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This paper presents a combined experimental and theoretical study of the dynami#éR)ef @, collisions,

with emphasis on a center-of-mass (c.m.) collision energy of 25 kcal'ndie experiments were conducted

with a crossed-molecular-beams apparatus, employing a laser detonation source to produce hyperthermal
atomic oxygen and mass spectrometric detection to measure the product angular and time-of-flight distributions.
The novel beam source, which enabled these experiments to be conducted, contributed unique challenges to
the experiments and to the analysis, so the experimental methods and approach to the analysis are discussed
in detail. Three different levels of theory were used: (1) quasiclassical trajectories (QCT), (2) time-independent
quantum scattering calculations based on high-quality potential surfaces for the two lower-energy triplet states,
and (3) trajectory-surface-hopping (TSH) studies that couple the triplet surfaces with the lowest singlet surface
using a spir-orbit Hamiltonian derived from ab-initio calculations. The latter calculations explore the
importance of intersystem crossing in the dynamics. Both experiment and theory show that inelastically scattered
O atoms scatter almost exclusively in the forward direction, with little or no loss of translational energy. For
the reaction, GP) + D, — OD + D, the experiment shows that, on averag&0% of the available energy

goes into product translation and that the OD product angular distributions are largely backward-peaked.
These results may be interpreted in light of the QCT and TSH calculations, leading to the conclusion that the
reaction occurs mainly on triplet potential energy surfaces with, at most, minor intersystem crossing to a
singlet surface. Reaction on either of the two low-lying reactive triplet surfaces proceeds through a rebound
mechanism in which the angular distributions are backward-peaked and the product OD is both vibrationally
and rotationally excited. The quantum scattering results are in good agreement with QCT calculations, indicating
that quantum effects are relatively small for this reaction at a collision energy of 25 kcal. mol

I. Introduction modeled very accurately by modern theoretical methods. In
The experimental excitation function (collision energy de- addition, the OD product from this reaction scatters at higher

pendence of the integral reactive cross section) for ti@)o(  Velocities in the c.m. frame than the OH product from théRp(
+ H, — OH + H reaction was recently measured in a crossed- + Hs reactlgn (for.a given relative velocity of the collision);
beams experiment and compared to very accurate quantunius. the kinematics of the &) + D, system are more
reactive scattering calculatiohdwo important results emerged ~ favorable for investigating the dynamics of the SE)( +
from this study: (1) negligible intersystem crossing was inferred Molecular hydrogen reaction. A Newton diagram showingP(
in the reaction of G) with H,, at the collision energies under ~ Scattering from [ inelastically (O) and reactively (OD) is
investigation (up to 23 kcal mot), and (2) the hyperthermal ~ presented in Figure 1.
beam used for the crossed-beams experiments was determined Although the dynamics of the é¥) + H, — OH + H
to contain atomic oxygen almost entirely in the groundR( reaction have been studied in detail theoreticaily,the only
state. The absence of @) in the hyperthermal source of previous experimental investigations of the dynamics of this
oxygen atoms makes feasible the examination of the dynamicsreaction are in our laboratofywhere we measured the excitation
of many OfP) reactions at high relative velocities with the  function, and in the laboratory of Weiner and co-workénsho
confidence that GD) reactions will not interfere. The first  stydied the reaction of @®) with H, in the first vibrationally
system chosen for study was the prototypical hydrogen abstrac-excited state = 1) by laser-induced fluorescence detection
tion reaction, OfP) + D, — OD + D, because it can be  of the OH product. The primary reason for the paucity of data
T Part of the special issue “William Hase Festschrift”. on the dynaml_cs of th.e CR) + Hz (v = 0) reaction is the hl?h
* Corresponding authors. E-mail: tminton@montana.edu (Minton); relative velocity required to overcome thel0 kcal mof
schatz@chem.northwestern.edu (Schatz). barrier. Many experiments and calculations have been conducted
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Figure 2. Potential energy curves along the minimum energy path
for the triplet reaction with K at slightly bent G-H—H geometries
(Jacobi angle of ). The surfaces!f\’, 2A’, andA") that correlate to

the ground-state OFII) product and that are involved in intersystem
crossing are shown. (The collinear geometry has a lower minimum
energy path, but no crossings occur.)

adiabats indicates weak spiorbit coupling in the system. It

Vp, = 2100 m s™ therefore appears that intersystem crossing (ISC) from the triplet
Figure 1. A Newton diagram showing inelastically scattered O and O th? singlet _surfaces IS pOSS'b|ev_ _although _there IS no
reactively scattered OD from hyperthermal collisions ofR)(with experimental evidence for ISC at collision energies below 23

D at Eco = 24.8 kcal mot™. The angular range in gray represents the  kcal mol. Trajectory-surface-hopping (TSH) studies using the
range of laboratory detection angles used. The circles represent thecg|culated potential surfaces and their couplings indicated that
maXith;]m recoil velociltybcIJf tfhe o (th'id line) and tQD (?_";‘]Shed '?I”%)I ISC was not important for the reaction close to threshold but
iven the energy available for scattering or reaction. The available . . .
gnergy for inelaggc scattering is the coIIisign energy, while the available that_ '_t could ant”bme as much as 20% to the cross section at
energy for the reaction to form OD is the collision energy minus the collision energies above 20 kcal mél To date, there have been
endoergicity of the reaction (1.93 kcal m¥. two experimental studies involving &R) reactions in which
ISC was observed: (1) Casavecchia et®alaw evidence for

: e ISC in a crossed-beams reactive scattering study of the reaction
on the OfD) + H, — OH + H reaction, however, which is ) o
virtually barrierless®24 These studies have revealed that the of OCP) with CHsl, and (2) Naaman and co-worké?s

OH product angular distribution is forwarackward sym- observed evidence for ISC in reactions of@)(with hydro-
metric, with low vibrational and relatively high rotational carbon clusters and organic thin films, wherein insertion of the

excitation of the OH produc® At low energies, the reaction oxygen atom was observed instead of abstraction. While the

occurs mostly on the ground-state surfdég, In contrast, recent first example contained a heavy atom which is believed to

o 28 . - S
calculations on the reaction of &%) with H,(v,j) have predicted I?C'tl'fgtg ISCthe Se(??hnd ;e>t<r[])er|ment |nd|c?t|$d the pt053|b|||ty
mostly backward-scattering far= 0 and 1, shifting to more a can occur without the presence of heavy atoms.

forward-scattering as the initial vibrational energy of the H In this paper, the results .Of crqssed-bgams experlments are
increases$® This shift in scattering behavior has been attributed used to explore the dynamlcs_ of inelastic scattering P .
to the increasing importance of higher impact parameters aSfrom D,, as well as the dynamics of the only reactive channel:
the vibrational quantum number increa$eBhe two lowest- OCP) + Dy~ O[.) + D'. We aI;o present the results of quantum
lying surfaces3A’ and3A"”, are the only triplet surfaces that scattering, qua5|clas_3|cal trajectory (QCT), ?”d TSH studies to
lead to formation of ground-state OHI). The third triplet state, Interpret th? fesults, |n_clud|ng a study of the importance of ISC
23A", leads only to electronically excited products, which are at high collision energies.
not energetically accessible in the experiments described herein
One interesting feature of the @ H, potential energy
surfaces is the presence of crossings between the low-spin singlet A. Methods. The quantum scattering and quasiclassical
surface and the high-spin triplet surface. Although the singlet trajectory calculations used ti#d'" and A’ potential energy
surface is much higher in energy on the reagent sidtb(kcal surfaces of Rogers et alThese surfaces are based on high-
mol~1), it possesses a deep potential well, causing it to cross quality multireference configuration interaction calculations, and
the lower-energy triplet surfaces. Hoffmann, Maiti, and Schatz in past work we demonstrated that they yield excitation
found that the most important singtetriplet crossings (for functions near the reactive threshold that are in accurate
nonlinear G-H—H geometries) involve the two low-lying triplet  agreement with experiment. Quantum reactive scattering cal-
states2A’ and3A”, and the lowest GD) + H, surfacelA’ 26:27 culations were carried out using a coupled-channel hyperspheri-
Figure 2 shows potential energy curves along the minimum cal (CCH) coordinate method as implemented in the ABC
energy path of the reaction for slightly bent-®l—H geom- guantum scattering prografhln these calculations, we have
etries?’ These curves, which are derived from full dimensional used a maximum hyperradius of 12 au, with a maximum
potential energy surfaces and CASSCF spirbit couplings, diatomic rotational quantum numbér,{) of 30 and a maximum
show a singlettriplet crossing just before the top of the triplet angular momentum projection quantum numbgg§) of 20 for
barrier. The small energy gap between the singlet and triplet all energetically accessible vibrational levels. To obtain con-

11. Theoretical Details
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TABLE 1: Calculated Global and Vibrational State-Selected Cross Sectiorig(au) for the O(°P) + D, — OD + D Reaction

global v=0 v=1 v=2 v=3

Econ = 15 kcal mot?

QCT 0.26+ 0.02 0.144+0.01 0.124+0.01

CCH 0.44 0.35 0.09
Econ = 20 kcal mot?

QCT 1.63+ 0.03 0.99+ 0.02 0.62+ 0.02 0.02+0.01

CCH 1.62 1.21 0.40 0.01
Econ = 25 kcal mof?

QCT 2.88+ 0.04 1.84+ 0.03 0.96+ 0.02 0.07+ 0.01 0.01+ 0.01

CCH 2.88 2.09 0.71 0.08 0.0002

aThese cross sections are basedon (6(PA") + o((A"))/3.

verged results up to 25 kcal m@| we had to include results
using a maximum total angular momentum quantum number g T (@) A"
(J) of 63. To verify the correctness of the results, we used a % 200 —
wave packet propagation code that is described in ref 25 to €
determine reaction probability information for a few partial
waves, and we obtained results which agreed within a few
percent.

The QCT calculations are analogous to those described earliern
for OCP) + H,.! In the present applications, we have run 50 000 é i
trajectories per surface at a collision energy of 25 kcalhol ~ ©
and 25 000 trajectories per surface at collision energies of 20
and 15 kcal motl. The time integration step was 2 au, and the i
cutoff distance for starting and stopping the trajectories was 12 o0
au. For the inelastic scattering calculations, an additional batch
of 25 000 trajectories was run for each surface at 25 kcatol
using larger impact parameters (up to 8 au).

The TSH calculations use the potential surfaces of Rogers et r (b) A
al., supplemented with a singlet surface from Dobbyn and § 00 [~
Knowles? and spin-orbit matrix elements from Maiti and
SchatZ’ Details of the calculations are similar to those described
by Maiti and Schatz, but in the present application te-@,
we used 30 000 trajectories for each energy, with an integration |
time step of 5 au and a cutoff radius of 12 au.

B. Results.Table 1 presents integral cross sections from the 4
CCH and QCT calculations (based on a statistical average overs
electronic states) for collision energies of 15, 20, and 25 kcal
mol1, including the breakdown of the total cross section into
cross sections for the production of OD in different vibrational
states. The table shows remarkable agreement between quantum
and classical results for the total cross section at the higher Eint (kcal/mol)
collision energies. At the lowest collision energy, the quantum Figure 3. Stick diagram showing the product vibration/rotation
cross section is higher than its classical counterpart, which is distribution from the CCH calculations at 25 kcal mitollision energy
consistent with behavior found for @o + H,. The cross with (a) presenting results for the''Apotential surface and (b) for'A
sections for individual product vibrations show less good tions for reaction on the two surfaces. Here we see that the
agreement than the total cross section, with the QCT crossproduct translational energy has a maximum at about 13 kcal
section to the highest allowed vibrational state being systemati- mol~ for reaction on either of the two surfaces. The CCH and
cally higher than its CCH counterpart. This result presumably QCT results are in excellent agreement, with the exception of
reflects errors in the assignment of product vibrational states in structure in the CCH results that arises from the discrete
the QCT calculation as a result of the rounding off of the quantum state structure. Note also that the quantum distribution
quantum numbers. cuts off at the energy limit, while the classical distribution

Figure 3 presents stick diagrams of the OD vibration/rotation extends to higher energies as a result of zero-point violation.
distributions from the CCH calculations at a collision energy Fortunately, the error resulting from zero-point violation is
of 25 kcal moi'! as a function of the OD internal energy, minor. Figure 5 shows the CCH and QCT angular distributions
showing the results separately for th& And A surfaces. The  for a collision energy of 25 kcal mot. Again, we find excellent
contributions fromy' = 0, 1, and 2 are clearly visible in each agreement between quantum and classical results, so in subse-
figure. The rotational excitation is slightly higher for reaction quent discussions we consider only the QCT results.
on the A’ surface than on the 'Asurface. This result is a The effect of intersystem crossing on the translational energy
consequence of the larger anisotropy of tHesrface, which and angular distributions is seen in Figure 6, which compares
inhibits reactions for bent approaches of O tp tD a larger the QCT and TSH results for a collision energy of 25 kcalThol
extent than the less anisotropi€ Aurface. The results in Figure  Note that the TSH cross sections are obtained by averaging over
3 can be used to determine translational energy distributions.the3P,, 3P;, and®P, states of atomic oxygen. The overall integral
Figure 4 compares CCH and QCT translational energy distribu- cross section at this energy is within 10% of the results from

ction (unno

50 —

-]

—

o

o

I

——
P
———
———

5.0 10.0 15.0 20.0 25.0 30.0
Eint (kcal/mol)

12.0

ized)

on (unnormal

cti

Se!

15.0 20.0 250 30.0



1330 J. Phys. Chem. A, Vol. 110, No. 4, 2006 Garton et al.

g T y T ; T ; T ¥ 1 ¥ T ) T T T .
1~ (a) i — CCH =1

0.75-

% D
L ® |
2
=
= L .
el
8
—
o DA -1
=
A
a.
0 I 1 L | L | = L
0 5 10 s 15 20 25 30
E.’ /keal/mol -1 05 0 0.5 1
] ) . cos(kk’)
Figure 4. Comparison of CCH and QCT product translational energy . . o
distributions for the GP) + D, — OD + D reaction forEe = 25 Figure 5. Comparison of CC_H and QCT angular distributions for the
kcal mol2 for the (a) A’ and (b) A potential energy surfaces. OCP) + D, — OD + D reaction forEcqi = 25 kcal mot? for the (a)

A" and (b) A potential energy surfaces.

the QCT or CCH calculations, which is a result that matches
the conclusions of Maiti and Schatzwho found that inter-
system crossing has a minor effect on overall integral cross
sections. Figure 6a shows that the most probable translational
energy is the same in the QCT and TSH results, but the low-
energy tail of the TSH distribution is more intense. This result
is related to a conclusion from the @ H, studied’ that
intersystem crossing often results in intermediate complex
formation characteristic of singlet dynamics, yielding products
with more rotational excitation (and hence lower translational
energies) than for the triplet-only dynamics. Figure 6b shows
that the TSH angular distributions, while still showing pre-
dominantly backward-scattering of OD, have a significant
forward-scattering component. The presence of forward-scat-
tering in the distributions is the expected result of intermediate
complex formation.

supersonic beam of pure;@as. Products that scattered from
the intersection region were detected with a mass spectrometer
detector (which rotates in the plane defined by the two beams)
as a function of scattering angle and arrival time in the detector.
Once ionized by the Brink-type electron-impact ioniZethe
products were mass selected with a quadrupole mass filter,
counted with the use of a Daly-type ion counterand
accumulated as a function of their arrival time with a multi-
channel scaler. The number of ions generated in the electron-
impact ionizer is dependent on the number density of neutral
species present. Therefore, at a particular detector angle and
mass-to-charge ratio, the mass spectrometer detector measures
number density distributions as a function of arrival tifNg),
which are commonly referred to as time-of-flight (TOF)
distributions. Integrated TOF distributions as a function of
detector angle or “laboratory angular distributions” are given
the designatiomN(®), where® is the angular direction of the
scattered products with respect to the direction of the oxygen-
A. Methods. The experiments were performed with the use atom beam. (The oxygen-atom beam direction is taken to be a
of a crossed-molecular-beams apparafii$* A schematic laboratory angle of zero, and the positive angular direction is
diagram of the apparatus is shown in Figure 7. Although the defined by a rotation from the oxygen-atom beam toward the
crossed-beams technique employed in these experiments is wellD, beam.) The primary data, then, a\¢) andN(®) distribu-
known, the high-velocity source of oxygen atoms added tions of mass-selected products. In addition to detecting scattered
significant complexity to the experiments. As this added products, the mass spectrometer detector is used to interrogate
complexity (coupled with myriad experimental details) severely the atomic/molecular beams by aligning the detector such that
impacts the data analysis, we discuss here in detail how thethe beam may enter it directly.
experiments were performed. The laser detonation source is based on an original design
A pulsed beam of oxygen atoms, produced in a laser by Physical Sciences, Ii#¢:38 The key elements of this source
detonation source, was crossed at right angles with a pulsedare a home-built piezoelectric molecular-beam véka gold-

Ill. Experimental Details
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== - 1T = I = i mounted on the source chamber roughly 50 cm downstream
from the nozzle. The laser detonation source was operated at a
p repetition rate of 2 Hz, which is the practical limit allowed by
the pumping speed of the source chamber. The pressure in the
source chamber typically risestel mTorr during the gas pulse.

The hyperthermal, O-containing beam was first collimated
with the use of a 1-cm diameter aperture located 80 cm from
the apex of the conical nozzle, and then the beam passed through
a region of differential pumping (operating pressure®aL0->
- Torr) and exited this region through a 1.2-mm diameter skimmer
positioned~96 cm from the apex of the nozzle cone. The
. hyperthermal beam reached the interaction region (the center
of rotation of the detector) 99 cm from the nozzle apex, where
it was only negligibly larger than the diameter of the previous
0 15 20 25 30 skimmer. The operating pressure in the main scattering chamber

E_’ /keal/mol was~2 x 1077 Torr.
T I T | . T : The oxygen-atom beam TOF distributions were explored with
two detector conditions. Under one condition, the detector was
placed directly on the beam axi®(ag = 0°); for the other,
the detector was placed® ff the oxygen-atom beam axis
(toward the D beam axis). When the beam was viewed on axis,
a small aperture~125um diameter) was used on the front of
the detector, while a large square aperture (4 xrd mm)
was used on the front of the detector for monitoring the beam
off axis. For both on-axis and off-axis configurations, the
voltages of the elements of the electron bombardment ionizer
were the same. However, for the on-axis configuration, an
emission current of 2 mA was used, while for the off-axis
configuration, an emission current of 10 mA was used. In
addition, the high-voltage electrode of the Daly ion counter was
. 1 . I : 1 — —18 kV for the on-axis configuration ane30 kV for the off-
= = cos((;ck’) axis configuration. The comparison between beam TOF distri-
) ) butions measured under the two conditions verified that the
o sy o oo vy o Bl Soson Ol bea veooty measured under typiclcondions usec
for the OFP) + Dy — OD + D reaction forEe = 25 kcal mot . to monitor the beam (on axis) matched the no_mlnal beam
velocity measured under the exact detector conditions used to

plated water-cooled copper nozzle, and a high-energy J d(_atec_t scattered product_s (off-axi_s conditions). The TOF dis-
pulse'l) CO, TEA laser. For the experiments described here, tr_|bu_t|on_ measured on axis was slightly narrower than the TOF
the pulsed valve introduces a high-pressure (18.2 bar Stagnationollstnbutlon_measured o_ff axis. _B_ecause the scattering o!ata were
pressure) surge (approximately 1081ong) of pure @gas into coIIectt_ed Wlth_the _off-aX|s condmons, we used the _off-aX|s_ beam
the conical nozzle through a 1-mm diameter2.0-mm long TOF _dlstrlbutlor_l in the analysis of the data for inelastic and
cylindrical channel at the apex of the cone. Following a200 '€active scattering.

230us delay after the pulsed valve is triggered, the,G:@er The temporal profile of the atomic oxygen component of the
is fired, and the laser light passes through an antireflection- overall hyperthermal beam pulse (collected with the detector
coated ZnSe window into the source chamber where it is then viewing the beam directly through a 125r diameter aperture)
focused into the nozzle with the use of a bare gold mirror of is seenin Figure 8. The dashed line shows the TOF distribution
1-m radius of curvature. The beam waist of the laser is at the of atomic oxygen, detected at/z = 16. “Time zero” in this
apex of the conical nozzle, but as the beam shape is roughly 3figure is the time at which the CQaser fires, which is the
mm x 4 mm at the waist, the laser light mainly impinges on pointin time when the oxygen atoms are created. The ion flight
the sides of the gold-coated cone and is reflected down into thetime has been subtracted, so the observed time is the time
orifice channel. The concentrated laser pulse initiates a break-required for hyperthermal oxygen atoms to travel 132.7 cm from
down of the gas and heats the resulting plasma to more thanthe apex of the nozzle cone to the electron-impact ionizer. As
20 000 K. The high-temperature, high-density plasma expandscan be seen by the dashed curve in Figure 8, the overall oxygen-
rapidly into the 10-cm long, Z0ncluded angle cone following  atom pulse is very broad. Because the laser detonation source
detonation and engulfs the remaining cold gas. The resulting is essentially a point source, the time (and velocity) width of
beam pulse contains both atomic and molecular oxygen, the oxygen-atom beam pulse can be narrowed with the use of
traveling at hyperthermal velocities in the range®km s1. a synchronized chopper wheel, which selects only a small
The ratio of atomic to molecular oxygen is variable, depending portion of the overall beam pulse. This chopper wheel was
on source operating conditions; the atomic fraction used in theseplaced just past the second aperture, in the main scattering
experiments was 63%. The oxygen atoms are produced in thechamber. The chopper wheel had three slots, equally spaced,
ground, orP, electronic state (less than one percent is in the each 1.5-mm wide and 12&m thick, and the rotation rate of
first excited statelD).! There may be a small ionic component the chopper wheel was 400 Hz. With careful design of the
(<1%) in the hyperthermal beam, but any residual ions were chopper wheel and drive electronics, including feedback, the
deflected in a magnetic field produced by permanent magnetschopper wheel was able to run stably for a data collection

P(E,’) / arb. units
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Figure 7. Schematic diagram of the crossed-molecular-beams apparatus.

which was less than 1&s wide (full width at half-maximum)

\ overl at the interaction region. The velocity of the deuterium beam

\beam puise was found empirically by determining the,Dvelocity that

\ yielded the best circle on a Newton diagram for inelastically

\ scattered O atoms, while keeping the oxygen-atom velocity fixed

chopped \ at its well-known velocity (see below). The velocity of the D

AN beam is probably only accurate #610%, but the errors caused

AN by the uncertainty in the Pbeam velocity are negligible
S compared to the uncertainties caused by the hyperthermal

. . . . . . . oxygen-atom beam, which had a nominal velocity that was

100 120 140 160 180 200 220 240 approximately four times larger than that of Bnd a velocity

Flight time / us spread (full width at half-maximum) that was roughly one-third

Figure 8. Representative oxygen-atom beam time-of-flight distribu- of that of the B beam velocity.
tions. The overall beam pulse (dashed line) was narrowed with the use  Timing is important in these crossed-beams experiments,
of a synchronized chopper wheel (solid line). The synchronization could because the two beam pulses must reach the interaction region
be varied over the width of the overall pulse in order to tune the nominal at the same time in order for reaction between the species in
oxygen-atom velocity of the selected narrow pulse. the two reactant beams to occur. The laser detonation source
and associated synchronized chopper wheel impose additional
session (+2 days) with only a-200-ns variation in its period. ~ complexity on the timing of the experiments. The chopper wheel
The solid curve in Figure 8 represents the narrowed O-atom SpPins at a constant rate and produces a train of pulses as the
beam pulse that was selected with the synchronized choppersiots in the chopper wheel pass over an LED/photodiode
wheel. Besides defining a narrow oxygen-atom beam pulse, thearrangement that is displaced by’q@arlier in time) from the
chopper wheel provided the advantage of blocking all the light beam axis. The repetition rate of the experiment is determined
from the plasma when the hyperthermal beam was formed. by a 2-Hz reference oscillator. The train of chopper wheel
A piezoelectric pulsed valve, of the same type as that used (photodiode) pulses and the 2-Hz reference pulses are put into
for the oxygen-atom source, was used to produce a pure beand timing circuit that allows the next photodiode pulse following
of D,. The nozzle orifice diameter was 1 mm, and the pressure a reference pulse to be output to a digital delay generator capable
behind the orifice was 80 psig. After leaving the nozzle, the D of producing several pulses with independently adjustable
beam passed through a 2-mm diameter skimmer into a dif- delays. Thus, while the repetition rate is controlled by the 2-Hz
ferential pumping region and then through a 3-mm diameter reference pulses, the actual experiment timing is controlled by
aperture into the main scattering chamber, where it crossed thea photodiode pulse from the chopper wheel. The two pulsed
O-atom beam. During the beam pulse, the source chamberbeams and the laser are controlled by the delay generator. After
reached pressures between—40and 103 Torr, and the the G valve is triggered, there is a delay of about 2@B0us
differential pumping region reached pressures betweehar before the CQlaser is fired. The delay between the triggering
1075 Torr. The distance between the nozzle and skimmer was of the G pulsed valve and the firing of the G@aser is adjusted
9.2 cm, and the distance from the skimmer to the 3-mm diameterto provide the desired nominal oxygen-atom beam velocity. The
aperture was 2.8 cm. From this aperture, the beam traveled 1.50, pulsed valve is triggered at the appropriate time following
cm to the crossing point of the two beams. The pulse width of a photodiode pulse to select the desired portion of the overall
the D, beam was~100 us—long enough that the duration of oxygen-atom beam pulse with the chopper wheel. Thpulsed
the interaction of this beam with the oxygen-atom beam was valve delay is adjusted to yield the maximum scattered product
determined by the temporal width of the oxygen-atom beam, signal.

N(t) / arb. units

0




Dynamics of OP) + D, Collisions J. Phys. Chem. A, Vol. 110, No. 4, 20086333

The multichannel scaler is typically triggered by the same been discussed in detail elsewh&e}* the c.m. scattered flux
pulse that triggers the opening of the ulsed valve; therefore,  per unit solid anglelcw(Er, 60), is typically assumed to be
measured TOF distributions include the laser delay, the flight separable into the product of two functions: a c.m. translational
time of the oxygen-atom beam pulse to the interaction (beam- energy distributionP(Er), and a c.m. angular distributiom(6),
crossing) region, the flight time of neutral products to the whereEr is the sum of the translational energies of both products
electron-impact ionizer, and the ion flight time from the ionizer which scatter following a collision in the c.m. frame, afdls
to the Daly ion counter. The ion flight time is given loym/ the angle at which a product scatters in the c.m. frame (with
2)Y2, wherea, which had a value of 2.44 in these experiments, respect to the relative velocity vector of approach of the two
is a parameter that was determined by comparing the arrival collision partners). TriaP(Er) andT(¢) distributions are used
times of the O and ©components of the hyperthermal beam. to calculate TOF distributions with the following relationship
Because the chopper wheel selects only species in the hyper{derived from the Jacobian transformation):
thermal beam that are traveling at a specific velocity, the ) )
dlffergnce in a_pparent arrllval t!mes of O and Emes from N(t,®) O |_|(ET’0) _ I—P(ET)T(O)
the difference in the ion flight times of ©and Q*. Thus the ut® ut®
ion flight time parameterg, is found from the measured
difference in the O and ©arrival times and the difference in ~ Wherel is the flight lengthu is the product velocity in the c.m.
the square roots of the mass-to-charge ratias= At/A(m/ frame, and is .the. laboratory flight time from the beam-crqssipg
22, The flight time of the hyperthermal oxygen-atom pulse egion to f[he ionizer. The calculated_ TOF and gngular distribu-
from the nozzle cone to the interaction region is determined by tions, which take into account various experimental effects,
measuring the velocity of the oxygen-atom beam and calculating including the arrival time distribution of the oxygen atoms at
the time for the beam pulse to travel the known 99-cm distance the interaction region, are compared with the measured labora-
to the interaction region. The beam velocity is determined by tory TOF and angular distributions, and the inf(Er) and
measuring the oxygen-atom flight timéhat is, the time between T(0) dlstrlbut|on_s are |t_erat|vely adju_sted until optlr_nu_m f|_ts to
when the CQ laser fires and the time when the beam pulse all !aboratory dlstrlbut_lon§ are obtained. Uncertamtles |n.the
arrives at the ionizer (132.7 cm away). There is some uncertainty derivedP(Er) andT(6) distributions are determined by observing
in this measurement, however, because the exact point of originthe maximum variation in these distributions that can still
of the oxygen atoms is not extremely well defined and the pulse Produce reasonable calculated fits. To allow for easy manipula-
width of the laser may be as long as a microsecond (sharpt'on of theP(Er) andT(0) dlstrlbu.tlons, parametrlzgd functlons.
narrow peak 0f-100 ns followed by a slow tail). There is thus '€ ©often used. For the analysis of these experiments, a point
an estimated (effective) uncertainty in the measured flight times form for the P(Er) dls_trlb_utlo_n was sometimes used, a_nd
of approximately :s. To conduct the analysis of the scattered occasmnau)z/ theéP(Er) distribution was based on the versatile
products, their TOF distributions must be corrected such that RRK form:
they reflect the number density distributions of products arriving
at the ionizer as a function of flight time from the interaction
region. The correction is accomplished by subtracting from the
raw TOF distributions: the ion flight time, the oxygen-atom
flight time from the nozzle to the interaction region, and the
delay between the pulsed valve trigger and the firing of the parameters that affect the peak energy and width of the
CO; laser. distribution. When approximating the(Ey) distribution with

The measured TOF distributions(t), and angular distribu-  the RRK form, these parameters are adjusted to give the best
tions, N(®), are number density distributions in the laboratory fit to the laboratory data. A Legendre polynomial function
reference frame, but the relevant microscopic information comes (varying from six to eleven terms), with adjustable weighting
from scattered flux in the center-of-mass (c.m.) reference frame. of each of the polynomial terms, was always used to describe
The two reference frames are different, because the c.m. of thethe T(6) distribution. The Legendre polynomials can be obtained
two colliding species is moving in the laboratory frame. The from Rodrigues’s formula:
relationship between the c.m. and laboratory velocities can be
illustrated with a velocity vector, or Newton, diagram (see Figure a, d(cog — 1)
1).4041While a Newton diagram aids in the determination of T(0) = %ﬁ

o L ! (cos6)
c.m. velocities and angles from known laboratory velocities and
angles, it does not provide a means to determine directly the wherek = 0, 1, 2, ..., 10 (for the 11 total polynomial terms
c.m. translational energy and angular distributions from mea- uysed) andy represents adjustable parameters. By summing all
sured laboratory number density distributions. In fact, because of the terms, thd(6) distribution is obtained. In some cases, a
of the complexity of the experiment, including beam velocity T(6) distribution calculated from theory was fit by a Legendre
distributions, beam angular divergences, ionizer width, and function, and this function was used as an input to the analysis
various other apparatus effects, it is extremely difficult (es- program. In other cases, the parameters in a Legendre function
sentially impossible) to deconvolute the measured distributions were optimized to provide the best predicted fits to the
in order to derive c.m. quantities. Therefore, a “forward- laboratory TOF and angular distributions. The optimiZ6)
convolution” method is typically employed to derive c.m. andP(Er) distributions can be used to create a c.m. veleeity
quantities from the data. The general approach is to start with flux contour map or differential cross section. This contour map
trial distributions in the c.m. frame and, taking into account is a plot of the scattered flux of a product as a function of angle
beam velocity distributions and other experimental effects, use and velocity in the c.m. frame.
a Jacobian coordinate transformation to calculate expected The computer program used to carry out the center-of-mass
laboratory number density distributions and compare theseto laboratory transformation is the MSU XBEAM Program,
results with the experimental data. In this method, which has Version 2.2, which is derived from the CMLAB program that

P(ET) = (ET - B)p(Eavail - ET)q

whereEyyq is the total energy available for translation in the
c.m. frameEayai is equal to the sum of the c.m. collision energy,
Ecoi, and the reaction energpE;. B, p, andq are adjustable



1334 J. Phys. Chem. A, Vol. 110, No. 4, 2006 Garton et al.

was originally developed at UC Berkeley in the 1970s and later
modified to the GMTHRASH version in the late 1980s and early 11 @
1990s. The previous programs were written for crossed-beams
experiments with continuous beams, so the MSU XBEAM
version required significant modification to account for the
crossing of pulsed beam®where one of the beams (the oxygen-
atom beam) has a distribution of incident times at the interaction
region and the atoms arriving at different times have different
velocities. Because the high velocity and the velocity width of
the oxygen-atom beam dominated the experimental velocity
resolution (see below), the analysis was conducted under the

P(v) / arb. units

assumption of a monoenergetic Beam. 0 , , \ . . , .
The crossed-beams method used for these experiments is 70 72 74 76 78 80 82 84 86
subject to limitations in velocity resolution. The product velocity v/km s
in the laboratory frame is the vectorial sum of the velocity of
the center of mass of the two colliding species (in the laboratory 1} (b) <E,,,> = 24.8 keal mol™

frame) and the velocity of the reaction product in the c.m. frame.
Because the velocity of the center of mass is high km s,

the product velocities are therefore also high. The product
velocities are determined by measuring the product flight time
over a 33.7-cm distance. Thus, typical flight times are in the
range of 36-70us. Although much care was taken to minimize
timing errors in the experiment, the uncertainty in exactly when
the CQ laser fires and in the width of the laser pulse may lead
to errors of as much as s in the measurement of the flight
time, which could create errors in the laboratory velocities of o
hundreds of meters per second (up~t®€0%). Therefore, the

uncertainties in translational energies may be between 10 and ,
20%. E_ ./ kcal mol’

P(Eco") I arb. units

In addition to the uncertainties imparted by the high product Figure 9. (a) Velocity distribution of the oxygen atoms in the
velocities, the temporal width of the incident oxygen-atom beam hyperthermal beam used for these experiments. (b) Distribution of
also inhibits velocity resolution and thus the ultimate precision collision energies for G) collisions with D, assuming the variability
of the derived translational energy distributions. Even with the I(;}Sg’?tllll.lstilgl’r: Sehrg/:l%ymaz;es entirely from the oxygen-atom velocity
use of the 400-Hz chopper wheel, the base width of the incident ’
oxygen-atom beam pulse (measured at the detector) was,25  peam diameter was made narrow with the use of the 1.2-mm
which means that the base width of the product TOF distribu- iameter skimmer, and the choice of chopper slot width and
tions will be at least this much, even if the product translational |, eg| speed was investigated. It was found more effective to
energy distribution is extremely narrow. The width of the arrival ;56 5 wider slot and spin the wheel faster than to use a narrower
time of the incident beam is accounted for in the analysis, as is gjot and spin the wheel slower. A possible reason for this
the fact that different arrival times correspond to different beam gpservation is that the incident oxygen-atom beam pulse
velocities and thus different collision energies. However, when o4y ces a localized pressure increase in the vicinity of a narrow
the width of the arrival time distribution accounts for a slot, which leads to multiple collisions and a consequent
significant amount of broadening of the product signal, then attenyation of the pulse that makes it through the slot. The local
the energy width of the triaP(Er) d|str_|bu_t|_on may be varied pressure does not build up to this extent if the slot width is
by a few kcal mot* and have no significant effect on the |5rger. Another possibility is that scattering from the edges of
calcglated TOF Q|s§r|bqtlons. Thus, it becomes dlﬁlcglt to derive the slot (again leading to multiple collisions and beam attenu-
a uniqueP(Er) distribution. Furthermore, the analysis assumes atjon) is more important for narrower slots than for wider slots.
that over the range of c.m. collision energies resulting from the A gjot width of 1.5 mm and a wheel speed of 400 Hz were
velocity spread in the oxygen-atom beam, the shape d?(Ee found to provide a good overall compromise.
distribution of the products remains constant. This approximation Figure 9a shows the oxygen-atom velocity distribution that
breaks down if the shape of tH¥Er) distribution is strongly  \yas selected with the chopper for these experiments. The peak
dependent on collision energy. So, tR¢r) distribution that velocity is 7780 m s From this velocity of oxygen atoms
is derived represents a sort of average distribution over the rangegng a nominal B velocity of 2100 m s, the c.m. collision
of collision energies in the experiment. In the experiments energy is calculated to Mo = 1/2 uvre? = 24.8 kcal mot?,
reported here, |t iS be”eved that the W|dth Of the al’riva| t|me Wherelu |S the reduced mass, amdl |S the re'ative Ve|0C|ty of
diStribUtion Of the inCident Oxygen'atom beam reSU|tS in more approach Of the two Collision partners_ The Oxygen_atom Velocity
uncertainty in the deriveB(Er) distributions than does the range  distribution dominates the c.m. distribution of collision energies,
of c.m. collision energies. which is shown in Figure 9b, assuming a fixegltizam velocity

It is possible to narrow the temporal width of the oxygen- of 2100 m s. This distribution of collision energies should be
atom beam pulse even further by (1) spinning the chopper wheeltaken as the narrow limit, as accounting for the width of the D
faster, (2) reducing the width of the slots in the chopper wheel, beam velocity distribution would slightly broaden the collision
or (3) reducing the diameter of the beam as it passes throughenergy distribution.
the chopper wheel. Unfortunately, all of these approaches reduce Inelastic scattering signals were detectedn&t = 16 (O")
the beam intensity and thus the signal in the experiment. Theand 32 (Q"). The range of detector angles for which data were
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Figure 10. Time-of-flight distributions of inelastically scattered O following collisions with & [E..i[J= 24.8 kcal mot?!. The circles are the
experimental data. The blue and red solid curves are the forward-convolution simulations of the data, derived from the c.m. angular anditranslationa
energy distributions of corresponding colors in Figures 12a,b and 13a,b.

collected was based on the Newton diagram shown in Figure 1  B. Results.Laboratory TOF and angular distributions were
and varied for detected masses. Signalsritr= 16 (O") were collected form/z = 16 (O"), 18 (OD"), and 32 (Q") at an
detected at laboratory angles frorhtd 20°. Signals fom/z = average collision energ{cqil] of 24.8 kcal mot™. The Newton
32 (1), used to correct thevz = 16 data for the contribution ~ diagram in Figure 1 shows the maximum recoil velocities of O
of cracking of Q to Ot in the ionizer, were detected front 3  and OD, given the nominal available energy. For inelastic
to 10 (O, does not scatter appreciably to larger angles). We scattering of oxygen atoms, the available energy is the collision
determined that the £signal that is detected at/z = 16 as energy. However, for reactive scattering to form OD, the
O" is 11% of the Q signal detected atv/z = 32 as Q. maximum energy available for translation is the collision energy
Reactive product signals were detected onlyvat= 18 (OD") minus the endoergicity of the reaction (24-8L.93 kcal mot?),
and at laboratory angles of & 12.5. Counting times per angle  or 22.87 kcal moll.*6 Scattered @ is not included in the
varied from 12.5 min for collection of thevz = 16 and 32 Newton diagram because the only purpose for its collection was
data to 1.4 h form/z = 18. to correct for its contribution (from dissociative ionization) to
The nominal velocity of the @component of the hyperther-  the TOF distributions detected at'z = 16.
mal beam is the same as that of the oxygen-atom component, 1. Inelastic ScatteringFigure 10 shows TOF distributions
so the nominal c.m. collision energy o, @ith D, is greater for m’z = 16 collected at six laboratory angles. The TOF
than the O+ D, collision energy by the ratio of reduced masses, distributions at 3—10° (where signal was observed fovz =
or 1.11. Nevertheless, the molecular oxygen present in the 32) were corrected for the contribution of €acking to O in
hyperthermal oxygen beam has no bearing on the observedthe ionizer. The laboratory angular distribution for oxygen-atom
scattering distributions. For the inelastic scattering signals, TOF inelastic scattering is shown in both panels in Figure 11. The

distributions were collected for both O and,@nd any cracking
of O, in the ionizer to O was subtracted from thevz = 16
(O™) TOF distributions. The presence of @herefore would

blue and red solid curves in both Figures 10 and 11 are the
forward-convolution simulations to the data, based on the
corresponding blue and red c.m. translational energy and angular

not affect the results for the inelastic scattering. Regarding the distributions in Figures 12 and 13. These figures illustrate the

reactive scattering to form OD, the lowest barrier reaction in
which O, can lead to signal atVz= 18 (OD") is O,(Z) + D,

range of uncertainty in the derivation of tf¥Er) and T(0)
distributions for inelastic scattering. Both the narrow and broad

— OOD + D, where the OOD cracks to OD in the ionizer. The P(Er) distributions, shown in Figure 12, parts a and b,
endoergicity of this reaction, however,i%5 kcal mot?, which respectively, can be paired with the correspondi(@) distribu-

is much larger than the available energy. Thus, this reaction tions in Figure 13, parts a and b, to predict acceptable fits to
cannot occur, and we can reasonably rule out any interferencethe laboratory data in Figures 10 and 11. The narrower
of O, on the observed OD reactive signal. translational energy and angular distributions, seen in Figures
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Figure 11. Laboratory angular distributions of O atoms which scattered inelastically fromifd [E.oiC(= 24.8 kcal mot?. The black symbols

with error bars are the experimental data, and the line-connected colored symbols are the forward-convolution fits to the data, derived from the c.m.
angular and translational energy distributions of corresponding color in Figures 12 and 13. The error bars are estimated from fitting theaxperiment
TOF distributions with a modified Gaussian function and finding maximum and minimum acceptable fits by adjusting the Gaussian parameters.
The integrated ranges of these fits are shown as error bars.
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Figure 12. Center-of-mass translational energy distributions for the inelastic scattering of O fyaah B.iJ= 24.8 kcal mot?, used in the
forward-convolution fit of the laboratory TOF and angular distributionsnfitr= 16 (O"). The blue and red curves show the limiting distributions

which gave acceptable fits to the data (when paired with the curves of corresponding color in Figure 13). The dashed curve in panel (a) is the result
from a QCT calculation where trajectories with scattering angles smaller tifawel® discarded.
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Figure 13. Center-of-mass angular distributions for O atoms that scattered inelastically frat®.J= 24.8 kcal mot?, used in the forward-
convolution fit to the laboratory TOF and angular distributionsrféz = 16 (O"). The blue and red curves show the limiting distributions which

gave acceptable fits to the data (when paired with the curves of corresponding color in Figure 12). The dashed curve in panel (a) is the result from
a QCT calculation where trajectories with scattering angles smaller tifawdi® discarded.

12a and 13a, are similar to QCT results foPR)(+ D, — O(P) SA" and3A" surfaces gave nearly identical results for inelastic
+ D, scattering aE.o = 25 kcal mof, which are shown as  scattering. To establish a fair comparison with experiments, the
dashed curves in these figures. Both experimental and theoreticalQCT product energy and angular distributions have been
translational energy distributions have maxima near the availablecalculated using trajectories in which the scattering angle is
energy and angular distributions that peal@at 0° (forward- larger than 15 The reason for this is that the minimum
scattering of O atoms). And given the uncertainty in the experimental laboratory angle of 8orresponds to a c.m. angle
experimentally derived distributions, the shapes of the experi- (deflection angle) of 15 Thus, although our fit to the time-
mental and theoretical translational energy and angular distribu- of-flight measurements using the forward-convolution method
tions may be considered to be the same. The QCT calculationsgenerates global product translational energy and angular
were run on analytical potential energy surfaces (PESSs) for thedistributions, the method is not sensitive to the forward-
SA" and®A" states developed by Rogers et al. for the reaction scattering region. The consequence of the optimization can be
of OCP) with H,,®> and c.m. translational energy and angular seen in the experimental c.m. angular distribution in Figure 13.
distributions were extracted from the trajectory data. Both the Whereas one would expect a sharp forward peak in the
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Figure 14. Each column contains the experimental time-of-flight distributions (black curves) for reactively scattered OD (detetzed &8)

following reaction of OfP) with D, at [E.oi= 24.8 kcal mof™. The angles shown in each panel refer to the laboratory an@les, where the

data were collected. The colored curves in each column, (a), (b), (c), (d), are the forward-convolution simulations of the data, derived from the c.m.
angular and translational energy distributions of corresponding color in Figuredl®ad 17a-d, respectively.

experimental distributions due to the presence of elastic scat-distributions is not greatly affected. On the other hand, large
tering, the intensity of this experimental angular distribution changes, altering the character of the generated c.m. distribu-
bends over to an asymptotic value at small scattering angles.tions, show significant deviations from the simulated results.
The shape in the experimentally derived c.m. angular distribution Although the velocity resolution is lower than would be desired,
is the result of extrapolation t§ = 0° with the Legendre the data still lead essentially to the same conclusions about the
function. inelastic scattering dynamics as do the theoretical calculations.
The major differences between the c.m. distributions derived 2. Reactie ScatteringRepresentative TOF distributions of
from the experimental data and the QCT results for both surfacesthe only reactively scattered product observed, OD, collected
are in the widths of the two distributions. The QCT results show at laboratory angles of°35°, 7.5°, 10°, and 12.8, are shown
that the translational energy distribution is very narrow and falls in black in each column in Figure 14. The distributions &t 3
to zero (on the low-energy side) near 22 kcal mplvhereas 5°, and 7.8 had to be corrected for the contribution'&D atoms
the experimental result only provides a range of uncertainty in that scattered inelastically from,DThis correction was ac-
the width of the translational energy distribution. The angular complished by multiplying the scattering signalratz = 16
distribution also falls (at larger angles) somewhat more sharply (O*) for each angle by 0.002 (0.2%0, which was measured
in the QCT calculations than in the experimental distribution. by scattering atomic oxygen from helium and observing the
The general results from the QCT calculations and the experi- scattered signal at/z = 16 (O") andm/z = 18 (*¥0") in a
mentally derived distributions are the same, showing forward- separate experiment), shifting by the appropriate ion flight time
scattering of the oxygen atoms, with very little energy transferred difference, and subtracting it from the TOF distributions
into the D, collision partner. The simulation provides good collected atw/'z= 18. This correction was negligible (less than
agreement with the data in Figures 12 and 13, falling within one count) at angles greater than°7#nd so these angles were
the uncertainty range of the experimental results. As discussednot corrected for'80 contributions. The laboratory angular
in the previous section, the limited velocity resolution of the distribution is shown in black in each panel of Figure 15.
data results in simulated “fits” that are not entirely unique. Small ~ The relatively poor velocity and angular resolution of the data
changes in the c.m. translational energy and angular distributionsmade it difficult to derive unique c.m. angular and translational
will still result in acceptable fits to the data. As can be seen, energy distributions, but the theoretical calculations helped guide
the translational energy distribution for the inelastic scattering the analysis. Center-of-mass angular and translational energy
of O from D, can be broadened slightly, while keeping the peak distributions for the G) + D, — OD + D reaction were
near 25 kcal mott, and the fit to the laboratory TOF and angular obtained from the QCT calculations. The symbols and dashed
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Figure 15. Each panel contains the laboratory angular distribution (black symbols with error bars) of the OD product from the reacfiBh of O(

with D, at [E.qi= 24.8 kcal mot™. The error bars are estimated from fitting the TOF distributions with a modified Gaussian function and finding
maximum and minimum acceptable fits by adjusting the Gaussian parameters. The integrated ranges of these fits are shown as error bars. The
colored curves in each panel, (a), (b), (c), and (d), are the forward-convolution simulations to the data, derived from the c.m. angular antranslati
energy distributions of corresponding color in Figures-16and 17a-d, respectively.
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Figure 16. Center-of-mass angular distributions for the OD product of tH®Yof D, — OD + D reaction. (a) Symbols with error bars: distribution

from QCT calculations, assuming reaction only on the two low-lying reactive triplet surfé&eand3A". Solid curve: fit to calculated points

from sum of Legendre polynomials. (b) Symbols with error bars: distribution from trajectory-surface-hopping calculations (TSH). Solid curve: fit
to calculated points from sum of Legendre polynomials. (c) “Trial 1" distribution, which when paired with the translational energy distribution in
Figure 17c, produces acceptable fits to the data. (d) “Trial 2” distribution, which, when paired with the translational energy distributioe in Figur
17d, produces acceptable fits to the data.
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Figure 17. Center-of-mass translational energy distributions for th#®?D{ D, — OD + D reaction. (a) The dashed curve is the distribution from

QCT calculations, assuming reaction only on the two low-lying reactive triplet surfé&esnd 2A". The distribution used for the forward-
convolution analysis was corrected (solid curve) such that it goes to zero at the available energy. (b) The dashed curve is the distribution from
trajectory-surface-hopping calculations (TSH). The distribution used for the forward-convolution analysis was corrected (solid curve)isuch tha
goes to zero at the available energy. (c) “Trial 1” distribution, which, when paired with the angular distribution in Figure 16c, produces acceptable
fits to the data. (d) “Trial 2" distribution, which, when paired with the angular distribution in Figure 16d, produces acceptable fits to the data.

curve in Figures 16a and 17a, respectively, are the results ofdistributions gave predicted TOF and laboratory angular dis-
the single surface QCT calculations described earlier (see sectiortributions shown as red curves in Figures 14a and 15a. The TOF
IIA and Figures 4 and 5). These c.m. distributions were used distributions are fit fairly well, although there is some discrep-
in the forward-convolution procedure to predict laboratory TOF ancy with the TOF data &, s = 5° and 7.3, but the predicted
and angular distributions. But before using these c.m. distribu- laboratory angular distribution is a very poor match to the
tions, they were modified slightly. The calculated c.m. angular experimental distribution. This poor match between the predic-
distribution was fit with a sum of eleven Legendre polynomials, tion of the triplet-only QCT calculations and the data suggests
which is shown as the solid, red curve in Figure 16a. The the possibility that intersystem crossing might be playing a role
calculated translational energy distribution shown in Figure 17a in the reaction. This possibility was investigated by using the
has a high-energy tail that extends beyond the available energyc.m. angular and translational energy distributions obtained from
as a result of zero-point energy in the QCT calculations, so it the TSH calculations (Figures 16b and 17b) to predict the
was modified (solid curve) such that it went to zero at the laboratory TOF and angular distributions (Figures 14b and 15b).
available energy. Forward convolution of the modified c.m. For the forward-convolution calculation, the TSH angular
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distribution was fit with a sum of eight Legendre polynomials, QcT TSH
and the TSH translational energy distribution was modified such ® L
that the high-energy tail went to zero at the available energy. p
The predicted TOF distributions (Figure 14b) do not agree with
the data for small laboratory angles, and the predicted laboratory
angular distribution, while matching the data better than the —
prediction of the QCT results, still does not agree within the g
error limits of the data. Given the small but statistically
significant discrepancy between the TSH prediction and the data,P:
it appears that either intersystem crossing is not accurately
described by the TSH calculations or that there are additional _ )

Figure 18. Center-of-mass velocityflux maps for the OD product,

errors in the calculations. : : -
. . ) derived from the four pairs of angular and translational energy
_AIFhou_gh f'f‘d'ng unique c.m. angular a_nd translat_lonal energy distributions shown in Figures 16a and 17a-d. The radii of the
distributions is difficult given the velocity resolution of our dashed circles indicate the maximum possible OD velocities when OD

experiment, we explored a wide range of c.m. distributions and is produced in vibrational states,= 0, 1, 2, 3.

gained a good understanding of the kinds of angular and for reaction Ecoi — AE;) goes into internal energy of the OD.
translational energy distributions that are consistent with our Of the four sets of c.m. distributions that we used to interpret
data. An example of a pair of c.m. distributions that predict the the laboratory angular and velocity distributions, set (a), which
observed data very well is shown in Figures 16c and 17c. This js based on single-surface QCT results, gives the poorest fit to
example, which we refer to as “Trial 1", illustrates a situation the data. Set (c) predicts the data well, but is not consistent
where the OD product is mainly backward-scattered (Figure with theory. Set (b) is reasonably consistent with the data and
16c¢), and the shape of the angular distribution is similar to that matches the theory accurately, while set (d) is a better match to
calculated for triplet-only reactions by the QCT method (Figure the data but a poorer match to theory than (b). The results for
16a). However, the translational energy distribution in Figure sets (b) and (d) are similar, and they differ significantly from
17c is significantly different in shape from the QCT result: it sets (a) and (c), showing that we have sufficient precision in
is broader and shows much more probability density at lower the comparison between theory and experiment to conclude that
translational energies. A second pair of c.m. distributions (“Trial |SC effects play a noticeable, though minor, role in the
2") that predict the data very well is presented in Figures 16d dynamics.

and 17d. The translational energy distribution of this trial (Figure

17d) is identical to the TSH distribution (solid curve) in Figure [V. Discussion

17b. To obtain a good prediction of the TOF and angular data
with this translational energy distribution, which is closer to
both theoretical distributions than the distribution in Figure 17c,
the c.m. angular distribution must have a shape that includes
more forward-scattering than the QCT result in Figure 16a, with
a minimum in the rangé = 20°—30° and enhanced probability
density in the forward and backward directions. These two
examples, Trial 1 and Trial 2, are shown to illustrate the two
general conditions under which good fits to the data could be

obtained. Small variations from either of these examples will | 1o case of inelastic scattering, the experimental results

still result in acceptable fits, _but the trends rt_amain unchanged. ¢, 5\wved that oxygen atoms scatter fromvidth little change in
We have explored many different translational energy and gjrection and translational energy. The c.m. translational energy

angular distributions, and we have found that the data are yigyripytion for the oxygen atoms has a maximum near the c.m.
generally consistent with either (1) a relatively broad transla- .y jision energy in both the experimental and QCT results,
tional energy distribution, which has high intensity at low mpyving little internal energy transfer. It appears that in a small
energy, paired with a backward-peaked angular distribution, or ¢racion of the inelastic collisions, some of the energy in the
(2) a narrower tra_nslatio_nal energy distribution,_ with a higher- q)iision may be transferred into internal energy of the But
energy peak, paired with a l:_)roa_der and r_nlld!y forward  his quantity is estimated to be always less tha0% of the
backward-peaked angular distribution. Combinations of trans- .q)jision energy. As expected, the c.m. angular distribution
lational energy and angular distributions that are qualitatively gerived from the experimental data for the inelastic scattering
different from those presented as Trial 1 and Trial 2 do not of O has the highest probability density in the direction of the
yield reasonable fits to the data. reagent oxygen atoms, which is in agreement with the results
Velocity—flux maps created from the four different sets of of the QCT calculations. In addition, the experimentally derived
translational energy and angular distributions from Figures 16 translational energy distribution has a maximum at the collision
and 17 are shown in Figure 18. These show trends that reflectenergy and may be very narrow, again in close agreement with
what we have already discussed, with panels (b) and (d) showingthe results of the QCT calculations. We can thus conclude that,
a small forward-scattering peak that presumably arises from ISC. within our experimental error, the QCT calculations reproduce
We can draw several general conclusions about the scatteringhe experimental findings, and in both experiment and theory,
on the basis of this analysis. All c.m. angular distributions show the picture of scattering that emerges is one in which oxygen
a preponderance of backward-scattering. The presence ofatoms scatter from Pmolecules with large-impact-parameter
forward-scattered OD is likely, although it is difficult to  (“glancing”) collisions, resulting in very little energy transfer
determine quantitatively. We can also conclude that there is ainto the D, molecule and very little change in direction.
broad range of energy transferred into the recoiling OD  Reactive scattering of OD was clearly observed in the
fragment, and on average, about 50% of the available energyexperiments, but the limited velocity resolution of the data made

The experimental results show that inelastic and reactive
scattering events resulting from collisions of3BY with D,
exhibit significantly different dynamics. For both the inelastic
and reactive scattering experiments, these results have been
compared with high-quality triplet-only QCT calculations, and
for the reactive results we have also studied quantum scattering
and trajectory-surface-hopping multiple surface dynamics. From
the theory, experiments, and the comparison of the two, we are
able to develop a consistent interpretation of the data.
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it challenging to derive precise c.m. translational energy and the theoretical calculations. The nature of the OD scattering
angular distributions. The QCT calculations, which do not dynamics, predominantly backward-scattered with large internal
include coupling to the singlet surfaces, provided a starting point excitation, is indicative of a small-impact-parameter (“head-
in the forward-convolution approach to the data analysis. The on”) collision between the O and,DThe microscopic mech-
match to the data was marginally acceptable for the TOF anism giving rise to such dynamics is often termed a “rebound
distributions but unacceptable for the laboratory angular dis- mechanism# The prominent backward-scattering and large
tribution. The poor agreement between the triplet-only QCT energy transfer stand in stark contrast to the inelastic scattering
calculations and the experimental results suggested the posdynamics which showed exclusive forward-scattering with very
sibility that intersystem crossing is important in the3@)(+ little energy transfer.
D, reaction. Therefore, we compared the prediction of the TSH  In our experiments, it is impossible to tell how the energy is
calculations with the data. The agreement with the data was partitioned into vibration and rotation; however, the partitioning
improved but not within the experimental uncertainty. Many of internal energy has been addressed in QCT calculations by
different c.m. angular and translational energy distributions were Braunstein and Schatz and the present CCH results in Figure
therefore investigated in order to find c.m distributions which 3 are consistent with those earlier results. Braunstein and Schatz
accurately predict the laboratory TOF and angular distributions found that in the reaction, ®) + Ha(v = 0) — OH(, j') +
and to test the sensitivity of the laboratory distributions to the H, atEcoi = 26 kcal mol?, thes’ = O state of the OH is the
assumed c.m. distributions. Although there are many possiblemost populated, followed by small populations in #ie= 1
sets of c.m. angular and translational energy distributions which and 2. There was no population in vibrational states ahtve
provide good fits to the laboratory TOF and angular distribu- = 2 when the H reactant was in the ground vibrational state.
tions, there are two general categories of behavior which are Rotational distributions calculated for reactiorEag = 18 kcal
exemplified by the results referred to as Trial 1 and Trial 2. mol~! showed rotational population up to tfie= 16 state of
Trial 1 shows a purely backward-scattered angular distribution OH, with a peak aroungl = 6 for the’ = O state. For GP)
and a translational energy distribution with considerable intensity + D2(v = 0) — OD(¢, j') + D at Ecoi = 25 kcal mott, we
at low translational energy. Trial 2 shows some forward- find that most of the OD molecules are also vibrationally cold,
scattering and less intensity at low translational energy. Although with about 30% of the population iff = 1, and less than 5%
the analysis demonstrates the difficulty of deriving unique c.m. of the population in higher states. The = 0 rotational
distributions from the experimental data, Trial 2 is reasonably populations peak iy’ = 15. These results indicate that the
close to the TSH results (the translational distribution matches energy transferred to internal degrees of freedom of the OH
exactly, and the angular distribution shows somewhat less and OD products in the &) + H,/D, reactions goes into both
forward-scattering and more backward-scattering), and thus isVvibration and rotation.
the preferred fit. One possible source of discrepancy between theory and
The importance of quantum effects in this reaction involving €XPeriment is errors in the potential energy surfaces. The ab-
light atoms needs to be carefully assessed, as they could be dNitio calculations used for the Rogers etaurfaces are of
source of discrepancy between theory and experiment. For theVery high quality, and it seems likely that the highest-level
single-surface results, Figure 4 shows good agreement betweerfalculations they used are good to better than 1 kcal"tnol
QCT and accurate quantum results, so differences betweeniNdeed, a recent reevaluation of the OH bond dissociation
theory and experiment cannot be due to quantum effects in this€Nergy” leads to an even smaller error in the reaction endoer-
case. The situation is less clear concerning the multiple-surface9iCity than was originally surmised. Errors in the potential
results. A recent multisurface quantum scattering calculétion ©€nergy surfaces due to fitting errors could be much more
(for O + H,) based on the same Hamiltonian that we have used |mportant,_and if these were to cause excess repulsion between
in the TSH calculations produced integral cross sections that the departing products, they could easily produce the observed
were qualitatively similar to TSH resulié However, there were  difference between theoretical and experimental results. Rogers
differences of up to a factor of 2 for the integral cross sections €t @l° provided detailed information about their fitting errors;
(associated with spin-forbidden products), with the TSH calcula- NOWeVer, they did not indicate the energy range or geometries
tions yielding higher cross sections at higher energy, so it is Of the 951 ab-initio points (112 for high-quality calculations)
clear that the comparison is not quantitative. Unfortunately, no that were used in determining the fit, so we do not have

information concerning product translational energy or angular sufficient |nforrr_1at|on ava|lab_le to quantltanvely_ass_ess the
distributions was available from the quantum calculations, so accuracy of their surfaces as it relates to our application. Most

it is not possible to provide a more detailed estimate of what likely the energies of interest in the present study are higher

changes in these distributions might result from quantum effects. than th.ey consydered, which means that fitting errors could play
In the comparison with the Trial 2 angular distribution, the TSH arole in the differences between theory and experiment.

calculation appears to overestimate the forward intensity, which
is consistent with the result just noted that the TSH cross section

overestimates ISC at high energy. Indeed, the results of Trial 2 The dynamics of the interactions of 3] with D, have been
suggest that a better fit to experiment is provided by angular jnyestigated in detail with crossed-molecular-beams methods
distributions that have a smaller forward component. It thus gngd with various theoretical calculations. Experiments on the
appears that ISC has a noticeable effect on the results but isinejastic scattering of GP) + D, show that oxygen atoms
probably not as important as is suggested by the TSH calcula-gcatter from [ in relatively large-impact-parameter collisions
tions. leading to forward-scattering with very little internal energy
Under any interpretation of the analysis, the OD is largely transfer to D. In contrast, the only reactive channel 2B} +
backward-scattered, which is consistent with reaction mainly D, — OD + D, gave OD products that were predominately
on the3A’ and3A"” diabats. The data analysis also shows that backward-scattered and had a relatively large internal excitation
an average of-50% of the available energy goes into internal (~50% of the available energy). The scattering behavior of the
energy of the OD fragment, in agreement with the results of all OD was thus indicative of small-impact-parameter collisions

V. Concluding Remarks
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between the two reactants. All of the dynamics observed in the
e- Schmeltekopf, A. L.; Howard, C. J. Chem. Phys1977, 67, 5021.

experiments were in good qualitative agreement with singl

surface quasiclassical trajectory calculations; however, a careful
analysis reveals noticeable differences. The presence of inter-
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