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We study scattering resonances in the HHD — HF + D reaction using a new method for direct evaluation

of the lifetime Q-matrix [Aquilanti et al.,J. Chem. Phys2005 123 054314]. We show that most of the
resonances are due to van der Waals states in the entrance and exit reaction channels. The metastable states
observed in the product reaction channel are assigned by calculating the energy levels and wave functions of
the HF--D van der Waals complex. The behavior of resonance energies, widths, and decay branching ratios
as functions of total angular momentum is analyzed. The effect of isotopic substitution on resonance energies
and lifetimes is elucidated by comparison with previous results for tHeHr, reaction. It is demonstrated

that HF¢' = 3) products near threshold are formed by decay of the narrow resonances supported by van der
Waals wells in the exit channel. State-to-state differential cross sections in thé #R) channel exhibit
characteristic forwardbackward peaks due to the formation of a long-lived metastable complex. The role of
the exit-channel resonances in the interpretation of molecular beam experiments is discussed.

I. Introduction calculations with all available PESs tested so'farhe inclusion
of nonadiabatic couplings due to the spwrbit and the open-
shell structure of the fluorine atom did not resolve this
discrepanci?* which was attributed to inaccuracies in the
description of the exit reaction chanriéf®

More recently, the F HD reaction has been the subject of
several experimental studi€s?! In a high-resolution crossed-

The F + HD reaction has played a fundamental role in
chemical physics since the 1985 molecular beam experiment
of Lee and co-workefsin which vibrationally resolved integral
cross sections (ICS) and angular distributions were measured
for the first time. The experiment revealed an anomalous HF-
(v = 3) forward scattering peak which was interpreted to be a . .
signature of a quantum-mechanical resonance. Later experiment eam study, Liu and co-workéfebserved rotationally resolved

demonstrated the effects of resonances on state-resolved dif- CS fo_r_the produ_cuon of vibrationally select_ed HIFE 2) at
ferential cross sections (DC8)fotal ICS23 and product six collision energies below 1.2 kcal/mol. This work was later

vibrational distribution$ as well as in the photodetachment extended to higher collision energies (upto 4.5 kqal/ri*ﬁil)he .
spectrum of the F-H,™ anion® Extensive quantum mechanical same group explored the reactivity of F atoms in th_e e).(c'ted
simulationg36 on the potential energy surface of Stark and spin—orbit sf[atel,9 and the role of the spirorbit excitation in
Werner (SW PES)confirmed the existence of a transition state the production of HR( = 3) products. Eorwardbe}ckward
resonance (peak A) which governs the reaction to form the peaks of the HF products were observed in the collision energy

: 1o g
HF product at low collision energi€sThe resonance effect region between 1 and 2 keal/m#l;which could result from

survives partial-wave averaging and produces a step-like feature® mechanism involving long-lived resonances. Narrow reso-

in the reaction excitation function at a collision energy of 0.5 hances are known to progluce forwartnhqkward structures in
kcal/mol. The calculatioris reproduced the energy of the peak, DCSZ' For eximple, thezzlrzjs_ertllon reali:tg)or;]si—C_Hz — OH +’d

but its height and shape were not reproduced quantitatively. Hand N+ H, — NH + H* display such behavior over a wide
Reactive scattering calculations with PESf§ potential energy range of energies. Conver.sely, sharp forwedckward peaks
surface developed in our laboratory on the basis of semiempirical " € DCSs may be a signature of the decay of metastable
modifications of the SW PES in the entrance charhél, complexes. _ _ ]

provided an improved agreement with experimental results. The At the energies of the experiment of Liu and co-workérs,
larger barrier width of PESIII reduces the tunneling effect which @ Significant role in shaping the DCSs might be played by exit-
leads to a decrease of the calculated ICS. However, the excellenf@nnel van der Waals resonanééShese resonances have

agreement obtained with PESIII at collision energies below 1 alrlea(liy t()jeen rf]ound in th? R HD reiactionl probabilities
kcal/mol does not extend to higher energies. In particular, the calculated on the SW PES for zero total angular momentum at

HF(v'= 3) yield is significantly underestimated in theoretical collision energies higher than 1 keal/nfé°The role of these
resonances in the formation of the HFE 3) products was
* part of the “Giacinto Scoles Festschrift” discussed by Castillo and Manolopouf§€fobbyn et al26 and
*To whom correspondence should be addressed. E-mail: timur@ Sokolovsky2” However, their results were obtained at a single

chgm.qbc.ca; _ _ collision energy, and it was not clear whether the effects
§g”,\'lvgs'tad' Perugia. observed were important for the overall reactivity. Other
I Moscow State University. quantum calculatiorfs®1314at several collision energies did
B University of British Columbia. not demonstrate significant resonance structure (except for the
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transition state resonance mentioned above). Takayanagi ha®f the propagation step were modified. In particular, we used
recently reported fully converged ICSs for the reaction of F an evenly spaced grid of 400 points from 2.0 to 1&,@or the
with HD(v = 0, ] = 0) on a dense grid of collision energies hyperradius (a factor of 8 larger that that of ref 10). The number
and observed the resonance structure in the exit reactionof scattering channels was also increased, ranging from 400 for
channeP® J = 0 to 2200 forJ = 3. With this basis set, we obtain total

In this work, we perform a systematic analysis of scattering ICSs and resonance parameters converged to witlirs%.
resonances in theF HD reaction using a multichannel version The large basis set employed in the present work and the
of the time delay formalism proposed by WigirOur necessity to perform many scattering calculations to resolve
approach involves the construction of the lifetime ma@$ narrow resonances made the calculations quite expensive.
whose eigenvalues and eigenvectors are useful tools to char-Therefore, we mainly focused on the metastable states which
acterize the resonance dynamités®® Recently, we have  might be important for the interpretation of recent molecular
developed a direct and efficient method for numerical evaluation beam studies of the f HD reaction (see section IV.B).
of the Q-matrix which allowed us to study resonances inthe F  B. Q-Matrix Analysis. The close-coupled equations were
+ H, reaction®® Here, we extend this study to thedFHD (v solved using the log-derivative method, which was extended to
=0,j =0, 1) reaction. We obtain energies, lifetimes and decay propagate the energy derivative of the hyperradial wave func-
probabilities of reactive scattering resonances at collision tion.3® This allowed us to generate both the scattering matrix
energies below 100 meV. S’ and its energy derivativeSVYdE in a single calculation. To

The paper is organized as follows. In section II, we describe simplify the notation, we will omit the subscrigt assuming
numerical details of our calculations and convergence tests,that all calculations are performed at fixddThe Q-matrix is
whereas section Il presents the results. The effects of resonancegvaluated from th&-matrix and its energy derivative
on reactive scattering cross sections are discussed in section 4+ dS
IV where we also compare theF HD and F+ H, reactions Q=—ihS = 1)
from the viewpoint of resonance dynami®sThe paper ¢
concludes (section V) with a short summary of the results and and diagonalized as a function of the translational (collision)
a discussion of the possible relevance of the studied metastableenergyE, to give the eigenlifetime spectrum. In the vicinity of
states in the interpretation of recent molecular beam experi- an isolated narrow resonance, the largest eigenvalue of the
mentst8 Q-matrix gmax has a Lorentzian form

h Al
Il. Theory Ol B = — 2+r2/4+b(Er) )

For dynamical calculations, we use a potential energy surface (& ) r
(PESIII) based on the standard Stark-Werner potehsiaimiem- whereE, is the resonance enerdy; is its width, ando(E;) is a
pirically corrected in the entrance chariiéb take into account  background contribution which is assumed to vary slowly
the spin-orbit and long range interactioA5!? This PES compared to the first term. When two or more resonances
provides a good agreement with experimental kinetic and overlap and/or interad® the description in terms of several of

molecular beam measurements for both FHD'© and F+ H, the largesQ-matrix eigenvalues may be necess#&/45
reactionst23° Also it is the same PES used in our previous  To study the resonance dynamics in the-FHD reaction,
calculation for the F+ Hy reactioi® which will allow us in we diagonalized theéQ-matrix on a dense grid of collision
section IV A to examine in detail the effect of isotopic energies. The lifetime matrix formalism accounts for all
substitution on the resonance dynamics. resonances present in a triatomic sys#mgluding those from

As pointed out in the introduction, some of the resonances the inelastic (nonreactive) blocks of th&matrix. These
studied in this paper were also observed in recent calculationsmetastable states will affect elastic and/or rovibrationally
using the SW PE®: The exit channel regions of the SW PES inelastic scattering in any of the three chemical arrangements.
(and other PESs based offit) and PESIII are almost the same, In order to affect the dynamics of a chemical reaction, a
and the resonance patterns calculated with the two PESs aregesonance state must decay into both the reactant and product
similar® (see ref 32 for a comparison of thetFH, resonances  channels. To identify such “reactive” resonances in the eigen-
calculated on the two surfaces). Here, we perform a systematiclifetime spectrum, we use th®-matrix eigenvectof3
assignment of the individual resonances and study their evolu- t
tion with total angular momentum using tematrix formalism A=TQT ®3)
and bound state calculations. Our studies thus complement theto define the branching probability for a resonance to decay
results of Takayanagfi and provide a wealth of additional into particular rovibrational channel,(j) of arrangemenix
information about narrow resonances in the-FHD reaction. 0 ) 5

A. Dynamical Calculations and Convergence Test®Quan- P(o, v,]) = Z Ity (4)
tum mechanical reactive scattering calculations are performed
using symmetric hyperspherical coordinates and the hyperquan-wherel is the orbital angular momentum quantum number and
tization algorithm?®40 In brief, the Hamiltonian of the three- t denotes the element of the matrik from the column
body system at fixed hyperradius is diagonalf2¢d and the corresponding to the maximal eigenlifetinggax32 If a reso-
resulting adiabatic functions are used as a basis to expand thenance decays into one arrangement only, P8(e, v, j) ~ 1
total scattering wave function. The substitution of this expansion for somea, or it does not decay in the entrance chanR8(q,
into the Schidinger equation yields a system of close-coupled v, ) ~ 0 fora = 1, it is considered as “inelastic” and excluded
equations to be solved for each value of the total angular from our analysis.
momentumJ and the total inversion parity.

The hyperquantization parameters used in this work are listed!!l- Results
in ref 10. However, to get convergent values of the resonance A. Reactive Resonances al = 0. The largest eigenvalue
energies and lifetimes, the parameters that control the accuracyof the Q-matrix as a function of collision enerdy: relative to
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probabilities due to the resonance A are less pronounced for
PESIII, in better agreement with experimédihis effect can

be easily related to the known differences between the two PESs.
The spin-orbit interaction influences only the entrance channel
of the reaction increasing the thickness of the reaction barrier.
At the transition state, the spirorbit interaction becomes
negligiblei%3%leaving the transition state properties unchanged.
Therefore, although the energies of the resonance A are similar
for the two PESs, the partial widths differ significantly because
of the reduced tunneling effect that has a strong influence on
the prereaction mechanisth.

E The long-lived resonances denoted in Figure 1 as B, C, and
IR I B L PR I ! D correspond to metastable states trapped in the exit-channel
0.7+ 7 van der Waals well. As shown in the lower panel of Figure 1,

B - “\l\{ ~3 the resonances show up in reaction probabilities for both product
0.6~ i - channels although the probability of the reaction to form-H

B /l: B DF is less affected. In the next subsection, we will explain this
0.5~ ] effect by analyzing the resonance wave functions. We note that
0.4 / | the reaction probabilities of different product channels display

) inverted profiles because of the different background phases.
The decay probabilities (7) summed oveandj are 0.55 (F+

HD), 0.39 (HF+ D), and 0.06 (DF+ H) for the resonance B
and 0.55 (F+ HD), 0.35 (HF+ D), and 0.09 (DF+ H) for the
resonances C and D. The decay of the resonances B, C, and D
is less vibrationally specific than that of the resonance~80%

goes into they’ = 2 channel. Wheny' = 3 channel is
energetically available (only for the resonance Dlat 0) a
significant amount (around 15%) of the HF population resides

Collision energy (meV) in this channel.
Figure 1. (Upper panel) The largest eigenvalue of Pematrix as a The three narrow resonancds ¢ 10 meV) atE N.G’ 31,
function of collision energy for the F HD(v = 0, ] = 0) reaction at and 64 meV labeled as G1, G2, and G3 respectively, were
J = 0. Note the logarithmic scale used for thexis. (Lower panel)  studied for the first time by Takayanagi and Kuros#kihe
Total J = 0 reaction probabilities for the formation of HF (solid line)  notation comes from our previous studies of thet+FH;
and DF (dashed line). reactioff233where similar peaks were observed and assigned.
They are Feshbach resonances corresponding to metastable states
the F+ HD(v = 0, j = 0) threshold is shown in the upper N the van der Waals well of the entrance reaction channel

panel of Figure 1. Distinct peaks in the eigenlifetime spectrum @nd can be considered as a progression of “hindered rotor”
correlate with those in thé = 0 reaction probabilities for the ~ States of HD ¢ =0, j) with j = 1, 2, and 3, respectively. The
formation of both HF and DF products (lower panel). These F**HD(v=0,j = 0) van der Waals complex has a quasibound
structures are known as Fano profffeand appear in thd = state _close to _th_e threshold which has a significant effect on
0 reaction probabilities, as a result of interference between the chemical reactivity at low and ultralow temperatufés? The
background and resonance scattering. Otherwise, all lifetime 'éSonances G1 and G2 have a small (less than 5%) but
peaks are perfectly Lorentzian. The energies and widths of the Significant decay probability into the HF product channel.
resonances obtained by fitting the peaks of Figure 1 (upper Although the resonance G3 is more strongl_y cou_pled to the HF
panel) to eq 2 are listed in Table 1. produ_ct channe_ljv,j Pa=2,v,j)=0.11], it rr_1a|nly decays
The broad peak &, ~ 21 meV (denoted by A in the upper  iNto higher rotatlon.al states qf HD and as such it has the weakest
panel of Figure 1) was studied in great det&f#9n the SW effect on the reaction of F with HD(= 0, j = 0). Figure 1 and
PES. It was shown that the wave function of the resonance A the corresponding data from ref 12 show that the entrance
is localized in the collinear configuration near the transition state channel resonances are less pronounced forHD than for F
closer to the product valley, with three nodes along the T H, reaction. 'I_'he weak coupling to the exit channel rapidly
asymmetric stretching coordinate and no nodes along thetends to zero with, so that the effect of these resonances on
bending coordinate. One particular aspect of this resonance isthe overall reactivity is expected to be small, and they will not
that it is practically unaffected by background scattering which be studied forJ > 0 in this work.
results in a purely Lorentzian form of the reaction probability. B. Assignment of Resonances and Bound-State Calcula-
Moreover, it decays almost exclusively into the ground state of tions. 1. Adiabatic ModelTo assign quasimolecular quantum
H, and into they’ = 2 vibrational state of HF thus affecting numbers to the resonance features B, C, and D shown in Figure
mainly thev = 0,j = 0 — ¢/ = 2 reactive transition. 1, we use the same adiabatic model as in ref 32. In brief, the
Table 1 shows that the resonance A on PESIII is only slightly total Hamiltonian is constructed on a grid Bf the center-of-
shifted with respect to the SW PES (21.5 ni€)/ whereas the mass separation between the HF molecule, and the D atom. The
resonance lifetime of 131.4 fs obtained for PESIII is significantly matrix elements of the Hamiltonian are evaluated numerically
larger than the values 9&nd 109 for the SW PES. The decay in a space-fixed basis of rovibrational functions of HFE 3).
probabilities for PESIII are 0.9 (HF- D channel) and 0.1 (F  The bound states are calculated by the Fourier grid méthod
+ HD channel), versus 0.6 and 0.4 for the SW PE8ecause which takes into account the couplings between different
of the lower coupling with the reactants, the peaks in the reaction adiabatic states, unlike the model used in ref 50.
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TABLE 1: Energies, Widths (at J = 0), and Rotational Constants of Reactive Scattering Resonancées

resonance energy width lifetimefs rotational constant
A 20.55 (14.05) 5.01 (11.64) 131.4 (58) 0.219 (0.367)
B 55.80 (24.33) 0.198 (1.94) 3324 (350) 0.115 (0.216)
C 69.37 (34.59) 0.145 (0.072) 4539 (9400) 0.0766 (0.123)
D 71.77 (39.89) 0.584 (1.5 10°3) 1127 (-) 0.0860 (0.094)
Gl 9.29 () 3.08x 1072(-) 2.14x 10 (-) -()
G2 31.24 (42.59) 6.5% 10 (5.5 x 1073) 1.01x 10° (1.2 x 10P) - (0.055)
G3 64.30 (-) 4.15¢ 1073 (-) 1.59x 10° () -()

2 The values are given in meV relative to the energy of the ground rotational state of the reactants. The results of ref 33+fdi{led€tion
are given in parentheses for comparison. The calculations are performed on PESIII.
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Figure 2. Lowest eigenvalues of the H¥(= 3)—D Hamiltonian as
functions of the HF-D distanceR (adiabatic curves). The bound levels

shown in each curve are obtained by solving a set of coupled channel

Schralinger equations (see text). The bound levels B, C, and D
correspond to the resonance peaks inJthe0 eigenlifetime spectrum
(right panel).

The lowest eigenvalues (adiabatic curves) of the Hamiltonian

matrix forJ = 0 are shown in Figure 2 as functionsi®f The

lowest-energy adiabatic curve has a depth of 24 meV and
supports two bound levels corresponding to the peaks B and C
in the right panel. This suggests that the peaks B and C are
Feshbach resonances which can be assigned as (0,3,0) an
(1,3,0) in the local mode picture. Here, the first quantum number

refers to D-HF stretching vibration and the second and third
numbers refer to DHF stretching and HF bending (or hindered
rotation about the D atom). The curve correlating to the HF(
= 3,j = 1) threshold is shallower and supports only one bound
state. We will call this resonance D following the + H>
terminology32:33 Applying the adiabatic model to the- #HD

van der Waals complex in the entrance chadfele can assign
quasi-molecular quantum numbers to the narrow reson&ttes
G2, andG3 as well.

2. Variational Calculations.In order to obtain the wave
functions of the exit channel resonances B, C, and D, we
performed two-dimensional (2D) variational calculations of the
metastable states of the HFE 3)---D van der Waals complex.
For this purpose, we used the Jacobi coordinateR( 6)
suitable for the HF- D arrangement, whetreis the internuclear
distance of HFR is the distance between the D atom and the
diatom center of mass, ané is the angle between the
corresponding Jacobi vectors. In the molecule-fixed frame with
the z axis pointing along th&R vector, the total Hamiltonian
takes the forrpt

qo__ 1 & 1 &
2Mye p gR? 2Mye pr2
(Sl P U
5 N +V(r,R 0) (5
2Mye pR 2myer

wheremyr andmye—p are the two-body reduced masses of the
HF molecule and the triatomic system HB, respectively
andJ denote the rotational momenta of the diatomic fragment
and of the whole complex, and the total three-dimensional
potential is separated into the internal HF potentiét) and

the atom-molecule interaction potenfialin order to investigate
the resonances in the exit reaction channel, we used the diabatic
approximation for the HF vibrational motiéhThe Hamiltonian

(5) is averaged over the vibrational function of the HF fragment
%> the eigenfunction of the total Hamiltonian in the asymptotic
R — oo limit, to yield

1 @, Q=)
2Mye 5 IR 2my R
B+ U(r) + V,,(R 6) (6)

H=— +

whereB, = O, |myer 2|y, 0andV,, = O,|V(r, R, 6)|x.[J. Again
as in the adiabatic model, only the wave function #bor= 3 is
used.

The eigenvalue problem for the 2D Hamiltonian (6) is solved
variationally using the radial basis functions for the Morse
potential enclosed in a box with a widthand the symmetry-
adapted angular basis functioig-ollowing Reid et al? the
resulting rovibrational energy levels of the complex are classified

s JP, whereJ is the total angular momentum value apd
corresponds to the total inversion pariy= (—1)’p.. The
calculations were performed for the positive parity levets 0
17, and 2. To locate the metastable states lying above the HF-
(v = 3) + D limit, stabilization graphs are constructed by
repeating the calculations with varying box size The two
lowest roots below the Hi(= 3, = 0) + D asymptotic limit
represent the grouna= 0 and first excitech = 1 states of the
complex. They are stable within the 2D approximation (although
they may decay through vibrational predissociation into the HF-
(v = 2,]") + D products). The next root corresponds to a
metastable state and lies slightly above the dissociation limit.
The stabilized values are reported in Table 2. The energy of
the third state splits for nonzerd due to the rotational and
Coriolis couplings that lift the triple degeneracy of molecular
channel$353At J = 1 two levels appear in the block of negative
pi parity (denoted as Dand Dy in Table 2), while the third
component manifests itself in the positigeblock.

Table 2 compares 2D energies with the predictions of the
adiabatic model and the results of t@ematrix calculations.

In general, the agreement among the three sets of data is good,
confirming the accuracy of the models used. The adiabatic
model is formally equivalent to a 2D variational calculation. In
practice, however, the results of the two models are slightly
different due to the different methods used to locate the
resonance states. Using the 2D resultsX¥er 1 and 2 from
Table 2, we can evaluate the rotational constants of the
complexes:B(B) = 0.122,B,(C) = 0.083, andB,(D) = 0.094
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TABLE 2: Energies of the Three Lowest Resonances B, C,
and D (in Units of meV) Relative to the HF@y = 3,] = 0)

Threshold B
adiabatic variational lifetime
resonance J model calculation (2D) analysis
B 0 —14.87 —14.77 —15.18
1 —14.62 —14.54 —15.04
2 —14.12 —14.03 —14.43
C 0 —2.22 —2.26 —1.59
1 —2.05 —2.09 —-1.43
2 —-1.72 -1.77 —1.08
D1 0 0.71 0.71 0.81
1 0.90 0.89 0.99
2 1.27 1.33 1.42
D, 1 1.88 1.82 2.81
2 2.27 2.26 3.25

meV. The value ofB; for the B resonance is in excellent
agreement with the scattering calculations from Table 1. The
agreement between the stabilization and scattering data for the
resonances C and D is less satisfactory because of their
proximity to continuum.

Variational calculations allow for the interpretation of reactive
scattering resonances as metastable states of weakly bound
complexes in the product channel of the reaction. Figure 3 is a
3D plot of the squared wave function for three lowest levels of
the HF@p = 3)---D complex from the ® block in Cartesian
coordinatesX = Rcos 6, Y = R sin 6, wheref = 0 andf = D
ot correspond to the collinear-BFH and D--HF configurations,
respectively. The wave function of the ground level (B) is
strongly localized in the deeper-BHF well in the collinear
configuration. The second level (C) corresponds to the stretching
excitation, as follows from the node alongcoordinate. The
stretching excitation energy is above the bottom of the secondary
potential well in the opposite &-FH collinear configuration
leading to strong delocalization along the angular coordinate. O -
The wave function of the C resonance shown in the central panel N )
of Figure 3 corresponds to almost free rotation of the D atom Figure 3. Squared wave functions of the metastable levels B )
around the HF fragment. The wave function of the third level (upper panel), Cr{= 1) (middle panel), and D (lower panel) in thé 0
D is similar to that of the second but reveals additional bending parity block as function oX = R cos# andY = R sin 6 (see text).
excitation (a node close t§ = 0 plane). However, it is more
localized in the ground B-HF potential well.

The analysis of the resonance wave functions allows us to

Figure 4 shows resonance energies as functiordéJot 1)
for J = 0—20. All resonances follow closely the rigid-rotor

explain the presence of resonance peaks inJtke0 reaction behavior

probability for the DF H channel (shown in the lower panel E()=E,+BJJ+1) (7)

of Figure 1). The resonance complex localized in the-IBDF

configuration may undergo a hindered rotation into the lEH where B, is the rotational constant, an important parameter
geometry before breaking up to form the BDFH products. characterizing the geometry of the resonance state. Linear fits

The detailed picture of this “internal rotation” process depends to eq 7 are shown in Figure 4 as solid lines. The coeffici@nts

on the potential wells separating these two limiting geometries. are collected in Table 1. The resonance A has the largest

Similar tunneling processes were recently observed in weakly rotational constant. This suggests that it may have an impact

bound anionic complexes Gk-HD and Br +++HD.>*5° on reactive dynamics over a wide region of collision energies.
C. J-Dependence of Resonance Propertie3he lifetime On the other hand, the narrow resonances B, C, and D are likely

spectrum af = 0 presented above provides detailed information to affect the reaction dynamics in a limited collision energy

about the resonance dynamics. However, a resonance can onlyange.

be considered important for the chemical reaction if it contrib- ~ The value ofB; is directly related to the geometry of the

utes significantly to the reaction probabilities at large values of metastable complex

the total angular momentum. Otherwise, the resonance is likely

to be washed out by the averaging over partial waves. Since B = 1 (8)

modern crossed-beam experiments are carried out in the multiple ' 211000

partial wave regime, it is important to understand how reso-

nances change with increasing total angular momentum. To thiswhereurp is the hyperspherical three-body reduced mass of

aim, we performed lifetime calculations for the partial waves the FHD system, ando? = R? + 2, whereR andT are the

in theJ = 0—20 range, which gives resonance contributions to values of mass-scaled Jacobi vectors at the equilibrium geometry

the reaction cross section at collision energies under 100 meV.of the complex. Using the parameters of the linear transition
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a single broad feature appears as a result of a convolution of
several overlapping resonances of differéntvhenAJ is less
than one (narrow resonance), the resonance contribution comes
from a single partial wave and the resulting peaks are isolated
and correspond to well-defined valuesJdf It has been recently
demonstratetd that, if the value of the ratio (9) is close to
one>80the |CS exhibits a broad sinusoidal behavior, termed
Regge oscillation&! The maxima of the Regge oscillations do
not always coincide with the resonance energies. Using the data
linear fits of Figure 5 and the rotational constants of Table 1, we classify
T the resonances B, C, and D as narrow for almostlailhe
resonance A is of an intermediate type: it is broad at 5,
> whereas at highed, the ratio (9) approaches one. Therefore,
T we expect Regge oscillations of the ICS at the energies of the
0 40 80 120 160 200 240 280 320 resonance A aj > 5.

JI+1) Figure 5 shows that the lifetimes of all resonances (excluding

A) exhibit distinct maxima as functions df This indicates two

Figure 4. Resonance energies as functionsl@f + 1). Solid lines -4 heting decay mechanisms (see also ref 62). At modarate
are the regression lines of the data required to get rotational constants

given in Table 1. The dashed line marks the opening of thevHE( the resonancgs a_re below the FE 3) threshold (marl_(ed by
3,j’ = 0) channel. Diffent symbols refer to different metastable states the dashed line in Figure 4), and they decay by vibrational
labeled on the graph. predissociation loosing one quantum of HF vibration and

populating the HR{ = 2, j') levels?3 The vibrational predis-
B A L L L sociation is a slow process with the rate determined by the
overlap of the resonance wave function with the rovibrational
states of the HF prodiét rather than by the energy gaps
— A i between the states. As a result, the resonances shown in Figure
5 are narrow, and their widths do not change much Jithhe
resonances above the threshold may decay via tunneling through
the centrifugal barrier (the so-called shape mechanism). The
height of the barrier increases withas J(J + 1)/2mye-pRp?,
whereR; is the value of the atommolecule separation at the
barrier. On the other hand, the resonance energy increases as
JJ + 1)/2mye—pR?, whereR; is the expectation value dR
averaged over the 1D resonance wave function trapped before
| the barrier. Sinc®, > R, the effective barrier height decreases
0 5 10 15 and the tunneling rate increases wifl#2 The tunneling
mechanism is more efficient than the vibrational predissociation
at the energies above the threshold. It is responsible for the fast
Figure 5. Resonance widths versus total angular momentum. The jncrease of the resonance widths at ladgealues (see Figure
symbols have the same meaning as in Figure 4. 5). Finally, we note that the resonance D can also decay via a

state from ref 3, we obtaiB, = 0.181 meV for the resonance Mechanism involving the inelastic transitiont ¢ 3,j' = 1) —

A. For the resonances B, C, and D, the diatomic distarman ~ (¢" = 3,]' = 0) which releases-4.8 meV of energy, enough to
be fixed equal to that of the exit channel van der Waals Preak the weak HE( = 3)---D van der Waals bond. This is
minimun®® very close to the HF equilibrium distance. The rotational pred|§SOC|at|éﬁ§3~64dr|ven by the anisotropy of the
expectation values d® can be obtained using one-dimensional HF***D interaction potential.

resonance wave functions calculated by the adiabatic model in  The width of the resonance A, on the contrary, increases with
section 1ll.B (5.7, 7.3, and 6.&, for B, C, and D, respectively) J monotonically suggesting a different decay mechanism. In
which givesB; = 0.120, 0.074, and 0.088 meV. These values ref 3, it was found that this state decays mainly by tunneling
are in agreement with the “exact” scattering data of Table 1 to through the barrier along the-fH, angular coordinate, and the
within a few percent which confirms the reliability of the dependencg;(J) was fitted by an exponential functidn(J) =
adiabatic model. The difference for the resonance A is somewhata + b(expJ) — 1). Fitting the results of Figure 5, we obtain
larger ~10%) because of the approximation of consimthich the values 4.97, 0.79 meV, and 0.205 for the parametebs

40
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jwiiwle]

10’

|

on

Resonance Width (meV)

Total angular momentum J

is less reliable near the transition state geometry. andc, respectively. The comparison with the results of ref 9
Figure 5 shows the resonance widfiisas functions ofl. obtained with the SW PES shows that our parameiesmaller
The ratio by a factor of~4. The convolution of several-shifted A
resonances calculated on PESIII produces a shoulder-like
N Q) featuré® in the dependence of the ICS on the collision energy,
- B(2J+ 1) ©) in contrast with the broad peak observed in the calculation with

the SW PES:10 This follows from the fact that the resonance

is a semiclassical estimate for the number of partial waves Widths calculated on PESIII change less significantly wiff
affected by the resonance in the vicinity of the resonance The decay probabilities (7) determine to what extent a
energy?’ It can be used as a criterion to classify resonances resonance participates in the reaction and is therefore an
based on their effects on reactive observablea\Jfis large important parameter to asses the relevance of resonance effects
(broad resonance), the resonance affects many partial waves andn the reaction dynamics. Figure 6 shows the decay probabilities
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Figure 6 for the resonance A which decays into thie= 2 channel. The
T T T impact of this behavior on the reactive scattering cross sections
02+ F + HD(v=0, j=0) — will be discussed in section IV.B.
L —C i In summary, we have shown that the narrow resonances C
0.15 +—D, ] and D can only affect reaction probabilities at lavand

therefore will give small effects in the reactive observables only
in a limited range of energies, especially for the reaction of
A 0.1 - HD(v = 0, ] = 0). A similar tendency was also observed in the
L ] F + H, reaction® In that work, we showed that the decay
0.05 a probabilities of the resonances correlating with higher rotational
’ states of the HF product approach zero at lodeFor this

'm il reason, we restrict the Q-matrix analysis to the lowest exit-
0 - channel resonances B, C, and D. On the contrary, the resonances
A and B affect many partial waves and collision energies well
F + HD(v=0, j=1) above the barrier height. Resonance effects in theHD(v =
0.4 - 0, j = 0) reaction are expected to be stronger at low collision
L . energies because of the higher decay probabilities.

IV. Discussion

A. Isotope Effects in Resonance Dynamicét is interesting
to compare thd = 0 resonance parameters discussed in section
r ] [II.A with the corresponding resonances found in ref 33 (and
0.1 — reproduced in Table 1) for the # H; reaction on the same
PES. This will allow us to understand the effects of the isotopic
substitution on the dynamics of reactive scattering resonances

0 0 5 10 15 using simple kinematic arguments.
Because of the isotopic substitution, the zero-point energy
J E® of the reactants becomes lower. Using a harmonic ap-

Figure 6. Angular momentum dependence of the decay probabilities proximation, we obtain
(eq 7) summed over over all open channels of the HF product for the

F+ HD(v =0, = 0) (upper panel) and # HD(v = 0, = 1) (lower AE°=E® —E° =~
panel) reactions. The symbols label different metastable states as in H, HD

Figures 4 and 5. [ (mH + mD)l/
1 —

o Z]Eﬂz ~35.9 meV (10)

as functions of] for the reaction of F with HD{ = 0) in the
ground (upper panel) and in the first excited (lower panel)
rotational states. Higher rotational states of H2:(2) are not
populated in molecular beam experiments on the- FHD
reaction and are not analyzed in this work. Figure 6 shows that
decay probabilities of the resonances C and D become very N . ) ;
small forJ > 8. The decrease correlates with the increase of 1" wbrgtlonal modes of the triatomic FHD complex. Replacmg
their widths up to +2 meV (see Figure 5). This suggests that the ratio of the two-body reduced masses of eq 10 with the

the effects of the resonances C and D on reactive cross section&ti0 Of the hyperspherical three-body reduced masses of FHH
are weak at highed. However, they may be important at low ~ 2nd FHD {trur/urrip), we obtain
J, especially for the reaction f HD (v = 0, j = 1) when the 14
resonances C and D decay significantly into the entrance AES =ES — EQ ~ |1 — My (M + My + mp)
channel. mMp(me + 2m,)

On the other hand, the decay probabilities of the resonances _
A and B are non-negligible even at largeThis suggests that WhereEj andEy are the zero point energies of the F&hd
they may influence reaction cross sections in a wide range of FHD triatomic complexes (see Figure 7), respectively. Using
collision energies. The resonances A and B are present in thethe data of Table 1 and the energy of the classical collinear

where Eﬂz is the zero-point energy of the,Hnolecule. The
result of eq 10 is in agreement with the “exact” value of 35.6
meV from dynamical calculations. To estimate the isotopic shift
of the resonance AAE,?, we use the harmonic approximation

EX (11)

reaction of F with both HD{= 0,j = 0) and HD¢ = 0, ] = saddle poirtt (see section 111.C), we obtain the energj =

1), although their behavior witll is different. The decay  199.0 meV andAEg =~ 29.7 meV. The isotopic substitution
probability of the resonance B in the reactiontFHD(v = 0, therefore shifts the resonance A toward higher translational
j = 1) is large at small and smoothly goes to zero &s energies by~5.9 meV, in good agreement with the “exact”
increases, whereas that in the reactiofr HD(v = 0, ] = 0) value of 6.4 meV from Table 1. The energies of the exit channel

shows a flat maximum afl ~ 10. Otherwise, the decay resonances B, C, and D do not change much because the isotopic
probability of the A peak in the reaction+HD(v = 0,] = 1) substitution HF-H — HF---D does not affect the dominant

is near zero at low but it increases exponentially fdr> 10. HF stretching mode. Equation 10 shows that the ground state
At the same time, the decay probability of the same resonanceof the reactants is shifted down by35.6 meV. This value is a
in the reaction F+ HD(»v = 0, ] = 0) does not change with fairly good estimate of the isotopic shift from Table 1.

As will be shown in section IV.B, this behavior is responsible The remaining discrepancies are likely due to the bound levels
for different reactivity of the two rotational states of HD. As of HF---H(D) in shallow exit-channel van der Waals wells. The
soon as the' = 3,j' = 0 state of HF becomes energetically eigenvalues of the 2D Hamiltonian (adiabatic curves) in Figure
available, all resonances start to decay into this channel, excep® are almost identical for HF<D and HF--H (except for a small
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Figure 7. The energy diagram of the + HD reaction from PESIII. The energy levels of thetFH; reaction are also shown by dashed lines. The
energies labeled (a) were taken from ref 33 and those labeled with (b) were taken from ref 3.

difference of the reduced mass entering the centrifugal term inis also evident from the wave function plots in Figure 3 (see
eq 6, which is small at lov). At J = 0, the resonances B and section III.B).
C are characterized Hy= 0 (the resonance D correlates| t& In summary, the isotopic substitution shifts resonances in the
1). Therefore, we can assume that isotopic substitution doesexit channel to higher energy by35 meV. The energy of the
not affect the potential curves shown in Figure 2. All the resonance A is affected to a lesser extent. As a consequence,
difference between the energies of =B and HF--H thus the resonances A and B become degenerate at higher collision
comes from the stretching motion of the heavier D atom relative energies (and partial wavésthan for the F+ H, reaction where
to the HF fragment. Therefore, we can apply the harmonic resonance B is weakly coupled to the entrance channel. In
approximation once again to this particular local mode. The mass addition, at the value of = 18—19 when the resonances A
ratio is now that of the atomdiatom two-body reduced masses and B cross, they decay into different vibrational manifolds (
in the exit channel arrangmentiye—/Myr—p. The required = 2 and 3, respectively). This indicates that their interaction is
zero-point energies of the HH stretching mode& ¢ , can much weaker than in the F H, reaction®® Because of the
be directly evaluated as the difference between the energy leveldarger reduced mass and the reduced tunneling rate of the D
in parentheses (Table 1) and the minima of the correspondingatom, the isotopic substitution increases the resonance lifetime.
adiabatic wells in Figure 2. They are 12.5, 22.9, and 8.7 meV The exit-channel resonances B, C, and D are thus expected to
for B, C, and D, respectively. The isotopic shift survive up to higherd and contribute significantly to the
dynamics of the F+ HD reaction.
o ’ _ (mH(mF my+m) 1/1 =0 Finally, we point out that the van der Waals well in the exit
AEBCD’\’ 1 EBCD (12) ;
i mp (Mg + 2m,) channel does not produce any DH quasibound states relevant
for the reactivity of the F+ HD system. The DF- H channel
is equal to 3.4, 6.3, and 2.4 meV for the resonances B, C, andiS more exoergic than the HF D channel, so that the DF(=
D, respectively. Taking into account the downward shift of the 3, ') manifold is at a lower energy than the reactants. The
H, zero-point energy discussed above, we observe that themetastable states supported by the adiabatic curves af BF(
resonances B, C, and D are shifted to higher collision energies4.j') are very weakly coupled to the entrance channel, because
by 32.2, 29.3, and 33.2 meV, respectively. The comparison with Of the large difference in vibrational quantum numbers and
the data of Table 1 shows that this estimate is accurate for theunfavorable Frank-Condon factors. As a result, the resonances
B resonance (31.5 meV) but less so for the resonances C andn the DF=H channel affect only nonreactive collisions of DF
D (34.8 and 31.9 meV, respectively). This might be due to the molecules with H atoms.
strong coupling between the adiabatic st&tasd the breakdown B. Resonance Effects on the Reactive ObservableSne
of the adiabatic picture. The strongly mixed nature of these statesaspect that makes thed=HD reaction unique is a large number
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Figure 8. Integral cross sections for the-FHD(v = 0, ] = 0) (dark Collision Energy (meV)

line) and the F HD(v = 0, = 1) (red line) reactions summed over
all the open channels of the HF product as functions of the collision
energy.

Figure 9. Integral cross sections for thet=HD(v = 0, = 0) reaction
summed over all open channels of HFE0,1 and 2) in the region of
collision energies where the exit-channel resonances occur. The numbers

. . . . denote the value of the total angular momentum of the resonance.
of experimental results available including state-resolved angular

distributions, integral Cross sectior]s, and thermally .averaged rate esonance density is high in this collision energy range and many
constants. In this se_ct|on, we will focus on the influence of resonance patterns overlap which is the reason why not all of
resonances on reactive observables. We calculated ICSs on th?ne peaks shown in Figure 9 can be assigned a quantum number
energy grid of 0.5 meV which is dense enough to resolve the )

broad resonance A but not the narrower long-lived resonances. We note that the resonance enhancement of the ICS presented

. ; 0 X
of the exit channel. We note that because of their small widths " F19ures Band9is at most 15% of the total reaction cross
(see Table 1) such resonances influence only a single resonan ection. It may therefore be difficult to observe the resonances

partial wave contributionk) to the ICS, and the approximation expenmentallly. On the other hand, the.3|gnature of the
of isolated narrow resonance is accurate. Therefore, in the '€S0NAnNCces 1Is typically more pronounced in state and angle-

vicinity of a narrow resonance, we only need to evaluate the _resolved cross sectiof$In particular, the experimental stud-

cross section al = J, whereas a simple linear interpolation iest1921 revealed large oscillations in state-resolved cross
- vn . N

can be used to compute other (nonresonant) partial waves. Wit segtlons for the formation of HE’(: 3) procjucts hear threshold.

this procedure, we were able to obtain total ICS with the energy thhlts t(r:]on;rlz;ld)cisgthehtheortlencaI caltcu]!anélﬁ@ V;’::'Ch 1%r§d|c%t th

resolution of 0.02 meV. Numerical tests show that the errors i ?I N i ('jt = 3) channel accounts for less than o ofthe

introduced by the linear interpolation arel%. 0 a' reactivity. ) .

Figure 8 shows the ICS for the reaction F with HD in the  Figure 10 shows the ICS for the formation of HFE 3) in
ground and the first excited rotational levels summed over all the reaction of HD in both the ground and the first excited
open product states. For the reactios-FHD (v = 0, j = 0) rotational states. At the HF(= 3) threshold, the background
below 30 meV, the width of the resonance A is nearly '€activity of HD@ =0, = 0) is very low (around 0.01 3,
independent of and large enough to form a step-like convolu- @nd only weak structures due to the resonances C and D are
tion feature which is also observed in the experiméfiat present in the ICS. However, the situation changes when the
higher energies, higher partial waves contribute and the ratio €Sonance B crosses the W 3, ) = 0) threshold ad = 14
(9) decreases. Regular sinusoidal oscillations appear when thé2d begins to decay preferentially into this channel. As a result,
critical value ofAJ = 1 is reached at-30 meV. These structures  the corresponding resonance peak in Figure 10 makes the ICS
are known as Regge oscillatiddand they have recently been  increase by a factor of 3. For the reaction of rotationally excited

analyzed in the F+ H, reactiofi® in a narrower range of  HD, the long-lived resonances Cyand D, have a stronger
collision energies. impact on the ICS, as shown in the inset of the lower panel of

At collision energies above 55 meV, the ICS shows a Figure 10.
progression of narrow resonances superimposed on Regge As mentioned earlier, sharp forwarackward features
oscillations. For the reaction of F with HRE 0, j = 1), the observed in the energy dependence of the B'¢Between 1
resonance A is only barely visible while the pattern of long- and 2 kcal/mol, might be a signature of long-lived resonances.
lived resonances BD is more pronounced than in the reaction Figure 11 shows 3D plots of vibrationally resolved DCS for
of HD(v = 0, j = 0) and they are shifted at lower collision the production of HR( = 2 and 3) in the reaction of F with
energy 11 meV). HD(v = 0, j = 0) as functions of the angle and energy. The

Figure 9 shows more details of long-lived resonances in the collision energy interval is centered around the resonance B at
F + HD(v = 0, j = 0) reaction. In this figure, we plot the ICS J = 14 with an energy resolution of 0.02 meV. In order to

summed over all open vibrational states of HF excépt 3 reproduce accurately the interference between different partial
that will be analyzed separately. Each major peak is due to thewaves, a larger number 61 projections Qmax = 5 see section
resonance B corresponding to a specific valud.ofhe weak 1) and total angular momenta (26) was included in the

oscillations between 70 and 80 meV are due to low partial waves calculations.

of the resonances C and D. These features are reminiscent of The DCS fors’ = 2 (Figure 11, upper panel) changes rapidly
the J = 0 Fano profiles shown in Figure 1, but their intensity near the resonance energy, although not in a way that shows
is much smaller due to the partial wave averaging. The distinct forward-backward features. On the other hand, the DCS
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Figure 10. Integral cross sections for thed=HD(v = 0, = 0) (upper
panel) and for the A+ HD(v = 0O, j = 1) (lower panel) reactions
summed over all open channels of the HIE€ 3) product. The numbers
have the same meaning as in Figure 9. The inset in the lower pane

shows the reactive ICS near threshold.

HF(v'=2)

HF(v'=3)

Figure 11. Differential cross sections for the +# HD(v = 0, ] = 0)
reaction summed over all open channels of iE 2) (upper surface)

0.2

0.1
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T T T T T o T o(6,E) O|P, (cosO)? (13)
- -0 = B _ r h
0.20 ] F + HD (v=0, j=0) 15 16
whereP; (co9) is the Legendre polynomial akth order. The
0.151 dependence (13) is characteristic of differential scattering near
i a narrow resonancé We conclude that the behavior of the DCS
0.10 - in the o/ = 2 and 3 channels is dramatically different. The
- former is dominated by the resonance A, which leads to a
0.05+ complicated interference pattetfywhereas the latter is strongly
o - influenced by the near-threshold narrow resonances in the exit
L 0.25 channel.
©n i
S 0.20 - V. Conclusions
s In summary, we have performed a study of resonances in
0.15 the F+ HD reaction. Using the lifetime matrix formalism, we
i have calculated the positions and lifetimes of the most important
0.10 reactive scattering resonances in the total collision energy range
’ o of 10—100 meV. The quasibound states observed are assigned
i 0.05 = using the adiabatic model (Figure 2) as well as variational and
0.05- 0 WA T L stabilization calculations of the bound states and wave functions
- | | | | 60 | 62| 64| 6|6 6|8 (Figure 3) of the HR{ = 3)---D van der Waals complex. The
0.00 ' : ' . ! ' . : . behavior of resonances at nonzero total angular momedtum
60 64 68 Coleisioz?Enefgy (rii\/)gs 92 9% (Figures 4 and 5) is analyzed systematically. Simple kinematic

arguments are used to model the effect of isotopic substitution
on the resonances. It is shown that near-threshold Feshbach
resonances B, C, and D can decay via tunneling through

Icentrifugal barriers or by rotational predissociation. The latter

mechanism is present for the resonances D correlating to the
excited rotational levels of HF.

We found that, while the lifetime and partial width of the
resonance A do not change much wilh the exit-channel
resonances C and D become decoupled from the entrance
channel already at small (see Figure 6). As a result, the
quasibound states C and D affect the reactive ICS in a limited
range of collision energies of about 10 meV near the HE(

3) threshold. These results are in agreement with our previous
findings for the F+ H, reaction3® Unlike for F 4+ H,, the
resonance B in the F HD system survives up to much higher
J~ 20 and its influence can be clearly observed over the whole
energy region studied in this work (see Figure 8).

The HF@' = 2) products are mainly affected by the transition
state resonance A which decays almost exclusively into that
channel, with a minor contribution from the resonance B. We
demonstrated that the ICS for the reaction to form #E 3)
products near threshold (Figure 10) is dominated by decay of
the exit-channel resonances B, C, and D. The reactive angular
distributions for this vibrational state are forwarkdackward
peaked (Figure 11) due to the formation of long-lived metastable
complexes. This explains qualitatively the experimental obser-
vations2181°0n the contrary, the angular distributions of HF-
(' = 2) are not significantly affected by the exit-channel
resonances.

The transition state resonance A is relevant only for the
reaction of the ground rotational state of HD. It produces a broad
step-like feature in the ICS at low energies and Regge
oscillations at higher energies (see Figure 8). On the contrary,
the long-lived resonances are important for the reaction of both

and HF¢' = 3) (lower surface) as functions of the scattering angle the ground and rotational excited states of the reactants, so that
and the collision energy. The collision energy corresponds to the the resonance features can also be observed in reactive cross
trﬁrsgsnha:)r:ge B al = 14 in the neighborhood of the HE(= 3, J' = 0) sections from the HD(= 0, j = 1) state. This is particularly

' true of the resonances C and D (Figure 10). Although the

resonance contribution to the total ICS is smal1Q%), it

for the production of HR{ = 3) is clearly forward-backward becomes more significant for state-resolved cross sections in
peaked. We found that the DCS depends on the scattering anglehe HF@' = 3) channel which are resonantly enhanced by a
0 at the resonance ener@y as factor of 3.
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