HD and D, shows forward scattering’®,
which was attributed to ‘bond dilution’ in which the passing proton
withdraws electron density from the diatomic target, thus stretching
the bond and inducing vibration. Reference 27 reported a comple-
mentary mechanism in the vibrationally inelastic scattering of H™
with H,, N,, O, and CO,, which is caused by transient charge transfer
into an antibonding orbital of the target. These ion—molecule colli-
sions are fundamentally different from what we report because there
the addition or withdrawal of electron density affects the entire
molecular geometry, whereas in H + D, it is only the D atom nearest
to the H atom that is affected.

The conventional wisdom that neutral-neutral systems require a
sudden compression of the bond must be revised. Hints of this fact
were already apparent in ref. 28, which is a study of vibrational
relaxation (conversion of vibration to translation and rotation) in
radical-radical collisions. There it was concluded that transfer of
energy out of vibration is rapidly facilitated as the intramolecular
attractive force grows. We believe that this behaviour is part of the
same general picture and demonstrates that tug-of-war collisions, a
form of frustrated reactive collisions, can be important for open-shell
collision systems having strong attractive forces arising from chem-
ical bonding.

Tug-of-war collisions are a new mechanism for inelastic scattering
that should be considered whenever it is possible for the collision
system to form chemical bonds between the reactants. It must be
realized, however, that such wells are not always accessible from
the ground states of the collision partners, an example being
H + CO (ref. 5). In the case of H + D, the well depth at the equilib-
rium D, bond length is quite small, but the well deepens rapidly with
D-D extension. Collisions with vibrationally excited reactants would
also be expected to promote this tug-of-war vibrational inelastic
scattering mechanism.
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