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The quantum threshold behavior of the Na 1HF reaction
R. Gargano, S. Crocchianti, and A. Laganà
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~Received 25 August 1997; accepted 14 January 1998!

Full three dimensional quantum calculations of reactive properties of the Na1HF system have been
performed at zero total angular momentum (J50) to investigate the energy dependence of the
reactive probability of this reaction. The effect of increasing the vibrational excitation of reactants
is also discussed. ©1998 American Institute of Physics.@S0021-9606~98!02015-7#
e
o-

o

f

m
ca
tiv

ti-
l
n
ho
a
an
n

-
ri

ea
l

ns
rs

as
ee
se
br

ut

rg
ac
he

and
bili-

is a
a-

O
ne
by
e-

ince
ed
ted
tion
il-

the

rep-
e of
ar

ng
he
i-
lex
tort
r to

the
he
the
s 2,

rdi-

ri-
I. INTRODUCTION

Recently, a new potential energy surface~PES! based on
an extendedab initio calculation has been reported in th
literature1 for reaction of sodium atoms with hydrogen flu
ride in the ground electronic state

Na~3 2S1/2!1HF~X 1S1!→NaF~X 1S1!1H~2S1/2!.
~1!

This PES~BO5! has been constructed using a polyn
mial in the bond order~BO! coordinates.2 BO5 is highly
endoergic and has a bent transition state. This makes a
dimensional investigation of the Na1FH reaction quite chal-
lenging from a theoretical point of view, since a large nu
ber of states is required to carry out reactive scattering
culations even for energy values around the reac
threshold.

The Na1HF reaction has been experimentally inves
gated using different techniques.3–6 The first experimenta
investigation of this reaction was carried out by Polanyi a
collaborators using a Chemiluminescence Depletion Met
~CMD!.3 The experiment provided a measurement of the r
constant for different values of the reactant vibrational qu
tum statev and an estimate for the reactive cross sectio3

The rate constant is inappreciable atv50 then it increases
linearly with v starting fromv51. Measurements of the re
active cross section of this reaction have also been car
out by Lee and co-workers using a crossed molecular b
apparatus.4 They found that for HF in the ground vibrationa
state (v50) the system is not reactive. Similar conclusio
were drawn from experiments of Loesch and collaborato5

and Düren and co-workers.6

Dynamical calculations for this reaction using quasicl
sical trajectory techniques on BO5 have already b
performed.1 In agreement with the CMD experiment the
calculations indicate that an increase of the reactant vi
tional excitation is quite effective in promoting reactivity.

In the present paper we discuss our efforts to carry o
3D quantum calculation of the Na1HF reactive probabilities
and comment results obtained.

The paper is organized as follow: The potential ene
surface is discussed in Sec. II. The calculation of surf
functions and eigenvalues is illustrated in Sec. III. T
6260021-9606/98/108(15)/6266/6/$15.00
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propagation of the coupled channel scattering equations
the main characteristics of the calculated reactive proba
ties are discussed in Sec. IV.

II. THE POTENTIAL ENERGY SURFACE

As already mentioned, the PES used for calculations
polynomial in the BO coordinates. Details of the determin
tion of the ab initio potential energy values and of the B
interpolation procedure are given in Ref. 1. Here we confi
the description of the PES to the main features of BO5
paying particular attention not only to the usual critical r
gions ~wells, barriers, etc.! but also to the location in the
hyperangle space of the various arrangement channels s
their accurate description is critical for obtaining converg
results. The BO5 PES has a well depth of 0.44 eV loca
early in the entrance channel and a large barrier to reac
mainly due to the endoergicity of the process. To better
lustrate the overall shape of the PES, we plot in Fig. 1
ensemble of fixed angle~F! minimum energy paths~MEP!
of the reactive process using a pseudo three dimensional
resentation and related isoenergetic contours. In this typ
plots F, the angle formed by the NaF and HF internucle
distances, is kept fixed to draw individual MEPs by varyi
a ~the rotation angle associated with the definition of t
reaction coordinate!.7 Such a representation clearly ev
dences the possibility of forming an intermediate comp
having a preferred collinear geometry though easy to dis
to bent geometries. It also shows that there is a barrie
reaction which has a minimum for a bent geometry (F
577°). The analysis of these plots is made easier by
isometric contours given in the underlying map. Plots of t
BO5 PES are also given as stereographic projections of
fixed hyper-radius hyperspherical representations. Figure
4, 3, and 5 give fixedr (r535.0, 6.85, 7.29, 6.0ao) repre-
sentations of the PES as a function of the Cartesian coo
nates X and Y defined as X5tan(u/2)cosx and Y
5tan(u/2)sinx. The variablesr, u and x are the internal
adiabatically adjusting principal axis of inertia hypersphe
cal ~APH! coordinates defined as

r25St
21st

2 , ~2!
6 © 1998 American Institute of Physics
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tan u5
@~St

22st
2!214St

2st
2 cos2 Qt#

1/2

2Stst sin Qt
, ~3!

sin~2xt!5
2Stst cosQt

@~St
22st

2!214St
2st

2 cos2 Qt#
1/2, ~4!

cos~2xt!5
St

22st
2

@~St
22st

2!214St
2st

2 cos2 Qt#
1/2 ~5!

with St , st and Qt being the usual mass scaled Jacobi
ordinates of the arrangementt.

In these figures, asu goes from zero at the center o
figure (X5Y50) to u590° at the periphery, the triangl
flattens from a geometry for which the two principal m
ments of inertia lying in the plane of the triatom are equ
into a linear geometry. Asx goes from zero to 360°~circling
counterclockwise! all possible arrangements are describ
twice.8

At large r values~see Fig. 2 forr535 ao!, the graph
shows that the different energetically allowed asymptotic
gions of the potential are well separated and confined in
small portion of the plane~this is due to the polar nature o
the hyperspherical coordinates!. The small structure locate
aroundX561, Y50 is associated with the reactant Na1HF
arrangement channel. A larger portion of the graph is as
ciated with the product NaF1H channel~aroundX50, Y5
61!. The closed NaH1F arrangement channel does n
show up in the figure because it is much higher in ener
Only the encircled area of the graph has physical meani

At r values around the transition state~see Fig. 3 forr
56.85ao! the reactant Na1HF and the product NaF1H
channel partly merge leading to a saddle. Near the sa
there is a small pocket corresponding to the fixedr cut of the
well shown in Fig. 1. The large shaded areas nearx5
6p/2 correspond to the repulsive region of the interact
for the NaF1H arrangement channel while the small shad
areas nearx50 andp correspond to the repulsive regions
the Na1HF interaction. The small shaded areas nearx

FIG. 1. Pseudo three dimensional plot of the fixedF minimum energy paths
calculated at different values ofa for the Na1FH→NaF1H reaction given
~see the text for the definition ofF anda!. In the underlying map the relate
energy contours are shown. The energy zero was set at the entrance ch
asymptote. Isoenergetic contours are spaced by 0.28 eV.
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5p/6 and 7p/6 are due to the repulsive region of the Na
arrangement channel~closed at the energies investigate
here!. No rotations of NaF with respect to H are allowe
The same considerations are valid also for the smallesr
(rswitch) value (r57.29ao) at which, as for the asymptotes
the channel quadratures easily converge using arrange
channel based coordinates. In this case, however~see Fig. 4!
rotations of NaF around H are allowed.

At shorterr values~see Fig. 5 forr56 ao! the various
channels are no longer distinct and the potential energy
face shows a well corresponding to a triatomic NaHF geo
etry located in the highly repulsive region.

nnel

FIG. 2. Stereographic projection of contour plots of the Na1HF potential
energy surface given as a function of APH hyperanglesu ~the circle radius!
and x ~the circle angle! for fixed hyper-radius (r535.0ao). The dotted
contour is taken at 0.79 eV. Regions where the potential energy is la
than 2.0 eV are shaded~see the text for discussion!.

FIG. 3. As in Fig. 2 forr56.85ao , which is the hyper-radius value for th
transition state. The dotted contours are taken at 0.81, 0.87 and 0.9
~regions where the potential energy is larger than 1.10 eV are shaded!. The
system goes from the reactant to the product arrangement~at x about 0 orp!
asu decreases, by passing over the entrance channel well, the barrier
small pocket in the strong interaction region~see the text for discussion!.
Rotations of NaF around H are hindered.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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III. THE CONSTRUCTION OF SURFACE FUNCTIONS

The theoretical approach used here is based on A
coordinates, and is described in detail in Ref. 8. A key par
the approach is the partitioning of the hyper-radiusr range
into a large number of sectors. At a given total angular m
mentumJ within each sectorj, the wave functionCJMpn is
expanded about the sector midpointrj as follows

CJMpn54(
t,L

r25/2c tL
Jpn~r!F tL

Jp~u,x;rj!

3D̂LM
Jp ~aQ ,bQ ,gQ!. ~6!

In Eq. ~6! the D̂LM
Jp (aQ ,bQ ,gQ) are the Wigner rotation

functions of the three Euler angles~a, b, and g!, the
F tL

Jp(u,x i ;rj) are the surface functions of two internal h

FIG. 4. As in Fig. 2 forr57.29ao . The dotted contours are taken at 0.7
0.86 and 0.93 eV and regions where the potential energy value is larger
1.10 eV are shaded~see the text for discussion!. As in Fig. 3 the system
reacts by flying over the well, the barrier and a pocket in the strong in
action region. NaF rotations are now allowed.

FIG. 5. As in Fig. 2 forr56.0 ao , ~the initial propagationr value!. The
dotted contours are taken at 0.79 and 1.48 eV. Regions above 1.80 e
shaded~see the text for discussion!.
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perangles~u, x!, thec tL
Jpn(r) are the functions of the hyper

radius which carry the scattering information.
At J50 the sector APH surface functionsF t are eigen-

solutions of the two-dimensional Schro¨dinger equation

FTh1
15\2

8mr i
2 1V~r i ,u,x!2E t~r i !GF t~u,x;r i !50, ~7!

whereTh is

Th52
\2

2mr2 S 4

sin 2u

]

]u
sin 2u

]

]u
1

1

sin2 u

]2

]x2D . ~8!

The method used to integrate Eq.~7! is the Analytic
Basis Method~ABM !.10 The ABM method is based on a
expansion ofF t in terms of rotation-vibration analytic func
tions centered on each of the arrangement channels

F t5(
f

Af tfn f
~zf !P̂j fL

~Q f !, ~9!

where the coefficientsAf t are determined by the variationa
principle, P̂j f

(Q f) are the associated Legendre polynomi
andf is a simple harmonic oscillator function of zf

fn f
~zf !5

1

@p1/22n f~n f ! !#1/2Hn f
~zf !e

2~1/2!zf
2
. ~10!

In Eq. ~10! Hn f
is the Hermite polynomial and zf is a

variable defined as

zf5af tan q f2
bf

tan q f
1cf ~11!

in terms of the Delves hyperangleq f . The parametersaf ,
bf , andcf ~chosen to make the oscillator basis functionsf
to behave approximately like Morse eigenfunctions! are de-
fined as

af5cos4 qM f S g2
1/21

g3

6g2
1/2 tan qM f D , ~12!

bf5sin4 qM f S g2
1/22

g3

6g2
1/2 cot qM f D , ~13!

cf5bf cot qM f2af tan qM f . ~14!

In these equationsgi is the i th derivate ofg at qM f

g25g f
2kfe

2g f ~qM f2qm f!1z f sec2 qM f , ~15!

g352g f
3kfe

2g f ~qM f2qm f!12z f sec2 qM f tan qM f ,
~16!

whereqM f can be determined by solving the equation

g15052g fkfe
2g f ~qM f2qm f!1~kf2

1
2!g f1z f tan qM f ,

~17!

with kf and g f being defined at the initial propagationr
value.10 Thus given any initial choice of the variational pa
rametersd f and z f the parametersaf , bf , and cf can be
determined by solving a simple transcendental equation
qM f . The parametersaf andbf can be written as a produc
between two scaling parametersca andan , whereca essen-
tially scales the frequency andan scales the anharmonicity o
the oscillator. The final values of the parametersaf , bf , and

an

r-

are
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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cf are determined by optimizing the vibrational energy lev
in each arrangement by varying the scaling parametersca ,
r x @the scaled equilibrium distance (r x fr e f /df)# and an cy-
clically in that order until the average energy of all the op
vibrational levels is minimum. The values of these para
eters and ABM basis dimension are given in Table I. Th
were chosen to give the energies of the asymptotically o
channels with an accuracy better than 0.1 meV and the
ergies of all locally open channels with an accuracy be
than 0.2 meV.

As indicated by thevmax and j max values given in Table
I, the ABM calculations for the Na1HF reaction made use o
a total of 279 primitive basis functions to include enou
closed channels to prevent a loss of flux. At the highest
ergy considered here, 0.93 eV, there are 105 asymptotic
open channels. The large number of primitive bases
made necessary by the high endoergicity of the Na1FH re-
action and by the bent geometry of the intermediate t
induces a strong angular momentum coupling. The inte
between the 279 primitive basis functions were evalua
using various numerical quadratures. Atr values larger than
r57.29ao (rswitch) the quadratures were performed in t
arrangement channel Delves space.10 At r values smaller
than rswitch the quadratures were performed in the AP
space.10 In this case,u was divided in three sectors~0.0,
0.583!, ~0.583, 1.36! and ~1.36, p/2!, containing, respec
tively, a total of 10, 50 and 100 grid points andx was di-
vided into the six sectors~2(p/2), 20.41!, ~20.41,
20.20!, ~20.20, 0.0!, ~0.0, 0.31!, ~0.31, 0.71! and ~0.71,
p/2!, containing, respectively, 16, 14, 52, 100, 30, 16 g
points. These intervals and grid points were determined
analyzing the stereographic projections11 of the potential en-
ergy surface taken atr56.0, 6.85 and 7.29ao .

IV. DYNAMICAL CALCULATIONS AND RESULTS

The APH coupled channel differential equations read

F ]2

]r2 1
2mE

\2 Gc tL
Jpn~r!5

2m

\2 (
t8L8

^F tL
JpD̂LM

Jp uHi uF t8L8
Jp D̂L8M

Jp &

3c t8L8
Jpn

~r!, ~18!

where

TABLE I. Parameters for the ABM calculation.

Arrangement Na1HF F1NaH H1NaF

mass~amu! 22.98977 18.9984032 1.00782503
ve ~a.u.! 0.01885557 0.00534093 0.00244219
vexe ~a.u.! 0.00040952 0.000089850 0.00001549
r e(ao) 1.732517 3.5666692 3.6395124
vmax 6 0 4
j max 14 3 33
nhermt 96 96 96
nglegn 96 96 96
ca 0.956 1.0005 0.962
r x 1.036 1.003 1.002
an 1.034 1.030 0.868
d 1.190 0.01 0.170
z 0.001 1.0 1.19
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15\2

8mr2 1V~r,u,x i !. ~19!

The numerical integration of the 279 coupled equatio
was carried out for 230 sectors fromr56.0 ao to r
535.0ao using a logarithmic derivative method with 4
propagation steps per smallest propagation wavelength12 and
for 80 energy values from 0.79 to 0.93 eV with a step
0.0017 eV. The number ofr i values considered was dete
mined using the relationship

r i5@rmin1~ i 21!Dr1#~11Dr2! i 21, ~20!

wherer56.0ao , Dr150.020ao , andDr255.238 049 180
328 3•1023 ao . The resulting adiabatic curves are plotted
Fig. 6. The number of quadrature points were increased
produce the surface functionsF t(u,x;r i) accurate to 4 sig-
nificant figures. The asymptotic analysis was performed
r535 ao where correspondingS matrix elements were
evaluated. The convergence of the calculations has b
tested by varying the surface functions basis set from 25
279 functions. The resulting probabilities are accurate
within one percent at threshold energy and the error
creases to about ten percent at the higher energies.

The related computer program was developed on wo
stations. The production runs were performed on an e
node SP2 machine working in a nondedicated mode. O
dedicated single Power2 SP2 node the average calcula
time of the surface functions for this type of problem at
givenr value is about 9 minutes. As shown also in the stu
of Ref. 13, the efficiency of the section of the code devo
to the calculation of the surface functions does not exc
60% when running the program concurrently on a 32 no
dedicated machine using a single program multiple data
allel model. The efficiency is lower in a nondedicated en
ronment when, as in our case, the assignment of the wor
managed by the ‘‘load leveler’’ of the machine. The prop

FIG. 6. Adiabatic surface function eigenvalues plotted as a function of
hyper-radius.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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gation section can be parallelized in a more efficient way
using a task farm model dynamically assigning t
workload.14

The reactive probabilities for initialv50 and different
initial j values summed over the product vibrational and
tational statesv8 and j 8 are plotted in Fig. 7~primed quan-
tities for products, unprimed for reactants! as a function of
the total energyE. Increments of some kcal/mol in energ
are unable to raise the reaction probability above 2%. In
range of energy only the lowest rotational states seem
contribute to the reactivity of the system. The calcula
quantum threshold energy coincides with the endoergicity

FIG. 8. Reactive probabilities summed over all open productj 8 and v8
states for the first reactant vibrational state (v51) at various reactantj
values plotted as a function of total energy.

FIG. 7. Reactive probabilities summed over all open productj 8 and v8
states for the ground reactant vibrational state (v50) at various reactantj
values plotted as a function of total energy.
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the process indicating that low energy reactivity is associa
with a tunneling of H out of the NaFH transition state. Th
agrees also with the fact that most of the contribution
reaction comes from the lowest reactant rotational states.
fact that an increase of the rotational excitation of reacta
increases the threshold energy implies also that the frac
of energy supplied as HF rotation is largely unsuitable
enhancing reaction. Trajectory studies indicate that a de
tion of the reaction path from the minimum energy approa

FIG. 9. Product vibrational distributions~probability vs v8! calculated at
E50.905 eV~left-hand column!, 0.910 eV~center column! and 0.915 eV
~right-hand column! for the first excited vibrational state (v51) and various
reactant rotational statesj summed over all open product rotational state

FIG. 10. Product rotational distributions~probability vs j 8! calculated at
E50.905 eV~left-hand column!, 0.910 eV~center column! and 0.915 eV
~right-hand column! for the first reactant vibrational state (v51) and vari-
ous reactant rotational statesj summed over all open product vibrationa
states.
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at the preferred angle of attack can be responsible for
effect.

As for Li1HF in the threshold region the reactive pro
ability shows a definite resonant structure. Some of th
peaks persist for different rotational states and are loca
aroundE50.845 andE50.873 eV. These peaks can be a
sociated with the existence of almost bound states of
transition aggregate. A sharper peak of this type can als
found at aboutE50.910 eV.

Another important feature of this reaction is the ro
played by vibrational excitation in an enhancing reaction
plot of the reactive probability of the type given in Fig. 7 fo
v50 is shown in Fig. 8 forv51. The reactive probability a
v51 is about one order of magnitude larger than that ca
lated atv50. This is typical of endoergic reactions whe
vibrational energy increases as confirmed by classical tra
tory calculations.

Also different with respect to the behavior of this rea
tion at v50 is the role played by rotational excitation
promoting reactivity whenv is 1. Reactivity increases withj
to reach a maximum atj 55 and then suddenly decrease
larger j values. In the already used trajectory language
effect can be understood in terms of the fact that atv51 the
best matching between the velocity of the incoming at
and the orientation of the window to reaction occurs wh
the target has a non-negligible rotational energy.

Other reactive properties we have investigated are
final state distributions of the products at fixed energy. Pr
uct vibrational distribution~PVD! summed over allj 8 for
reactants inv51 at the three values ofE 0.905, 0.910 and
0.915 eV going from the left to the right-hand side colum
are shown in Fig. 9. PVDs are unimodal at all energies an
all values ofj ~j increases from 0 to 7 going from the lowe
to the upper panels!. An increase ofE leads to a shift of the
maximum of the distribution to smallerv8 values. Such a
result seems to be in contrast with the increasingly dir
nature of the reactive collision as energy increases. Altho
a full rationalization of this result needs an extended ad
Downloaded 28 Aug 2002 to 129.15.30.25. Redistribution subject to AI
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trajectory investigation aimed at figuring out how the rea
tion mechanism partitions the available energy among
various molecular modes, it is fairly intuitive that a reductio
of the interaction time associated with a higher collision e
ergy may reduce the amount of energy allocated as vibra
of the product molecule. On the contrary, product rotatio
distributions~PRD! shown in Fig. 10 for the same reacta
vibrational state do not vary significantly with energy. D
spite their rather structured shape, they are always inve
with the most populated product being close toj 855.
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