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The quantum threshold behavior of the Na  +HF reaction
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Full three dimensional quantum calculations of reactive properties of theH¥asystem have been
performed at zero total angular momentuth~(Q) to investigate the energy dependence of the
reactive probability of this reaction. The effect of increasing the vibrational excitation of reactants
is also discussed. €998 American Institute of Physid$S0021-9608)02015-1

I. INTRODUCTION propagation of the coupled channel scattering equations and
the main characteristics of the calculated reactive probabili-

Recently, a new potential energy surfdBES based on  ios are discussed in Sec. IV.

an extendedhb initio calculation has been reported in the
literaturé for reaction of sodium atoms with hydrogen fluo-
ride in the ground electronic state

Na(32S;,) +HF(X 13 %)—NaR X '3 %)+ H(3Sy,). . o
(1) As already mentioned, the PES used for calculations is a

) ) polynomial in the BO coordinates. Details of the determina-

_ This PES(BOS) has been constructed using a polyno-tjon of the ab initio potential energy values and of the BO
mial in the bond orde(BO) COO,f,dmateg- BOS is highly interpolation procedure are given in Ref. 1. Here we confine
endoergic and has a bent transition state. This makes a fufe description of the PES to the main features of BO5 by
dimensional investigation of the NeFH reaction quite chal-  paying particular attention not only to the usual critical re-
lenging from a theoretical point of view, since a large num-gions (wells, barriers, etg.but also to the location in the
ber qf states is required to carry out reactive scattering C_a|hyperangle space of the various arrangement channels since
culations even for energy values around the reactivgneijr accurate description is critical for obtaining converged
threshold. _ _ _ _results. The BO5 PES has a well depth of 0.44 eV located

The NatHF reaction has been experimentally investi- e4yly in the entrance channel and a large barrier to reaction
gated using different te‘?h”'q“ésﬁ- The first experimental  mainly due to the endoergicity of the process. To better il-
investigation of this reaction was carried out by Polanyi and;sirate the overall shape of the PES, we plot in Fig. 1 the
collaborators using a Chemiluminescence Depletion Methodsemble of fixed angleb) minimum energy pathéMEP)

3 . .

(CMD).” The experiment provided a measurement of the ratgyf e reactive process using a pseudo three dimensional rep-
constant for different values of the reactant vibrational quanyesentation and related isoenergetic contours. In this type of
tum statev and an estimate for the reactive cross se&ion.pmtsq) the angle formed by the NaF and HF internuclear
The rate constant is inappreciablewat 0 then it increases gjstances, is kept fixed to draw individual MEPs by varying
linearly with v starting fromu =1. Measurements of the re- , (the rotation angle associated with the definition of the
active cross section of this reaction have also been carrieghction coordinad Such a representation clearly evi-
out by Lee and co-workers using a crossed molecular beaences the possibility of forming an intermediate complex
apparatu$.They found that for HF in the ground vibrational haying a preferred collinear geometry though easy to distort
state ¢ =0) the system is not reactive. Similar conclusionsyy pent geometries. It also shows that there is a barrier to
were drawn from experiments of Loesch and collaboratorsreaction which has a minimum for a bent geometd) (
and Duen and Co-work_erg. _ _ _ _ =77°). The analysis of these plots is made easier by the

~ Dynamical calculations for this reaction using quasiclasgometric contours given in the underlying map. Plots of the
sical trajectory techniques on BOS have already beesos pES are also given as stereographic projections of the
performed: In agreement with the CMD experiment these fiyeq hyper-radius hyperspherical representations. Figures 2,
calculations indicate that an increase of the reactant vibrag 3 gnd 5 give fixegh (p=35.0, 6.85, 7.29, 6.8,) repre-
tional excitation is quite effective in promoting reactivity.  sentations of the PES as a function of the Cartesian coordi-

In the present paper we discuss our efforts to carry out @ates X and Y defined as X=tan@?2)cosy and Y
3D quantum calculation of the NeHF reactive probabilities  _ang/2)siny. The variablesp,  and y are the internal
and comment results obtained. adiabatically adjusting principal axis of inertia hyperspheri-

The paper is organized as follow: The potential energy.g) (APH) coordinates defined as
surface is discussed in Sec. Il. The calculation of surface

. . . . . 2_ 2 2
functions and eigenvalues is illustrated in Sec. Ill. The P =S;+sg, (2

Il. THE POTENTIAL ENERGY SURFACE
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FIG. 1. Pseudo three dimensional plot of the fixedninimum energy paths
calculated at different values of for the Na+ FH—NaF+H reaction given ¢ . functi f APH h ircle radi
(see the text for the definition d and). In the underlying map the related éneérgy surface given as a tunction o yperangiée circle radius

energy contours are shown. The energy zero was set a the entrance Changggtgu(rﬂ:se t(‘:ftilicelrge :tngI:éog&ix;igﬁgﬁzrv;igiﬁestﬁe ?E)?)toe?rlltl)al Z:ng;tlts (:arger
asymptote. Isoenergetic contours are spaced by 0.28 eV.
ymp 9 P y than 2.0 eV are shadddee the text for discussian

FIG. 2. Stereographic projection of contour plots of theH¥ potential

[(S?—s?)?+48%s% cog @ ,]Y2

tan 6= 2S.5.sin G, , (3 =n/6 and 7r/6 are due to the repulsive region of the NaH

arrangement channdklosed at the energies investigated

. 2S;s,c0s0 here. No rotations of NaF with respect to H are allowed.
sin(2y,) = (4)

[(S?—s?)?+4S%s? cog @]V’ The same considerations are valid also for the smapest

5 (pswitch) Value (p=7.29a,) at which, as for the asymptotes,
Si—s; 5 the channel quadratures easily converge using arrangement

[(S2—s?)?+4S%s? cog @ ,]Y2 ®)  channel based coordinates. In this case, howeses Fig. 4

. . . __rotations of NaF around H are allowed.

W|th S,, s, and® _ being the usual mass scaled Jacobi co- At shorterp values(see Fig. 5 forp=6a,) the various

ordinates of the arrangement channels are no longer distinct and the potential energy sur-

f In the_s$_f|gur(tas, 0‘3@98? est ftrhom ze.roh at tht?] Cff?ter IOf face shows a well corresponding to a triatomic NaHF geom-
igure (X=Y=0) to 6= at the periphery, he triangie etry located in the highly repulsive region.

flattens from a geometry for which the two principal mo-

ments of inertia lying in the plane of the triatom are equal

into a linear geometry. Ag goes from zero to 36Q(tircling

counterclockwisg all possible arrangements are described

twice® 1.0
At large p values(see Fig. 2 foro=35a,), the graph

shows that the different energetically allowed asymptotic re-

gions of the potential are well separated and confined into a 0.5 "”Hﬂ”m

small portion of the planéthis is due to the polar nature of ,

the hyperspherical coordinajedhe small structure located e,

cog2y,)=

IIII!IIIIIIIIIIIII

it

0
7

i

m""" i

+1). The closed NaHF arrangement channel does not
show up in the figure because it is much higher in energy.
Only the encircled area of the graph has physical meaning.

At p values around the transition statee Fig. 3 forp
=6.85a,) the reactant NaHF and the product NaFH
channel partly merge leading to a saddle. Near the saddle
there is a small pocket corresponding to the fipemlit of the FIG. 3. Asin Fig. 2 forp=6.854a,, which is the hyper-radius value for the
well shown in Fig. 1. The large shaded areas ngar transition state. The dotted contours are taken at 0.81, 0.87 and 0.93 eV
+ /2 correspond to the repulsive region of the interaction(regions where the potential energy is larger than 1.10 eV are shaktes!

for the NaF-H arrangement channel while the small Shadeosystem goes from the reactant to the product arrangetagpgbout 0 orm)
as 6 decreases, by passing over the entrance channel well, the barrier and a

areas neag =0 and correspond to the repulsive regions of smai pocket in the strong interaction regi¢see the text for discussipn
the NatHF interaction. The small shaded areas ngar Rotations of NaF around H are hindered.

ciated with the product NaFH channel(aroundX=0, Y= .
mH

IIIII|IIIIIIII|IIII|
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At J=0 the sector APH surface functiods, are eigen-

] radius which carry the scattering information.
i solutions of the two-dimensional Scliiager equation

B e SRR M e perangleg, x), the s P"(p) are the functions of the hyper-

0.5
2

15 )
Th+8 7 +V(pi,0,x)— Zipi)
MPj

®(0,x;p1)=0, (7)

whereTy, is
-0.5 {

I

h2(4a (91072

T,=-— 2107 sin 20

sin 26 96 TSP e ax? ) ®
The method used to integrate E() is the Analytic
Basis Method(ABM).1° The ABM method is based on an
expansion ofb, in terms of rotation-vibration analytic func-
tions centered on each of the arrangement channels

-1.0 -0.5 0. 0.5 1.
X

=2 I

FIG. 4. As in Fig. 2 forp=7.29a, . The dotted contours are taken at 0.79, _ =3
0.86 and 0.93 eV and regions where the potential energy value is larger than b= Zf Aftd)"f(zf) PJfA(®f)’ ©
1.10 eV are shadetsee the text for discussipnAs in Fig. 3 the system

reacts by flying over the well, the barrier and a pocket in the strong interywhere the coefficientédy;; are determined by the variational
action region. NaF rotations are now allowed.
principle, P,f(®f) are the associated Legendre polynomials
and ¢ is a simple harmonic oscillator function of z

2
ll. THE CONSTRUCTION OF SURFACE FUNCTIONS b0 (2)= e |)]12Hyf(zf)ef<1/z>zf_ (10)
The theoretical approach used here is based on APH "
coordinates, and is described in detail in Ref. 8. A key part of  In Eqg. (10) H, is the Hermite polynomial and;4s a
the approach is the partitioning of the hyper-radiusange  variable defined as
into a large number of sectors. At a given total angular mo-

rametersd; and {; the parameters;, b;, andc; can be
determined by solving a simple transcendental equation for
Jms. The parametera; andb; can be written as a product
FIG. 5. As in Fig. 2 forp=6.0a,, (the initial propagatiorp valug. The between wo scaling parametars anda, , wherec, essen-

dotted contours are taken at 0.79 and 1.48 eV. Regions above 1.80 eV alidlly scales the frequency ar| scales the anharm0n|0|ty of
shadedsee the text for discussipn the oscillator. The final values of the paramet@rs b;, and

mentumJ within each sectog, the wave function¥?MP" s zi=a; tan 9;— —— + ¢ (12)
expanded about the sector midpojntas follows tan 9
in terms of the Delves hyperangi#;. The parameters;,
WIMPN= 4> 752, D0 ) ) X(0.x:p¢) bs, andc; (chosen to make the oscillator basis functiahs
LA to behave approximately like Morse eigenfunctipase de-
XDJA?\/I(QQ7BQ=7Q)- 6) fined as
In Eq. (6) the D%y (@0.Bo . 7o) are the Wigner rotation ar=cod Py gi%+ &Q tan ﬁMf), (12)
functions of the three Euler anglegy, B, and y), the 69;
(Dpr(H,Xi ;p¢) are the surface functions of two internal hy- 9s
b¢=sin’ ﬂMf(gz ~6gl” cot ﬂMf), (13
I T 17T L | e AR I T L T T Cf: bf COt ﬁMf_ af tan ’&Mf * (14)
1'0:_ 1 In these equationg; is theith derivate ofg at Jy;
L i g2=vikie MM Im)+ £ sed Dy, (15
0.5 a
C nmm ] 03=— yikie 7Onr=m) 1 27, sed Yy tan Fy,
i
> °'° h where 9y can be determined by solving the equation
: .””””“' g1=0=—yrke™ 7M™ Imi 4 (k¢—3) y;+ ¢ tan Fyy,
-0.5 _— 1 17
C 1 with k; and y; being defined at the initial propagatign
ol . valuel® Thus given any initial choice of the variational pa-
e _ [, T L, I N I I 11 l I ; ) P _
o

I
-
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TABLE |. Parameters for the ABM calculation.
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Arrangement NaHF F+NaH H+NaF

mass(amu 22.98977 18.9984032 1.00782503

we (a.u) 0.01885557 0.00534093 0.00244219

X (a.U) 0.00040952 0.000089850 0.000015491

re(ao) 1.732517 3.5666692 3.6395124

U max 6 0 4

Jmax 14 3 33 s

nhermt 96 96 96 ‘é

nglegn 96 96 96 @

C, 0.956 1.0005 0.962 u

ry 1.036 1.003 1.002

a, 1.034 1.030 0.868

5 1.190 0.01 0.170

¢ 0.001 1.0 1.19

C are determined by optimiziqg the vibratipnal energy levels 02 oo 150 200 250 300  35.0
in each arrangement by varying the scaling parametgrs p (Bohr)

r [the scaled equilibrium distance,r./d;)] and a, cy-

clically in that order until the average energy of all the open
vibrational levels is minimum. The values of these param-

FIG. 6. Adiabatic surface function eigenvalues plotted as a function of the
hyper-radius.

eters and ABM basis dimension are given in Table |. They
were chosen to give the energies of the asymptotically open
channels with an accuracy better than 0.1 meV and the en- 1542

ergies of all locally open channels with an accuracy better

than 0.2 meV.

As indicated by the . andj nax Values given in Table _
|, the ABM calculations for the NaHF reaction made use of was carried out for 230 sectors frop=6.0a, to p

Hi=Th+ 53— +V(p,0,xi)-

Bup (19

The numerical integration of the 279 coupled equations

a total of 279 primitive basis functions to include enough=35.0a, using a logarithmic derivative method with 40
closed channels to prevent a loss of flux. At the highest enPropagation steps per smallest propagation wavelehgtid
ergy considered here, 0.93 eV, there are 105 asymptoticallfer 80 energy values from 0.79 to 0.93 eV with a step of
open channels. The large number of primitive bases wa8-0017 eV. The number gf; values considered was deter-
made necessary by the high endoergicity of therRBl re-  mined using the relationship

action and by the bent geometry of the intermediate that T i-1
induces a strong angular momentum coupling. The integral '’ Lomin® (1= 1A ](1+ Ap2) ", 20
between the 279 primitive basis functions were evaluategvherep=6.0a,, Ap;=0.020a,, andAp,=5.238 049 180
using various numerical quadratures. jAvalues larger than 328 31072 a,. The resulting adiabatic curves are plotted in
p=7.29a, (pswier) the quadratures were performed in the Fig. 6. The number of quadrature points were increased to
arrangement channel Delves sp&teit p values smaller produce the surface functioms,(6,x;p;) accurate to 4 sig-
than peyich the quadratures were performed in the APHnificant figures. The asymptotic analysis was performed at
space In this case,d was divided in three sector®.0, p=35a, where correspondingS matrix elements were
0.583, (0.583, 1.36 and (1.36, 7/2), containing, respec- evaluated. The convergence of the calculations has been
tively, a total of 10, 50 and 100 grid points andwas di-  tested by varying the surface functions basis set from 254 to
vided into the six sectors—(m/2), —0.41), (—0.41, 279 functions. The resulting probabilities are accurate to
—0.20, (—0.20, 0.0, (0.0, 0.32, (0.31, 0.7} and (0.71, within one percent at threshold energy and the error in-
w/2), containing, respectively, 16, 14, 52, 100, 30, 16 gridcreases to about ten percent at the higher energies.

points. These intervals and grid points were determined by The related computer program was developed on work-
analyzing the stereographic projectibhef the potential en-  stations. The production runs were performed on an eight
ergy surface taken gt=6.0, 6.85 and 7.29,. node SP2 machine working in a nondedicated mode. On a
dedicated single Power2 SP2 node the average calculation
time of the surface functions for this type of problem at a
givenp value is about 9 minutes. As shown also in the study
of Ref. 13, the efficiency of the section of the code devoted
to the calculation of the surface functions does not exceed
60% when running the program concurrently on a 32 node
dedicated machine using a single program multiple data par-
allel model. The efficiency is lower in a hondedicated envi-
ronment when, as in our case, the assignment of the work is
managed by the “load leveler” of the machine. The propa-

IV. DYNAMICAL CALCULATIONS AND RESULTS
The APH coupled channel differential equations read

9 2uE
{—erLz
ap f

where

2u . A
J _ J J J J
lﬂtApn(P)—_hz tZA:, (PRD U Hi @5 DR,

X P (p), (18)
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0.02 E=0.905 eV E=0.910eV E=0.915 eV

— =4 — =9 0.2
0.01
0.00
— =3 — j=8 0.1 — j=6
0.01 0.0
0.1 — =5
0.00

0.1 — =7
0.0

= = 0.0
% 0.01 - - g o oo
s 2 0.0
[=TH
0.00 0.1 — =3
— j=1 — j=6 0.0
0.01 J\AW 0.1 — j=2
0.0
0.00 A |
— 0 — =5 0.1 — =1
0.01 0.0
LJJW 0.1 — j=0
0.00 0.0
0.79 0.83 0.86 0.90 0.79 0.83 0.86 0.90 0.93 ) > o 2 o > a4
Energy (eV) v
FIG. 7. Reactive probabilites summed over all open producand v’ FIG. 9. Product vibrational distributiongrobability vsv’) calculated at
states for the ground reactant vibrational state=Q) at various reactarjt E=0.905 eV(left-hand columi 0.910 eV(center columpand 0.915 eV
values plotted as a function of total energy. (right-hand columpfor the first excited vibrational state & 1) and various

reactant rotational statgssummed over all open product rotational states.

gation section can be parallelized in a more efficient way by
using a task farm model dynamically assigning thethe process indicating that low energy reactivity is associated
workload* with a tunneling of H out of the NaFH transition state. This

The reactive probabilities for initiad =0 and different agrees also with the fact that most of the contribution to
initial j values summed over the product vibrational and roreaction comes from the lowest reactant rotational states. The
tational states’ andj’ are plotted in Fig. {primed quan- fact that an increase of the rotational excitation of reactants
tities for products, unprimed for reactan&s a function of increases the threshold energy implies also that the fraction
the total energyE. Increments of some kcal/mol in energy of energy supplied as HF rotation is largely unsuitable for
are unable to raise the reaction probability above 2%. In thignhancing reaction. Trajectory studies indicate that a devia-
range of energy only the lowest rotational states seem ttion of the reaction path from the minimum energy approach
contribute to the reactivity of the system. The calculated
guantum threshold energy coincides with the endoergicity of

E=0.905 eV E=0.910 eV E=0.915 eV

0.06
0.32 0.03 — =7
0.16 o e 0:00
0.03 — =6
0.00 A M 0.00 P ——
— j=8 — j=8 0.03 M \/\/V\\\ — j=5
0.16 0.00
0.03 — j=a
0.00 /
=z 2 7 % 0.00 .
8 o1e g o.os — =3
£ a 0.00
0.00 N A~ J\/\/\_ 0.03 =2
— =1 — =6 0.00
0-16 0.03 — j=1
0.00 M 9 0.00
— j=0 — j=5 0.03 — j=0
0-16 000 =5 615 0 5 1015 0 5 10 15 20
P
0'0%.79 0.83 0.86 0.90 0.79 0.83 0.86 0.90 0.93
Energy (eV) FIG. 10. Product rotational distribution@robability vsj’) calculated at
E=0.905 eV (left-hand columi, 0.910 eV(center columhand 0.915 eV
FIG. 8. Reactive probabilities summed over all open producand v’ (right-hand columpfor the first reactant vibrational state € 1) and vari-
states for the first reactant vibrational state=(1) at various reactant ~ OUS reactant rotational statgssummed over all open product vibrational
values plotted as a function of total energy. states.
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at the preferred angle of attack can be responsible for thifrajectory investigation aimed at figuring out how the reac-
effect. tion mechanism partitions the available energy among the
As for Li+HF in the threshold region the reactive prob- various molecular modes, it is fairly intuitive that a reduction
ability shows a definite resonant structure. Some of thesef the interaction time associated with a higher collision en-
peaks persist for different rotational states and are locatedrgy may reduce the amount of energy allocated as vibration
aroundE=0.845 andE=0.873 eV. These peaks can be as-of the product molecule. On the contrary, product rotational
sociated with the existence of almost bound states of thdistributions(PRD) shown in Fig. 10 for the same reactant
transition aggregate. A sharper peak of this type can also bébrational state do not vary significantly with energy. De-
found at abouE=0.910 eV. spite their rather structured shape, they are always inverted
Another important feature of this reaction is the role with the most populated product being closgj te=5.
played by vibrational excitation in an enhancing reaction. A
plot of the reactive probability of the type given in Fig. 7 for ACKNOWLEDGMENTS
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