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Reactive scattering of F +HD—HF(v,J)+D: HF(v,J) nascent product state
distributions and evidence for quantum transition state resonances
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Single collision reactive scattering dynamics of HD— HF(v,J)+D have been investigated
exploiting high-resolutiorfA»~0.0001 cm?) infrared laser absorption for quantum state resolved
detection of nascent Hb(J) product states. State resolved Doppler profiles are recorded for a series
of HF rovibrational transitions and converted into state resolved fluxes via density-to-flux analysis,
yielding cross-section data for relative formation of HK) at E.,+~0.6(2), 1.@3), 1.53), and

1.94) kcal/mol. State resolved HB(J) products at all but the lowest collision energy exhibit
Boltzmann-type populations, characteristic difect reactive scatteringlynamics. At the lowest
collision energy[ E.on=~0.6(2) kcal/mo], however, the HR{=2J) populations behave quite
anomalously, exhibiting a nearly “flat” distribution out tb~11 before dropping rapidly to zero at

the energetic limit. These results provide strong experimental support for quantum transition state
resonance dynamics ne&,,~0.6 kcal/mol corresponding classically to H atom chattering
between the F and D atoms, and prove to be in remarkably quantitative agreement with theoretical
wave packet predictions by Skodge al. [J. Chem. Physl112, 4536(2000]. These fully quantum

state resolved studies therefore nicely complement the recent crossed beam studiesedfddddg

Chem. Phys113 3633(2000], which confirm the presence of this resonance via angle resolved
differential cross-section measurements. The observed quantum state distributions near threshold
also indicate several rotational states in the ##@) vibrational manifold energetically
inaccessible to FPg,) reagent, but which are consistent with a minez5%) nonadiabatic
contribution from spin—orbit excited*f2P,;,). © 2002 American Institute of Physics.

[DOI: 10.1063/1.1456507

I. INTRODUCTION than Born—Oppenheimer propagation on a single adiabatic
potential surface. This confluence of fully quantum state re-

The F+H,—HF(v,J)+H reaction has been of enor- solved experiment and theory has provided a powerful op-

mous fundamental importance in the study of chemical reacportunity for testing potential surfaces and dynamical meth-

tion dynamics. This system with itst#HHD, F+D; isotopic  ods as well as the requisite “intellectual fuel” for numerous

variants represent the simplest exothermic three-atom bimgsontroversies over the years.

lecular reaction and has been subjected to increasing levels Although the isotopically related FHD system shares

of scrutiny from both experimenta® and theoreticd™® e same Born—Oppenheimére., adiabati potential en-

perspectives. This class of H atom abstraction reaction haérgy surface with F H,, there are subtle but important dif-

been experimentally investigated using methods ranging,rences that have made it of compelling dynamical interest.
from the classic arrested relaxation infrai@g) chemilumi- First of all, the K symmetry is brokenya D atom substi-

nescence studies of Polanyi and co-workérS,to crossed tution, which makes reactive events at the two ends of the

beam detection of E?DF products via moderate resolutiony, acile experimentally distinguishable. Thus, in the limit
energy loss methods, to recent high resolution crossed of direct reactive scattering dynamics, one can isolate dy-

beam studies via Rydberg tagging and time of flight anaIySi§1amical pathways semiclassically corresponding to F atom

116,17 i ; B
of H/D a‘°m rec0|l.. Full three dlmen3|ona(3D) quan attack on D or H end by detection of HF or DF product.
tum theoretical studies of these reactions are tractable due @econd this asymmetry eliminates the role of ortho/para

the presence of only a single heawe., nonhydrogenic nuclear spin states in reagent HD, which therefore permits

atom. Indeed, the F¥H, system represents one of the few .. . N . . .
; . . . efficient cooling in the supersonic expansion environment
reactions that have successfully permitted study in full di-.

mensionality at theab initio level, with converged calcula- into nearly a single {~0) rotational level. Of primary dy-

tions feasible without any dynamical approximations othernamlcal importance for this work, however, is that D atom

substitution provides B—H-D “heavy+light-heavy” transi-
tion state for F attack on the H atom, which has been
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K5-25, Richland, WA 99352. di . f ib d vibrati | .
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dena, CA 91125, weakly coupled to the reaction coordinate. Indeed, the role of
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such transition state resonances in theHp, reaction system versions can be readily rationalized by conservation of
has been one of long standing controversy, for which a fullenergy in the reactive event, with the more mternglly ener-
consensus is still not yet achieved. However, there is nov@€tic upper states having less energy left for velocity recoil.
strong theoretical evident®'® for a broad quantum transi- Although high resolution Dopplerimetry on+fHD is sub-
tion state resonance in+HD at low collision energies stantially more difficult by virtue of smaller reduced mass for
(~0.5 kcallmo), corresponding semiclassically to rapid H the ejecting D atom, it represents a twofold improvement
atom “Chattering" between the heavier F and D atom. Ex-over F H2 kinematics and can indeed be partlally resolved.
perimental confirmation of such transition state resonanc®ost importantly, however, studies with complete resolution
dynamics has been elegantly provided in the LiuOf rovibrational quantum states provide a rare opportunity
laboratory®1° by time-of-flight analysis of the D atom prod- for rigorous benchmark comparisons between experiment
uct, specifically monitoring angular changes in the vibra-and theory for fundamental atoruiatom reaction dynamics
tionally resolved differential cross sections as a function ofon @ single, well characterized potential energy surface.
collision energy. The organization of the rest of this paper is as follows.
As a special motivating force for the current studies, an>ection _II briefly s_ummarizes the experimental method .With
anomalous and distinctive independent signature of thigmpha&; on details relevant to the prgsent study. Section Il
quantum transition state resonance is also predicted in tH@llows with Doppler resolved absorption results oft D
HF(v,J) rotational statedistributions. Wave packet calcula- éactive scattering, followed in Sec. IV by Monte Carlo
tions by the Skodje grodp? predict two qualitatively dif- simulations of the density-to-flux transformation, which are
ferent classes of product state distributions for #{9] necessary to obtain nascent W) product state distribu-
products. Far away from the resonance energy, product fofions from direct absorption measurements as a function of
mation is predicted to occur by “direct” reactive scattering, centér-of-mass collision energy. Comparison of the experi-
yielding distributions with a gradual, “Boltzmann-like” mental HF(),J).product stgte distributions wnzhb_mmo the—.
dropoff in rotationalJ state. Products from the transition ©retical dynamics calculations by Chebal. are discussed in
state resonance channel, on the other hand, are thought R§C: \_/ with particular focus on anomalous changes in the
occur via tunneling through a strongly noncollinear barrier, 1F(v =2,J) distribution topology at collision energies near
which is therefore greatly enhanced by rotational excitatiorf’€ Predicted transition state resonance. Furthermore, analy-
of the nascent HF in the transition state region. As a result o?'S of_the near threshold HE¢3,J) product distributions at
this competition betweetti) J dependent enhancement of Ecom=0.6(2) kcal/mol indicate weak branching into rota-
resonance decay rate afié) J dependent drop off due to tional levels energetically inaccessible to ground state

2 . . .
energetic constraints, the HFE(J) product states have been Fi I?)3,2)+HD.tr)ea}ctlons%, suggestmc?_ tgle.pieséence of minor
predicted® to yield nearly “flat” J distributions (although (=5%) contributions from nonadiabatic *k°Py;) +HD

with significantly local structuferight up to the energetic channels. Section VI summarizes and concludes the paper.

cutoff. Such tests for the rotational “signatures” of quantum
transition-state resonance behavior requires complete expeHl EXPERIMENT
mental resolution of the nascent HFE({) rotational state The crossed jet apparatus has been described in detail
populations as a function of collision energy, which repre-previously>??! only features pertinent to the current study
sents the primary thrust of this paper. will be briefly summarized in this section. The reaction ves-
To achieve the necessary quantum state detection spedael is a 65 L vacuum chamber pumped by a 10 in. diffusion
ficity, we have combined high sensitivity, single-mode IR pump fitted with a water-cooled baffle trap and roughed with
laser absorption methods with crossed beam reactive scattex-Root$® blower. Two pulsed valves oriented at right angles
ing for direct monitoring of nascent products under rigor-to the probe laser deliver short gas pulses of jet cooled F and
ously single collision conditions. The crucial advantage ofHD reagents, at total densities such that the collision prob-
single mode sources for studying reaction dynamics is thability is <1%; thus the probability of reagents/products ex-
high spectral resolutiotA »~0.0001 cm'}), which translates  periencing multiple collisions can be safely neglected. The
into HF(v,J) product state detection with complete rovibra- chamber is pumped out to a background pressure<bf
tional quantum state resolution. In fact, the intrinsic velocity x 10" ® Torr and remains below 10 % Torr with both
resolution is sufficiently good~few meters/sthat the ab- valves running at 10 Hz. After the reaction event, the HF
sorption profiles exhibit Doppler line broadening effects dueproduct is detected by high-resolution IR laser absorption
to HF translational energy recoil, the dynamics of which canmonitored using two matched InSb detectors to record the
be studied for favorable kinematic mass combinations byransient absorbance response for each HF rovibrational tran-
high resolution IR laser Dopplerimetry methods. This hassition of interest. Figure 1 provides a schematic of the ex-
been most recently demonstrated fort EH, reactive perimental setup, where the two jet expansion axes are mu-
scattering’>?? for which the CH product provides a suffi- tually orthogonal to each other and the detection laser. The
cient mass for developing substantially high HF recoilcontours drawn in the jet intersection regi@btained from
speeds in the reactive event. This capability permits deteadetailed Monte Carlo simulations described in Sec. VA
tion and elucidation of frequency dependent Doppler profilesllustrate the probability of detecting HF after a reactive
from (i) stimulated emissiorinear line centgrand (ii) ab-  event. These contours are very strongly peaked within a
sorption(at large detuningdue to velocity dependent popu- small detection volumé~3 cnT) at the jet intersection re-
lation inversions in the crossed jet reaction zone. These ingion, with low probability tails that extend toward each
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half maximum(HWHM) values of 19° and 40° for the lim-
iting cases parallel and perpendicular to the slit axis. Reac-
IR LASER tive scattering experiments are performed with the slit paral-
lel to the laser axigperpendicular to the HD expansigthis
configuration has the advantage of prefocusing the initial F
atom reagentand thus HF absorption signalsito a nar-
rower Doppler velocity group without loss of absorption path
length. The E/Ar jet speed can be obtained either by direct
\ laser Dopplerimetry or time-of-flight of absorption signéls;
" B the measured value of 5@) m/s agrees well with calculated
R W speeds from standard adiabatic expansion formulas.
The HD source consists of HD/argon gas mixtures ex-
panding through a piezoelectric vaffewith a 14%5) um
orifice and 200us gas pulse, timed to coincide with the F
atom source in the intersection region. The reagent HD jet is
characterized by recording Doppler profiles for small dopant
FIG. 1. Schematic of the crossed supersonic jet experimentfoilFre-  levels of HF or CH in the argon/HD gas mixtures and in-
action dynamics. Nascent Hi(J) product states are formed and detected verting to angular distributions for each gas mixture. On-axis
via shot noise limited direct absorption with a single mode IR laser multi- . . ; . .
passed 20 times through the jet intersection region in a Herriot cell configulet speeds are measured using DOppIe”mEtry or optlcal time-
ration. The set of contour@n 10% incrementsrepresent Monte Carlo simu-  Of-flight techniques, yielding 231@25 m/s (neat HD,
lations of events producing HF from a specific spot in the jet intersection] 970:30) m/s (3% Ar/HD), 162040) m/s (9% Ar/HD), and
rggion(see text for detajbs Thg contours are strongly peaked in the detec- 115040) m/s (25% Ar/HD) as a function of expansion dilu-
tion volume, but extending slightly toward each valve. tion.
Of special importance is the distribution of rotational
states in the HD jet. In the previous studies af H, dynam-
pulsed valve. These tails are due to single collisiohHD jcs, complete cooling of the 4J) reagent distributions was
reactions occurring slightly upstream, yielding products re<imited by AJ=2 partially rotational energy differences and
coiling collision free into the laser detection region. This |zck of ortho/para spin relaxation channels. This absence of
necessarily translates into a distribution of collision geom- rotational relaxation for H expansions could be inferred
eFries and thus a someyvhat broadgr range of collision enefrom the measured terminal jet speeds, which waloaver
gies than could be obtained with skimmed beams. Howeveg,an predicted from adiabatic heat capacity formulas due to

the implementation of crossed jets as opposed to skimmeg ajaxed H rotational energy. From a similar analysis of
beams is dictated by sensitivity demands for long absorpt'o'f'erminal jet speeds for neat HD expansions, the rotational

pzth Isngths, xvhic:é);oviditgggesslary Ide}er(i:;;ion Iirpits fOlrtemperature can be estimated to ¥#&0 K, which would
absorbers such as own moleculesicnyguantum predict HD populations of 0.812:0.186:0.002 for HD(

state. . )
. . =0,1,2), i.e, | [ f h .Inf

The reactive ¥ atoms are produdedsiufor each pulse iy B SRR SRR 2 R A A

by passing a 5% fluorine/95% argon mixture through a g imp y

pulsed discharge valve located 5.1 cm from the intersectiorq”uem’ where reverse seeding is utilized to slow down the

region. The F-atom source consists of two eIectrodeHDreagem for the lowest collision energies sampled. Under

mounted at the exit of a solenoid valve, one of which is ir]%hese Ar diluent conditions, we conservatively estimate the

contact with the metal body of the valve. As the gas pulseHD rotationlgl .tekrrgeriiturlezto b§4(|) K Whi?h tragjslaiesT
(=1 ms duration expands into the vacuum, a high voltage Into upper limit HDU=0,1,2) populations of 0.892:0.107:

pulse (~—800 V, 600 u9) is applied to the bottom of two <0.001, re;pectively. This proves to be.relevant for studies
electrodes separated by a thBE0 um) Kel-F spacer. The c.)f.the tranS|.t|0n state resonance dynamics at the lowest col-
resulting current pulse first crosses a H0Challast resistor  /ISion energies sampledeg,,~0.6 kcal/mol), which there-
before going to the electrode, stabilizing the discharge anéPre take place with nearly pure HDE 0) reagent and only
allowing a convenient measurement of real time currents=11% contributions from any rotationally excited HD(
(~0.4-0.5 A peak The limiting orifice of the valve is a 500 =1)-

umx5 mm slit, optimized to provide stable discharges on  The HD gas is prepared using the exothermic reaction
the week-long time scale between routine maintenance. As D(s) +H,0(1) —HD(g) + LIOH(s), ~ which goes to
consequence of the slit valve, the angular distributions aréompletion even at high HD gas pressures. A vacuum tight
functions of bothd (angle from expansion axisnd¢ (angle ~ reactor is fabricated from a stainless steel pipe with flanges
about the expansion ayisHowever, these can be measuredwelded on each end and gas line connections attached to one
directly by doping a small amount of HF or Glhto the 5%  end. LiD(s) reagent is placed in a stainless steel cage that
fluorine/argon mixture, recording Doppler absorbances, andan be lowered in the reactor under vacuum into excess
inverting these profiles analytically to obtain angular distri-deionized HO. The reactor is assembled and evacuated
butions. The angular distributions for eaghcan be well down to the vapor pressure of water in order to remove re-
characterized as power laws in 8@, with half width at  sidual nitrogen and oxygen. The cage is then slowly lowered
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into the water to trigger a vigorous chemical reactjoooled Sample Nascent HF Doppler Profiles
with an alcohol bath of-10 °C), which can be conveniently

moderated by regulating cage height. The resulting HD prod-
uct is collected in a gas cylinder after passing through a
—100 °C silica bead trap to remove residual water vapor; HD
pressures of 300 psi can be easily obtained and controlled by
the amount of LiD reagent. The HD synthesis method is
limited by LiD isotopic purity to~99%, as directly quanti-
fied by rotationally resolved Raman spectroscopy on sample
gas aliquots. During experimental runs, a cold tfa80 °C)
removes any trace residuab® vapor present in the HD just 0. 100 e
prior to the pulsed valve.

The infrared laser has been described previot&h?® m/\w ./\ v/\/‘
The cw IR source is a Kr pumped color center laser, retro-
fitted with tunable intracavity galvo plates and an etalon ser- m m
voloop for continuous, single mode scanning. The IR is split
into two equal signal and reference beams, with the signal
beam going through the vacuum chamber in a Herriot J..
cel?®2” multipass configuratiori20 passesto enhance de-
tection sensitivity. Signal and reference photocurrents arg,; , Sample Doppler profile data on nascent #{B] product states
subtracted down to the shot noise limit using servoloop elecfrom E+HD reactive events.
tronics with 18-fold common mode rejection. The differ-
ence signal is low pass filtered, recorded with a transient
digitizer, and transferred to a computer for analysis and dat
storage. Software integration is used to isolate transient si
nal changes occurring in the temporal overlap between th
two crossed jets, with DC IR power levels monitored to yield
absolute absorbances. IR power levels |0 uW to en-
sure negligible pertubation of rovibrational populations by
stimulated absorption/emission effects as well as maintain
detectors in a linear regime. Minimum detectable absorbance
(in a nominal 20 kHz detection bandwidtis ~1x 107 °,
translating into a sensitivity of 810° HF(v,J)products/
cm®/quantum state with modest signal averaging.

'v=4<3RU) 100 em” B, = 1.9(4) keal/mol

J\,J\w W'/A\WM/"‘M«W
LT

|v= 3 2 R(J) E,,. = 1.9(4) kcal/mol

Absorbance (x 10'4)
S = N W W,

[ S T VS T SV )
T

Absorbance (x 10'4)

'
—_

HF

gawtzky Golay filtering proces$ which takes advantage of
he large number of laser frequency steps sampled over the
fun scanning event. AdditionalS/N enhancement in the
overall data set is achieved l§}) scanning each transition
multiple times,(ii) probing redundant transitions out of the
same state, as well &si) integrating over Doppler profiles
Yo obtain column integrated densities. Reference data on the
—3 2; R(4) transition is recorded for normalization at
regular intervals during all experimental runs; this success-
fully corrects for low frequency drift and day-to-day fluctua-
tions in F-atom production efficiency. As an indication of
intentional redundancy in data acquisition, the total number
of Doppler scan measurements and quantum state popula-
High-resolution Doppler profiles of HE(J) product tions determined are summarized in Table | for each collision
have been recorded over all relevant A= =1 transitions  energy. In all cases, there are fourfold to sixfold more mea-
within the tuning range of the color center IR la¢2r5—-3.3  surements than the number of quantum states populated,
pm), and at each of four collision energigS,~0.6(2),  which is sufficiently over-determined to permit hiGhN ex-
1.0(3), 1.53), and 1.94) kcal/mol]. Particular attention has traction of populations.
naturally been focused on transitions out of tHe=2 and The high resolution Doppler absorbance profilagy),
v”=3 manifold, where quantum transition-state resonancare integrated over the laser frequency and converted to
and near threshold effects are predicted to be most relevarquantum state resolved column-integrated densiti&i®)
Transitions originating from the His('=1,J) manifold have according to
algo been studled_at the two h|gr_1est coIhspn energies, but 8ol m| w [ STHE(Y",3")]d
this proves unfeasible at current signal-to-noise levels due to f A(v)dv= { -
rapid decrease in signal intensity for collision energies below 3hc (2J7+1)
the activation barrier. Scans are performed ow€r1 cm* [[HF(»',3")]dl
around the transition center, which for typical profiles corre- BTN
spond to a 10-fold broader baseline than the Doppler
FWHM. Signal scans are corrected for weak background abwhere v, is the transition center frequencyn=J"+1
sorptions due to trace HF impurities in the F atom dischargé—J") for R(P) branch transitions, ang. represents the
source(<10% of peak signa)sby repeating the scans with transition dipole moment obtained from extensive studies by
the HD valve on and off. Figure 2 shows representativeSetsef’ and Stwalley® Equation(1) has been used to least
R-branch data &= 1.9 kcal/mol collision energy, reveal- squares fit the entire set of absorption data for each of the
ing “strong” absorbance signals of2x 10~ 4 with the rms  four collision energies, yielding column-integrated densities
shot noise limited noise 0&2x107° and signal to noise as a function of final HR(,J) product state. Due to the large
(S/N)~10. Also shown are profiles obtained from a number of redundant measurements for edchtate, the

Ill. RESULTS

: @
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TABLE |. Summary of probed HR(,J) levels for each collision energy. Numbers reflect the total of all
repetitive measurements, with the values in parentheses indicating the number of unique trdmnsitjoris
—v”, R(J)] probed.

Collision
energy Total number of P-branch R-branch v,J populations Number of
(kcal/mol) transitions transitions transitions determined reference lines
1.94) 176(72) 96 (40 80 (32 40 86
1.53) 15959) 69 (29 90 (30) 39 66
1.03) 14740 60 (18) 87 (22) 24 66
0.6(2) 98(30) 20(10) 78 (20) 20 42

variance—covariance matrix resulting from the least squaresalculated from known speeds and collision geometries, ap-
fit describes the uncertainties in these column-integrated depropriately weighted by relative velocity vectors and reagent

sities reasonably well. densities, i.e.p1p,|v.el. Monte Carlo integration is per-
formed by randomly sampling over a sufficiently large num-
IV. ANALYSIS ber of points 10%) inside the detection volume to ensure

The primary data from these experimental studies aré:on.vergence. Ccl)l.lision energy dis.tribgtions for the fogr ex-
column-integrateddensities of nascent HF{,J) product. perimental conditions are shown in Figs. 3 and 4, with the
However, the more fundamental quantity characterizing refirst and second central moments denoted by vertical and
action dynamics is the reactivfeix into a Speciﬁc quantum horizontal lines, reSpeCtiver. As expected, the collision en-
state, which therefore requires a careful consideration of thergy uncertainties are dominated by the distribution of colli-
density-to-flux transformation. For direct absorption mea-sion geometries and impacted to a much weaker extent by
surements, this transformation requires scaling integrated alfhe much narrower distribution of supersonic jet speeds. For
sorbance signals by the residence time in the laser beam for
a given HF¢,J) product state. Since the center-of-mass ve-
locity vector is largely carried by the F atom motion, these
density to flux scaling factors can be estimated from detailed
Monte Carlo simulations for a given experimental geometry, F+HD — HF(v,J) + D
with only modest theoretical input on angular scattering dis- 35
tributions, as described below. Indeed, these simulations also —
permit many other useful statistics for the collision ensemble
to be obtained, such as the mean and spread in the distribu- 30
tion of sampled collision energieE(,,). Finally, the ex- —
perimentally inferred fluxes of Hi(J) product states can be
translated into the desired relative cross sections from known 25
reagent densities and the average relative veloQity;).

>
es]

. =31.19(1) kcal/mol

LTI

1

A. Monte Carlo simulations

w
W

As mentioned above, to achieve suitable signal/noise
levels with shot noise limited IR laser absorbance methods,
the current experiments take advantage of unskimmed super-
sonic jets to provide significantly enhanced path lengths
(=50 cm while still maintaining single collision conditions.
This necessarily introduces a range of angles with which the 10 |
reagent species collide; even for supersonically cooled ex-
pansions this leads to a finite distribution of collision ener-
gies,P(E.om . To obtain these distributions, we have utilized 5
Monte Carlo simulations, the details of which have been de-
scribed in previous work on thetFCH, reaction systeri™?2
As input data, high resolution IR laser Dopplerimetry tech- 0
niques are first used to measure the jet angular distributions,
while jet speeds along the expansion axis are Charaaeriz%. 3. Energetics for the FHD reaction. The heavy solid line indicates
using optical time-of-flight methods. To estimate the resultthe 31.191) kcal/mol reaction exothermicity, while the curves in the upper
ing spread in collision energies, points are randomly selectetipht corner represent the additional center of mass collision erisegyalso

in the experimental detection region which is conservativel)fig' 4). All HF(v,J) product states below a given collision energy distribu-
’ tion are energetically accessible. The blow up of this redisee inset

approximated as a cube with the pUISeq \_/alves centgred Qkplays the threshold levels along with the energy available for each colli-
adjacent faces. The center-of-mass collision energy is thesion energy.

Energy (kcal/mol)
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Collision Energy Distributions effects are insufficiently dominant to make a full Dopplerim-
etry analysis feasible. As a compromise, therefore, the
223 ['f‘\ 25% ArHD <E,, > =0.6(2) keal/mol density-to-flux multipliers(DFM) are constructed from a
% o 9% ArHD <E__>=1.0(3) kcal/mol Weighted sum:
2Ll [ 3% APHD <E,,,> = 1.5(3) keal/mol -
g o n-HD <E,___>= 1.9(4) keal/mol 1=cogm) -1
- R DFM(v,d)=| X (7, )XWi,5| )
E 1.5 | \ / \\ i=coq0)
B 1’——\/ \\ o where(i) (7; , ;) are the average residence times calculated
g L0 | //\_ A for each HF{,J) quantum state in a specific c#9(bin, and
§ jo \f—\ (i) w,y are normalized weights proportional to
Zost — theoretically® calculated differential cross sections. While
S / A \ - this density-to-flux transformation relies on theoretical input,
00 S S I . this dependence is not overly strong since the residence time
0 1 3 4 7 is largely dominated by forward center of mass motion in

2
Collision Energy (keal/mol) the laboratory frame. As shown in E@®), the density-to-flux

FIG. 4. Monte Carlo calculated collision energy distributions for each multiplier is equal to the inverse of the differential-cross-
collision energy studied in this work. Note that the distributions are nearsection averaged residence time, so that the density-to-flux
Gaussian, with a slight asym_metry e_xtending to higher coIIi.sion energiestransformation is achieved simpIy by muItipIying by
The_verpcal and horizontal lines indicate average and variance for eac'E)FM(v J). The resulting fluxes have also been scaled by
distribution. !
argon dilution in the HD jet as well as by average collision
speed [v,]) to obtain results directly proportional to the
a simple rule of thumb, the FWHM values scale more or lesslesired state-to-state reaction cross sections.
linearly in(E.qy, corresponding to a roughly 25% spread in
collision energies(See Table I).

To correctly determine final state fluxg$ from column
integrated densitie®) requires a density-to-flux transforma-
tion. The experimentally determined averages of these quan- Table Ill reports relative cross sections for formation of
tities are linked byp)={j/v ), wherev, is the laboratory HF(v,J) product states at each of the four collision energies
frame recoil velocity component perpendicular to the lasestudied. The full data set has been normalized to 100% only
probe axis. The average reciprocal spébfil, ) scales as the for the highest collision energyE o= 1.9(4) kcal/mo], so
average residence timér) in the laser beam; thus the the v,J dependent changes in state-to-state cross sections
density-to-flux transformation is simply proportional t§7  With decreasing collision energy are accurately reflected. The
note that this differs frong1/7) for any finite spread im. One  DFM(v,J) values used in the density to cross-section trans-
advantage of the F#HD system is that the reaction exother- formation differ by approximately equal twofold over all vi-
micity is known from spectroscopic measurements of HFbrational levels studied, but varying less than 20% within a
and HD bond strengths te=0.01 kcal/mol accuracy®?  given rotational manifold. The error bars quoted refleat 1
Thus the recoil speed of any HFQJ) product state can be estimates based on variance/covariance matrices obtained
reliably obtained from conservation of energy and momenfrom least squares fits to the column-integrated densities. Er-
tum for a known incident collision energy and reaction exo-rors estimated in this manner are most reliable when the
thermicity. For a discretized bin of scattering angles in thenumber of measurements is large compared to the number of
center-of-mass frame, the average residence fimiecan parameters determined. A simple statistical analysis based on
therefore be explicitly calculated. This also permits us tothe student distributiofi and four to six measurements for
construct predicted laboratory frame Doppler profiles foreach HF¢,J) state(see Table )l predicts less than a 20%
scattering into a given center-of-mass angular range, whicicrease in these error estimations.
represents the first step in a high resolution Dopplerimetry ~ The HF@,J) rotational distributions fov =2 and 3 are
analysis. represented graphically in Fig. 5 and indicate several inter-

For light H or D atom ejection, however, the recoil esting trends. First of all, the HE(J) distributions at the
speeds imparted to the product HEJ) are only comparable higher collision energies appear “Boltzmann-like,” i.e., ex-
to the initial velocity spread in the jet. Though these recoilhibiting a rapid initial growth followed by a gradual mono-

distributions clearly impact the data via line broadening, thetonic decay with increasing This is qualitatively similar to
previous quantum state resolved observations-iHg and

F+ CH, systems, and from comparison with theoretical cal-
TABLE II. Supersonic jet and collision characteristics. culations(see below, the result appears to be characteristic
of direct reactive scatteringlynamics associated with rapid

B. Nascent HF (v,J) populations and relative state-to-
state cross sections

ve (M/s) % Ar/HD vyp (M/s) E E . .

F o perp com H atom abstraction from the HD. Second, there is a strong
561 0.0 2310 1.76 1883 dependence of cross sections on center of mass collision en-
:gi 3'8 ig;g (1)'3; i'ggg ergy. This effect is most pronounced for the HF(3,J) dis-

561 250 1150 051 0.596) tributions; specifically, the peak cross sections for #F(

=3,J) vary by over an order of magnitude for a threefold
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TABLE Ill. HF(v,J) state-to-state relative reaction cross sections. Results are after density-to-flux transformation, scaling for dilution by argon, and division
by the average collision velocity. The numbers in parentheses amrrbrs. The cross sections have been normalized such that summing ofggg,all
=1.9 kcal/mol data gives 100%.

Ecom=1.9(4) kcal/mol Ecom= 1.5(3) kcal/mol Ecom= 1.0(3) kcal/mol Ecom=0.6(2) kcal/mol
J v=3 v=2 v=1 v=3 v=2 v=1 v=3 v=2 v=3 v=2
0 2.2910 2.01(14) 0.59398) 1.7Q05) 1.9711) 0.1523) 1.01(5) 1.6313) 0.294) 0.9710)
1 4.4215) 5.6923) 0.7247) 3.038) 4.9015) 0.6238) 1.428) 4.2820) 0.367) 1.7515
2 3.0113 7.3626) 1.3249) 1.587) 6.2020) 1.1437) 0.8611 4.81(20) 0.21(7) 1.8517)
3 1.3813 7.6526) 3.01(44) 0.497) 6.31(22) 1.2755) 0.398) 4.8332) 0.148) 2.26198)
4 0.5515 7.6018) 3.21(45) 0.31(8) 6.4913 1.41(39) 0.259) 4.61(19) —0.066) 1.9718)
5 0.1214) 7.2028) 2.8541) 0.126) 5.7319) 1.4530) 0.11(6) 4.4722) 0.026) 1.5916)
6 0.171149) 5.80127) 2.1049) —0.026) 4.2719) 2.0439) —0.108) 3.9217) 1.9020)
7 0.0414) 4.7325) 1.7547) 3.9424) 1.3635) —0.034) 2.9232) 1.4815)
8 4.2426) 1.1543 3.01149) 1.3739 2.50(16) 1.3413
9 3.2519 2.11(45) 2.7516) 0.9834) 2.3313 1.8613)
10 2.7221) 1.0749) 1.999) 1.5631) 1.5316) 1.2722)
11 2.0721) 1.2642) 1.7211) 0.8327) 1.3015 1.2232)
12 1.3427) 1.5848) 0.7612) 1.1627) 0.6515) —0.0538)
13 0.8270) 1.5678) —-0.0332 0.6826) 0.1916) 0.1045)
14 —0.2838) 1.52104) 0.0322 0.3343 —0.2239)
15 0.0360) —0.0367) 0.0411) 0.1846) —0.098)

decrease irE,y. This heightened sensitivity is readily ra- nels into 1-2 rotational levels that should be energetically
tionalized by conservation of energy constraints; the Fclosedto F(*Pg,)+HD(J=0) at eactEqqm; we will return
+HD(J=0) reaction is insufficiently exothermi@1.191)  to this point in Sec V.

kcal/mol**3234to form even the lowest state in the HF( By way of contrast, there is a much reduced sensitivity
=3,J) manifold (32.52 kcal/mol without the additional cen- to collision energy in the HRr(=2,J) manifold, which varies
ter of mass collision energy. In fact, a closer comparison oPnly by approximately equal threefold at lafor a similar
Figs. 3 and 5 indicates the presence of minor formation charthreefold change irE .. What is particularly noteworthy,
however, is that this decreased sensitivityggQ,,, becomes
quite prominent at highel values, resulting in only modest
changes in cross section dt=11 over the same threefold

HF Cross Sections range of collision energies. Stated differently, the bIF(

p F+HD - HF(v,/)+ D =2J) distributions noticeably “flatten” with respect tbfor

.l v=3 the lowest collision energies sampled.{,~ 0.6 kcal/mol),
—e— B = 1.9(4) keal/mol as opposed to the more Boltzmann-type distributions in

T —o— B, = 1.5(3) keal/mol HF(v=2]J) consistently observed at higher energies. From

3t —v— E_, = 1.0(3) keal/mol detailed calculations by Chao and Skot¢his proves to be

2} —— E_,, = 0.6(2) keal/mol a characteristic product state signature for quantum

1k transition-state resonance behavior D, which is theo-

retically predicted to occur ned,,,~0.5—0.6 kcal/mol.

V. DISCUSSION

The anomalous change in topology of the HFK2,J)
distributions with collision energy near the predicte¢i D
transition state resonance provides a particularly useful op-
portunity for benchmark comparison with full quantum
wave packet calculations. The relevant data are illus-
trated more clearly in Figs. (8 and &b), which ex-
hibits HF@=2J) distributions at energies significantly
HF above [E;,,=1.9(4) kcal/mo] and essentially aff E.q,

FIG. 5. HF@,J) state-to-state reaction cross sectionsiufer2, 3 as a func- :,0'6(2) kce}llmo] the FHD transnmn-stgte_ re_sonance'
tion of collision energy. The data are normalized such that the sum of alFigure &a) indicates that the HR(=2J) distributions at
cross sections at 1.9 kcal/mol collision energy is 100%. A rapid decrease itligher collision energies exhibit a very hot but nevertheless
v =3 cross sections is evident as the channel becomes energetically inacceshermal” looking distribution, with a slow decay in the high
sible. Note the much slower decreasevi 2 cross sections with energy, J tail up to 3500 crﬁl Plotted also in Fi @) are results

and specifically the pronounced “flattening” of the rotational distributions P @ g

for collision energieg~0.6(2) kcal/mol] near the predicted transition state from Chao and SkOdJ ,where _the theoretical energy depen-
resonance. dent state-to-state cross sections have been obtained by full

Normalized Cross Section (Percent)
o
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_ qualitatively different from all other collision systems, i.e.,
HF(v=2,J) Resonancc Effects F+H,, F+NH;, and FrCH,, studied thus far with the
-~ Eqom = 1.9(4) keal/mol ) crossed jet apparatus. Plotted again for comparison in Fig.
E: 9 6(b) are the theoretical results of Chao and Skd8jeonvo-
AR luted over & .= 0.6(2) kcal/mol collision energy distribu-
2 —e— Experiment tion and normalized to unity. The theoretical curves closely
S ~© Theory (Chao ef al.) recapitulate this anomalous “boxlike” dependence on the fi-
;d) nal J state; indeed, the agreement between experiment and
» theory is remarkably good out to the highestvalues (
g ~11) near 2500 cm.
© As mentioned in the introduction, the source of this
, ) , ) ? i anomalous, nearly “flat” distribution inJ states atE,
0 1000 2000 3000 4000 5000 ~0.6 kcal/mol has been identified by Chao and Skddje
be tunneling dynamics out of the transition state resonance
E_ . = 0.6(2) keal/mol (B) region. In essence, the tunneling escape rate from the reso-
nanceincreasesdramatically with final HF rotational state
—e— Experiment due to a combination df) significantly noncollinear tunnel-
-0 Theory (Chao et al.) ing geometries andi) strong lowering of the rovibrationally

adiabatic tunneling barrier with asymptoticvalue. The re-
sulting balance betweenJdependenincreasein tunneling
rates and) dependentlecreasefrom phase-space consider-
ations predicts a more nearly “flat” cross section distribution
in J up to the energetic limit, in remarkably close agreement
with experiment. This provides strong additional support
from nascent quantum-state resolved populations for the ex-
istence of relatively broad quantum transition state reso-
nances in FHD at collision energies nearE.y,
FIG. 6. Nascent HF populations &= 1.9(4) kcal/mol and 0@) kcall ~ ~0.5—0.6 kcal/mol, as first demonstrated in differential scat-
mol. Panel(A) shows typical data at higher collision energies where thetering studies by Liu and co-workels.
dynamics are dom_ina_ted_ by direct reactive scattering, yielding a more Though theJ state dependence of these reactive cross
“Boltzmann-type” distribution which peaks at low and gradually drops . . .
with increasingd. By way of contrast, pandB) represents the qualitatively sections appears to be well represented, it is worth noting
different J distributions obtained at energig& on~0.6(2) kcalimo] near  that some discrepancies between experiment and theory re-
the quantum transition state resonafRef. 20, which are essentially “flat” main at the vibrational level. This can be seen in Fig. 7,
in J out toJ=11, where they promptly drop to zero. where the vibrational cross sectiofimmed over all rota-
tional statep are plotted against experimental results for
HF(v=2,3) of Liu and co-worker€ and theoretical calcula-
quantum wave packet reactive scattering on the Starktions by Chao and Skodfé. For appropriate comparison
Werner potential surface and explicitly convoluted over thewith the current crossed jet results, both the experimental
measured experimental distribution in collision energiesand theoretical data have been convoluted over the collision
Since the crossed-jet apparatus determines aalgtive energy distributions previously reported in Fig. 4. Finally,
state-to-state cross sections, the experimental and theoreticihce both experiments measure only relative cross sections,
distributions have been normalized to both sum to unity. Asall three data sets have been rescaled to sum to unity. In
clearly evident in Fig. @), the agreement between experi- general, the two sets of experimental results are in good
ment and theory is remarkably good. From the analysis ofigreement, each indicating threefold to fivefold higher popu-
Chao and Skodj& this qualitatively Boltzmann-type shape lations in HF¢ =2) vs HF @ = 3) at collision energies above
of the rotational distributions is characteristicdifectreac- the transition state resonance, with a much steeper fractional
tive scattering dynamics, where the reaction proceeddecrease ifr,_3 VS o,_, with E.,,. Theoretical predictions
smoothly and rapidly “over the top” of a reaction barrier, are also in qualitative agreement with experiment, though
without any quantum resonance dynamical effects due tavith two notable discrepancies. First of all, theory predicts a
quasibound H atom motion between the F and D atoms. much steeper increase in reaction cross se¢trom 0 to 0.6
Conversely, in Fig. @), the experimental distributions kcal/mol) for HF(v=2) formation at the transition-state
are shown for HR{=2) at E.,,=0.6(2) kcal/mol, where resonance than is observed in either experiment. Such a reso-
resonance effects are theoretically predicted to be most inmance feature is indeed confirmed in the data of Liu and
portant. The differences betweetirect reactive scattering co-workerst® though the magnitude of this enhancement is
opposed toresonancemediated product state distributions considerably smallefapproximately twofold to threefo)d
are immediately evident. The experimental distributions risehan predicted by theory. The crossed jet data does reveal not
quickly from J=0 and remain relatively “flat” out toJ a significant enhancement in total cross section &gy,
=11, where the distribution rapidly decreases to zeroJfor ~0.6 kcal/mol, despite clear indications of resonance behav-
=12. This “boxlike” type of product state distribution is ior noted above in the Hi(=2J) rotational distributions.

Cross Sections (6(v,/))

0 1000 2000 3000 4000 5000
HF(v=2,J) Rotational Energy
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HE Vibrational Product Stafes Nascent HF(v,J) Doppler Velocity Profiles
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0-00'0 0.5 10 L5 20 FIG. 8. High resolution HF Dopplerimetry data showing velocity dependent

absorption profiles foE.,,=1.5(3) kcal/mol. By conservation of energy,
(kcal/mol) the upper vibrational state populations are formed at lower recoil velocities,
which preferentially lead to population inversion and thus stimulated emis-

. . . sion near line center. These profiles also confirm the translationally unre-
FIG. 7. Experimental and theoretical cross sectionsvfer2 and 3 at the laxed, single collision nature of the experiments.

four collision energies studied. To facilitate accurate comparison, the results
of Chao and SkodjéRef. 20 have each been convoluted over the collision
energy distribution in this work, with each data set normalized to unity.

com

tween upper/lower state populations and velocity distribu-
tions can yield quite structured Doppler profiles, as shown in

However, it is likely that this enhancement is at least par+ig. 8 for a series o’ =3«v”=2P(J) transitions. Such
tially masked by the broader energy resolution in the crossedtructure arises simply from the fact that the upper state is
jet configuration. moving more slowly than the lower state, which leads to

Second, the wave packet calculations substantiatly  velocity dependent population inversions and therefore
derpredictthe v =3/v =2 branching ratios observed in both stimulated emission and absorption behavior at small and
experiments by more than an order of magnitude. One reasdarge detuning from line center, respectively. This behavior
for this discrepancy is that the H&€ 3,J) levels are formed has been observed previously ir EH, scattering studies in
near the energetic limit, and governed by tunneling dynamicshis laboratonf'*where the greater mass of the Ctdans-
exponentially sensitié to the barrier width and height. This lates into much larger Doppler shifts for the recoiling HF
is relevant since the calculations were performed on the@roducts, permitting information on quantum state resolved
Stark and Werner potential energy surfa88V/—PES®). This  nascent velocity distributions to be extracted. For theHD
surface does not account for the effects of spin—orbit coukinematics, however, the recoil energy is split much less fa-
pling (included in HSW—PE¥), which adds an additional vorably (~91%:9% between D and HF products, which for
AEgpin_omif3~0.35 kcal/mol to the SW barrier height. More HF(v=2,J=0) (Ecom= 1.9 kcal/mol) translates into recoil
relevantly near threshold, the SW potential surface underprespeeds of=650 m/s in the center-of-mass frame. For a
dicts the exothermicity of the reaction by0.38 kcal/mol, = Maxwell-Boltzmann distribution of recoil velocities, this
which can of course make significant differences in predictedvould imply a Doppler width on the order ad»~0.011
product state distributions very close to the energetic threstem™%, which, when convoluted over experimental resolution
old. In any event, both direct IR absorption and H atom[A vgyuu~0.0117(2) cm?] in the crossed jet configura-
time-of-flight experimental methods consistently yield sub-tion, gives 0.016 cm® and compares well with the observed
stantially larger relative branching ratios for formation of Doppler structurg0.0171) cmt]. Thus, though the recoil
HF(v=3) than can be accounted for theoretically. TheDoppler structure is not sufficiently extensive with respect to
source of this discrepancy is currently being investigated byhe crossed jet resolution limit to warrant a detailed Dopple-
Chao and Skod;j&’ in efforts to further elucidate the specific rimetry analysis, one can nevertheless demonstrate internal
dynamics for production into these threshold HFE3,J) consistency with the data. Furthermore, the presence of such
states. translationally unrelaxed Doppler structure confirms the rig-

By virtue of conservation of energy and momentum,orously single collision nature of the scattering dynamics
there is a perfecanticorrelation between internal HF rovi- under investigation.
brational energy and the energy released into translational As a final comment, we consider the threshold popula-
recoil degrees of freedom. As a result, the observed Doppldions observed in HR(=3,J), which are formed near the
shifts narrow substantially with increasing internal energyenergetic limit. The exothermicity®?3 for the F@Pj))
deposited in HF, varying by nearly 50% between HF( +HD(J=0) reaction is very accurately know[81.191)
=2, low J) [A»=0.0171) cm Y] and HF¢"=3, low J) [Av  kcal/mol], which in combination with the distribution of col-
=0.01112) cm ] transitions. Indeed, this competition be- lision energies E..,), determines a rigorous upper limit on

Downloaded 09 Sep 2002 to 128.200.198.26. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 13, 1 April 2002 Reactive scattering of F+HD—HF(v,J)+D 5631

HF(v,J) states that may be energetically populated. The in- HF(v=3,J) Threshold Distributions
set in Fig. 3 illustrates the relevant overall reaction energetics T

for forming HF(v = 3,J) states and the experimentally deter-
mined spread in collision energies. AtEgm
~1.9(4) kcal/mol, there is significant population in up to
HF(v=3,J=4), which is consistent with the collision en-
ergy. As E.,m IS decreased, however, H=E 3,J) product
states continue to be formed that should be energetically
inaccessible from PBPs,)+HD(J=0) reactions. For ex-
ample, HF(=3J=4) is clearly formed at E.,
=1.5kcal/mol, and HR{=3,J=3,4) are both detected at
E.om=1.0(3) kcal/mol, despite a vanishingly small fraction -
of F(?P,) + HD(J=0) collisions predicted from Fig. 4 to F+HD(F1) F+HDU=D)}V— |
have sufficient energy. These discrepancies are most accen- a1 P = " 15
tuated atE.,,=0.6(2) kcal/mol, where no state in the

=3 manifold is energetically accessible; nevertheless, small
but finite experimentally measured populations are clearly . 9. Threshold HR{=3) rotational distributions at Eqop
evident intoJ=0, 1, 2, and 33 at the 2 level). It is impor- =0.6(2) kcal/mol, plotted as a function of HFQ) internal energy. The
tant to stress that this comparison is based solely on expergurves represent the distributions of total eneligs/, Ecomt E,4,) available

: - - for product formation, based on HD€0,1) reaction withground state
mentally well determineasymptoticproperties HF and HD, F(?P4,) atoms(solid line) or spin-orbit excitedF* (2P,;,) atoms(dashed

and therefore completely independent of any residual inaCITne). Note that aE,,=0.6(2) kcal/mol there is insufficient energy to form
curacies or approximations implicit in ttedo initio Stark and  any HF@p =3,3) levels from ground state F atom reactions, which suggests
Werner F-rHD potentia| surface. It is also worth noting from minor but finite(<5%) contributions from nonadiabatic reactions with. F
Fig. 7 that similar results for anomalous formation of ener-
getically inaccessible H(=3) states at low collision ener-
gies are obtained in the time of flight experiments of Liu and(A Epn_omi= 1.15 kcal/mol), which based on beam studies
co-workers'® of Cassavecchia and co-work&rsshould be present in
The formation of up toJ=3 (but notJ=4) at E.,,, nearly statistical[F*]/[F]~2:4) concentrations in the dis-
~0.6(2) kcal/mol necessitates an additional source of energyharge expansion. Additional support for this scenario is
on the order of=1 kcal/mol. This is also consistent with shown in Fig. 9, which depicts the observed rotational dis-
previous quantum state resolved studies efHp dynamics tributions for HF@p =3) plotted as a function of the mini-
as a function of center-of-mass collision energy, which alsanum energy required to access each quantum state. Plotted
report nascent HR(,J) product statess1 kcal/mol higher also are the distributions of energies for reactions with
than can be accounted for by reaction energetics. We hawground state FP5,) and spin—orbit excited *H?P,,,) at-
carefully considered and rejected several possible sources ofns, respectively, including all HDJ species thermally
this additional collision energy. First of all, fractional uncer- populated in the jet. Specifically, nascent distributions in sev-
tainty in the collision energy is appreciable due to angularral HF@p =3,J) states inaccessible toHHD are quite ap-
distribution in the crossed jet configuration; however, thispreciable, but drop to zer@vithin experimental uncertainty
uncertainty scales witle,,, and is minor(~0.2 kcal/mo}  at the energetic limit for ¥+HD. By summing over the total
under threshold collision conditions. Rationalizing these dif-HF(v,J) populations, the fraction of nascent product appear-
ferences on the basis of “wings” in the center-of-mass col-ing in states energetically inaccessible t& D can be es-
lision distribution would requireE.,,, out near~1.7 kcal/  timated to be<5%. This is quite comparable to findings
mol, i.e., >50 higher than the average value &.,, previously reported for fH, reactions, where equivalent
~0.6(2) kcal/mol. Another possibility would be rotationally discrepancies suggest the small but finite role of nonadia-
excited HD reagent in the beam with,> 1 kcal/mol. How-  batic reaction dynamics in these systems. The presence of
ever, this would require at least HD€ 3), which is negli- such nonadiabatic contributions would be qualitatively con-
gibly populated(<1%) at 50 K jet temperature conditions. sistent with the experimental results of Liu and co-workérs,
Indeed, the present4fHD studies were specifically moti- as well as high level theoretical calculations by Alexarifier,
vated toeliminatethe ortho/para nuclear spin statistical con-which predict P to exhibit a small but finite reactivity at
straints with H reagent and thereby eliminate any rotationalthese low collision energies. Furthermore, in contrast to the
relaxation bottlenecks. A third possibility to consider would major impact on product state distributions evident near
be reactions with residual Hn the HD jet, which by virtue threshold, the small size of these nonadiabatic effects is ex-
of zero point energy differences could provide an additionajpected to have only minor influence for H=2,J). Indeed,
~0.8 kcal/mol. However, the magnitude of the observed efthis supports our use of purely nonadiabatic predictions from
fects is simply inconsistent with Himpurity limits (<1%) Chaoet al?° for comparison between theory and experiment.
measured experimentally, only a minor fraction of whichlt is important to note, however, that even these state-of-the-
proceeds to populate the HFE 3,J) manifold. art theoretical predictions are based oh i, potential sur-
The most plausible source of this internal energy is fromfaces that currently underpredict the experimentally known
F*(°Py,), i.e., the spin—orbit excited electronic state reaction exothermicity by=0.6 kcal/mol. The effect of this

Ecom = 0.6(2) keal/mol

F+HD(J=0)

F +HD(/=0)
N

3.J) Distribution

HF(v=

Energy (kcal/mol)
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