CHAPTER 4

F+ H; REACTIVE SCATTERING

4.1 Introduction

Ever sincethe pioneaing work of Polanyi and co-workers on atom + diatom
reacdive mlli sion dynamics,!-3 there has been an intense interest in readive
scateringonF + H, — HF(v, J) + H from the chemicd physics community.4 The
reasons for strong theoretical interest in this fundamental chemicd readionare
reaily appredated. First of all, the F + H, system is an excdl ent prototype of alow
barrier exothermic chemicd reaction, yet small enough in total eledron number and
nuclea degrees of freedom to be tradable viahigh level abinitio cdculations. This
has led to the development of several potential energy surfaces,>10 which has
fadlit ated detail ed classcd,1112and quasi-classcd1315studies of the F + H,
readion dynamics, aswell as prediction d electron energy distributions from [FH;]
phao detachment studies.1617 Most importantly, there have been breakthroughsin
three @om quantum readive scatering that make feasible anumericdly exact

treament of the reaction dynamics for a given adiabatic potential surfacel’-21 Asa
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result, F + H, has evolved to become the “benchmark” chemical readion system
with which to compare experiment against theory at afully rigorous level.

Thistheoreticd interest has been stimulated by correspondng experimental
efforts. Arrested relaxation methods of Polanyi and co-workers were first used to
probe the HF(v, J) rotational distributions vialow presaure FTIR
chemiluminescence methods.! Dueto long residencetimesin the FTIR detedion
region, hawever, substantial colli sional redistribution d the nascent HF product
could occur; thus, “nascent” rovibrational distributions were estimated by
extrapolation to the zero presaure limit. Crossed moleaular beam methods by bath
Lee and co-workers at Berkeley22-24 and Toennies and co-workers at Goettingen2>
27 have been used to investigate the differential readive scattering of F + H, and
isotropic variants for a series of center-of-masscolli sion energies. Dueto limited
energy resolution in these time-of-flight studies, however, only vibrational product
levels could be resolved, with limited information onHF rotational distributions
inferred from contour analysis. There has recently been areport from the Keil
group of a measurement based onHF chemicd laser excitation and bolometric
detedion that provides angularly resolved reactive scattering information onasingle
HF product quantum state.28

The thrust of this chapter isto report anew IR laser based methodfor
obtaining nascent product state distributions from F + H, under single allision
condtions. Our approach isbased onthe foll owing combination: i) A pulsed
supersonic discharge sourceof F atomsis colli ded with a second pused jet source

of H, moleaules under sufficiently low densities to ensure single wllision,
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moleaular beam conditions; i) the product HF(v, J) is probed in the intersection
region by high sensitivity dired absorption d asingle mode tunable IR laser; and
i) asafunction d laser tuning, these spectral datayield Dopper limited
absorbance profil es on reactively scatered product HF(v, J)with complete
resolution d final vibratior/rotation quantum state. A complete description d the
experimental methodand results will be presented el sewhere;29this communicaion
focuses on the highest vibrational manifold [i.e., HF(v=3, J)] that is energeticdly
aacessble & 1.8(2) kcd/mol center of masscolli sion energy, Ecom .

Such results provide the first oppatunity for afully rigorous comparison
with exad quantum theoreticd predictions of readive scattering by Castill 0 and
Manadopouos?! onthe lowest adiabatic F + H, paential energy surface of Stark and
Werner.10 The ayreament is foundto be reasonably good, bt theory substantially
under predicts the high J rotational distributions nea the energetic upper limit.
These data provide indicaions that nonadiabatic channels invalving both ground
F(°P3,) and spin orbit excited F (°Py,) atoms may be participating in the readion

dynamics.

4.2 Experiment

The experimental apparatus for state-to-state reactive scattering of F + H, is
based onamodification o our earlier apparatus for state-to-state inelastic
scatering, andis depicted schematicaly in figure 4-1. A pulsed dscharge is used to
generate high densities of F atoms upstrean of the limiti ng expansion aifice (800
um diameter) of an axisymmetric super-sonic jet. The stagnation gasis5% F, in He

obtained from a commercial excimer laser gas premix. The dischargeis gruck by
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negatively biasing the orifice with respect to the valve body by = 600 V, which
resultsin 35mA currents dabili zed by a5 kQ ball ast resistor in series with the
discharge. Pulsed timing circuits are used to confine the discharge to a200 s
window nea the peek of the full gas pulse (800us). The H, supersonic jet is
formed through a 200 um diameter pinhde with a piezoeledric acuator based on

the design of Proch and Trickl.30

Quantum state-resolved reactive scattering
via direct IR laser absorption

pulsed F atom
discharge source
(» 200us)

- -600 V

pulsed H source
(» 200us)

\J
InSb Detector ; |

Single mode IR laser

Figure 4-1. Schematic diagram of the aossed jet direct absorption readive
scatering experiment. Fluorine @oms produced in adischarge pulsed jet expansion
areinterseded at a 90° angle 4.5 cm downstream with a pulse of supersonicaly
cooled H,. Tunable single mode IR laser light is multi-passed perpendicular to the
collision dane and probes HF(v, J) products by direct absorption.
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The olumn integrated number density of H; in the intersedionregionis
diredly cdibrated in a separate experiment by dopng CH, into the stagnation gases
at =1% level, and then monitoring direct IR absorption onthe vz CH stretch
absorption band. Boltzmann analysis of the CH, rotational distribution estimates the
rotational temperature of the H, reagent to be <30K. Even at 100K, H; iscoded
esentialy completely down into its lowest nuclea spin al owed states, namely j=1
(ortho) and j=0 (para) in a3:1 ratio, with thefirst excited para (j =2) and ortho (j =3)
states down 106 to 1000fold.

Thejetsintersed 4.5cm downstream of the nozzles, where for atypicd 200
Torr H, badking presaure, the F atoms have areadion probabili ty of only =2%.
Thus the probabili ty of secondary inelastic oolli sions of the readion products can be
negleded, as explicitly verified by H, stagnation presaure studies. The temporal
evolution d both gas pulsesis monitored with miniature hearing aid microphanes
mournted inside the vaauum chamber on trandational stages; time delay studies of
the gas pulses are used to measure the velocity distributions for each beam. The H,
and F atom beam velocities are 2.47(13) x 10° cm/s and 1.457) x 10° cm/s,
respedively, which for the right angle olli son geometry translates into Eqom
=1.8(2) kcal/mol. The 0.2 kecd/mol uncertainty arises predominantly from the finite
sprea in colli sionangles and is experimentally determined from Dopper profiles
and Monte Carlo modeling. This energy width is more than threefold small er than
the rotational energy spaang between J = 4 and 5,and thus has anegligible effea

onthe product state distributions. The center-of-masscolli sion energy is esentially
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egual to the 1.84 kcd/mol value used in previous quantum cdculations of Castill o
and Mandopouos, which forms the basis of all comparisonwith theory in this
chapter. The HF(v, J) readion products are probed by dired absorption d asingle
mode alor center laser that is multi-passed 16times through the intersedion region
inacylindricd Herriot cdl.31 Absorption measurements are performed onthe Av =
+1 fundamental HF band, and measure popuation differences between the upper
and lower levels. Shat-naise limited absorption sensitivity is achieved by a
combination of i) dual beam differential detedion onmatched InSb detectors and
i) eledro-optic servo loop control of the mlor center laser intensity. All HF product
signals are monitored onAv = +1 P or R branch transiti ons, the frequencies for
which are well determined and measured with atraveling wave meter of the Hall
and Leedesign.32 This yields realily detectable HF signals at 10° absorbance

levels, which translate into sensiti vities of <1 x 10° /cm®/quantum state.

4.3 Results and Analysis

For each rotationally resolved transition, the time resolved HF signals are
captured by atransient digiti zer, integrated over the pulse duration, and stored on
computer as afunction d laser detuning. Sample results for J-dependent absorption
signalsin the HF(v = 3,J) manifold are shown in figure 4-2, demonstrating velocity
resolved Dopper profiles for the nascent HF product. Sincethisis a wherent
absorption measurement, the HF(v = 3,J) signalsrigorously refled popuation
differences between the upper and lower rovibrational states. However, HF (v = 4,
J=0) isenergetically inaccessble to bah Fand F at Ecom= 1.8(2) kcad/mol; thus the

v=4 - 3 signasinfigure 4.2 refled pure ésorbancedue solely to ogticd excitation
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out of the HF(v = 3, J) manifold. These dsolute absorbances are rigorously
converted33 to absolute popuation densiti es per unit velocity subgroupby the IR

li nestrengths experimentally measured by Setser and co-workers from
chemiluminescence studies.34 We restrict our focus in this paper on state resolved
integral scatering cross ctions obtained by integrating over all Dopper velocity
comporents, thisyields the asolute column integrated popdationsi.e.,

moleaules’cm?) for agiven final J state over the region sampled by the probe laser
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Figure 4-2. Sample asorption signals from HF(v=3) produced by readive
scatering of F atomswith H,. Nascent popuationisevident in al Jlevelsupto the
energetic limit for the 1.8(2) kcal/mol center of masscaolli sion energy.
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4.4 Comparison with Theory

The highest level theoreticd studies doneto date onthe F + Hy(j ) system
have been the quantum readive scattering cal culations performed by Castill o and
Manadopouos,2twhich predict differential and integral cross €ctionsinto given
HF(v, J) states on the lowest adiabatic potential surface of Stark and Werner.10
These differential cross dions can be related to the experimentally observed
column integrated popuations by center-of-massto lab frame transformation.
However, the resulting flux-to-concentration transformation ketween integral cross
sedions and popuiations for the airrent scatering geometry, kinematic mass
combinations and energetics provesto be essentially independent of J. Thusto a
very goodapproximationwe can dredly compare the experimental column
integrated popuations with the theoretical integral cross ®dions, averaged over
thel:3 nuwclea spin distribution d | =0 (para) andj =1 (ortho) H, inthejet. This
comparisonis sown in figure 4-3, where the mlumn integrated popuations have
been scded to the integral cross £dioninto J = 1. Overall the agreement between
experiment and theory is quite good,with general trendsin the experimental data
well reproduced by theory. Agreement for the lower J valuesis espedally
quantitative, cgpturing the rise from J = 0 to nealy equivalent popuations
experimentally seenin J =1 and 2. Given that these results are based onfully ab
initio cdculations and exad quantum scatering codes, this level of agreement
servesto confirm the reli abili ty of the Stark and Werner potential surface for this
“bench-mark” atom + diatom readion system. However, there ae dso substantial

discrepancies between these theoretical predictions and experiment at higher J
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values. Spedficaly, theory systematicdly under-predicts the popuationsin J > 3,
by fadorsthat grealy exceeal the experimental uncertainty of the measurements.
Indedd, the J = 3 experimental values are nearly two-fold larger than theoretically
predicted, whil e this factor grows to nealy six-fold for J = 4. Thiseffed is most
dramaticin J =5, which is an energetically closed channel onthe Stark and Werner
surfacei.e., the integral cross ®ction vanishes, whereas experimental signals clealy
exist out to J=5. Note that thisis not plausibly due to finite resolution, sincethe
energy difference between J = 4 and 5is more than threefold greaer than

experimental width in Ecom .

HF(v=3) NASCENT ROTATIONAL DISTRIBUTION

—e— Experiment 1.8(3) kcal/mol
—&— SW surface 1.84 kcal/mol

POPULATION SCALED TO J=1

Figure 4-3. Nascent rotationa distributionfor F+ H2 — HF(v =3) + H at Ecom =
1.8(2) kcd/mol (circles) compared to full quantum reactive scatering cdculations
(squares) by Castill o and Mandopouos at 1.84 kcd/mol onthe lowest adiabatic
surface of Stark and Werner. Note the substantial underprediction o popuationsin
J=3.
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Asafina comment, it isworth speaulating onwhat the high J discrepancies
between experiment and theory might be due to. The quantum reactive scatering
cdculations of Castill o and Mandopouos are “exad” for readions onagiven
adiabatic potential surface thus the simplest interpretation would be that these high
J discrepancies may reflect deficienciesin Stark and Werner’ s lowest adiabatic
surface in the barrier region. Alternatively, it is possble that the F + H; reactions do
nat take place &clusively onthe single lowest adiabatic patentia surface though
this has been explicitly assuumed in al F + H, quantum reactive scatering
cdculationsthus far. If nonadiabatic effeds are important, then one would also
anticipate ntributions to reactive scatering from low lying spin orbit excited
F'(°Py,) atoms also present in the jet. Given the 1.16 kcd/mol (404cm™) spin orbit
splitti ng between F and F, thiswould help explain the excesspopuation
experimentally observed in J > 3. The intriguing posshili ty of nonadiabatic F + H,
readion pathways can be tested experimentally by lowering the center-of-mass
colli sion energy below the energetic threshald for forming a specific HF(v, J)
product state from the purely adiabatic F + H,readion channel. These and aher

threshold studies are aurrently being pursued in ou laboratory.
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