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The photoinitiated reactions after infrared excitation from the LiHF and LiDF complexes in the
reactant valley are studied as an extension of a recent communication by Pagtiagjid. Chem.
Phys.109 2971(1998]. For LiHF two broad bands, associatedA@ =1 and 2 transitions, are
obtained at which the probability of forming LiF products is very higt§0%. For LiDF theAv

=1 band consists of several narrow resonances, and some of them are supported by the barrier
separating reactant and product valleys. Even at these resonances the reaction probability is
relatively high, starting at a value about 30% and increasing rapidly206% with increasing
energy. This implies the tunneling through the barrier. The reason for the high efficiency in the
photoinitiated reaction is that the main excitation corresponds to theoHBF) stretch within the
complex, which is the "“active” mode for the reaction in agreement with the presence of a late
barrier. These results are very different from those obtained +HE or Li+DF collisions at the

same total energies, the reaction probabilities being much lower in these latter since the excitation
of the HF (DF) mode is unlikely to occur during the collision. @999 American Institute of
Physics[S0021-960809)00539-3

I. INTRODUCTION dynamics in the ground electronic state is then studied under
limited geometry conditions imposed by the structure of the
initial van der Waals precursor. Since the advent of short
‘)a}ser pulses, this technique has been used to clock bimolecu-

The dynamics near the region of the transition s(&®
determines important features of bimolecular reacfidies
ing usually a bottleneck for such processes. Observables o ELELY ) .
tained in scattering experiments do not provide, however,ar reactions=in .real time. In the second aIternatlvg, one
direct information about the TS due to the average on partia?]c the partne_rs within the_ van der Waals complex is pro-
waves. This average often washes out the traces of res§loted to excited electronic states where t[1e7 whole system
nances and any information on transient species appearing [facts: as first done by Soep and co-workér§/and lately

) _ o ; -
the TS region. In some cases, the resonances associated@!iéd by Polanyi and co-workets,“"and Gonztez-Urera

122
these transient states determine the reaction probability2nd co-worker§-. _ , ,
The theoretical modeling of this latter kind of TSS stud-

Transition state spectroscopySS studies provide a more . . i -
direct information of spectroscopic accuracy on the potentiales iS particularly complicated nowadays since the reaction
and dynamics of this region where the chemical change of gynamics generally involves several excited electronic states,
bimolecular reaction occurs. The information thus obtainedVith their mutual nonadiabatic couplings, within spectro-
is crucial not only to determine the reaction mechanisms bugcopic accuracy for relatively heavy systems. Just as an ex-
also very useful to control the course of the reaction througi@mple, for the photoexcitation process E)-HCI

the use of well designed excitation pulses. —{Ca(*D,"P)-HCI} studied by Soep and co-workefs!!

In TSS studies, the TS region is reached via photon exthe CaCl products are detected not only in tAéIl and
citation from a specific precursor. This is the case of photoB 2% excited electronic stat&s™® but also in theX 23"
detachment of an electron from a stable negative ion pioground staté’ which has been found after a careful exami-
neered by Neumark and co-workérd, or the electronic nation of the highly excited vibrational states of
excitation of van der Waals clusters formed between the reCaCl(X 22 ). Due to the difficulty of measuring the branch-
actants. These latter kind of studies are carried out followingng ratio between the different final electronic states of the
at least two different alternatives. In the first, developed byproducts, the theoretical study of such processes would be
Wittig and co-worker$;2° one of the molecules forming the desirable, a difficult task due to the large number of electrons
van der Waals complex is photodissociated and one of itthvolved. Another good example is Na—HF, recently studied
fragments is ejected towards the second partner. The reactiexperimentally by Polanyi and co-workefSin this case the

Na—HF van der Waals complex, initially in the grouXdA’
dpresent address: Departamento deén@ea Feica, Facultad de Ciencias state, is promOted to th@ZA’, B 2A", andB’ A electronic
C-XIV, Universidad Aufmoma de Madrid, 28049 Madrid, Spain. states. The spectrum thus obtaiffeid very well reproduced
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in a theoretical simulation by Polanyi, Thrular, and complementary information obtained in the TSS study pre-
co-worker$® using potential energy surfaces based on higtsented below is expected to clarify the reactive dynamics in
quality ab initio calculations* These excited electronic this system.

states present deep wells, and the resonances appearing at

low energies decay into the ground electronic state through. QUANTUM TIME-DEPENDENT DYNAMICS

nonadiabatic couplings. The process has been recently simu-

. o In order to obtain the partial cross-sections for the pho-
lated using two coupled energy surfaces within a two degreets i iati f an initial state of th i (3. is th
of freedom modef® odissociation of an initial state of the complek," (J; is the

In a recent communicatidfwe have shown the possi- Nitial angular momentum to final states of HF\(j) or LiF
bility of accessing the vicinity of the TS on the ground elec-(V'»1") (with total angular momentud=J;,J; = 1) we per-
tronic state via infrared excitation of the Li—HF complex, fo'm two separated calculations, one using reactant Jacobi
obtaining a high efficiency in forming LiF products at total coordinates and the second one using product Jacobi coordi-

energies where the collisional reaction cross-section is rath&2t€s. In reactant Jacobi coordinates,is the HF internu-
low. Even though this study was devoted to the particulafc/€ar distanceR,, is the vector joining the HF center-of-mass
case of Li—HF, it was discussed that these findings werd? the Li atom, andy, is the angle between, andR, . In
based on rather general properties of MX systems: a sud- product Jacobi coordinates, is the LiF internuclear dis-
den change of the electric dipole moment near the TS, and N¢€.Ry is the vector joining the LIF center of mass to the
well in the reactant valley at configurations relatively closel atom, andyy is the angle between andRy. Since the
to the saddle point. The experimental detection of the prodMethodology is analogous in the two sets of coordinates, it
ucts in the photoinitiated reaction of Li—HF presents someVill be discussed in terms of genericandR vectors.
disadvantages since this system reacts at thermal energies, 't IS convenient to use a body-fixed frame, such that the
However, other related systems like Na—Hiefs. 24,27,28  ZaXis lies along thék vector and the three atoms lie in the
and Ca—HF(Ref. 29 have higher reaction thresholds and *~Z Plane, to distinguish between the internal coordinates,
deep wells in the reactant valley, being thus good candidat¢d @nd 7. and three Eulerian angle 4, and x specifying
for such experiments on the ground electronic state. the orientation of the body-fixed axes with respect to the
Recently, a related experiment has been carried out b§pace-flxed framé& In this representation the total wave-

Lester and co-worke?S via a state-selective infrared excita- Packet is expanded as,
tion of the H,—OH complex. The main difference arises from q)f)Mf(nR,%t)

the fact that excitation nearly corresponds to the pure OH  WM(R,r,t)=2> Wi (o, 0. x) ———=———, (2)
) X . Q rR
overtone. Since the OH is considered to be a
“spectator"*~%%in the H,+OH—H,O+H reaction, vibra- with
tional excitation does not enhance reactivity, even though the
i i i i 23+1
energies considered are well above the reaction barrier. Je _ Ix
. . . . . s WMQ ¢!01X)_ 2 DM'Q(¢!01X)

Then, the dominant process is the vibrational predissociation 16m%(1+ 8q o)
of the complex within the inelastic channel. Tt I

In this work we report a detailed description of the pho- Te(=1)7" Dy ol 0.x)], €
todissociation of the Li—HF and Li-DF complexes when yhere ¢ is the parity under inversion of spatial coordinates
they are promoted via infrared excitation, that is andDy, , are Wigner rotation matric&corresponding to a

total angular momenturd. This momentum is associated to
Li—HF+hv—Li+HF(v,j) (inelastic process the operatod=j+1 (with | andi being the angular momen-

tum operators associatedrt@andR, respectively. M andQ)

are the projections of the total angular momentum on the
space-fixed and body-fixed-axis, respectively. Since the
and the same for the deuterated species. The channel for Li#axis is parallel taR, () is also the projection of the angular
fragments is closed at the energies under study. The infraredomentum of the diatomic fragment.

excitation mainly affects the HFor DF) stretch within the The integration of the time-dependent Sainger equa-
complex, what brings the system close to the TS region. Th&on is accomplished using the Chebyshev methaad the
Li-+HF potential surface presents a late baffiétand the ~ ®3"¢(r,R,y,t) coefficients are represented on finite grids
reactivity is strongly enhanced by this excitatidiLi +HF is  for the internal coordinates, R, y. A set of equidistant
not only a prototype for TSS studies in this kind of systempoints is chosen for the two-dimensional radial grid, and the
but is becoming also a benchmark for theoretical reactiveadial kinetic term is solved using the Fast Fourier Transform
scattering calculations. Its relative low number of electronsmethod?’ In order to avoid spurious reflections due to the
allows highly accurateb initio calculations on the ground use of a finite grid, the wavepacket is absorbed after each
electronic stat¥*® and recently several global potential en- time step*®*° For y we use a DVR representat®n®®
ergy surface$PES have been publishet;*®as well as sev- formed by a set of Gauss—Legendre quadrature pojnts,
eral quantum studies on the reactive collistdi>*°*~**In  with weightsw,. The action of the angular momentum op-
addition, there are molecular beam experiments for\HF( erators on the wavepacket is performed in a single operation
=0) (Ref. 42 and experiments on the influence of the initial as a multiplication of a matrix by a vector as previously
alignment of HF¢=1,j=1) on the reactioi®* The explained®

—H+LiF(v',j’") (reactive process (1)
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In the framework of first order perturbation theory for 0 (1,00d4(r,R,y)
electric dipole transitions, the cross-section for excitation of ] d
a system from an initial bound state’"i, with energy 2\(1+ 8 0 (1+ 3¢, )
E;, to the final dissociative states in all the fragmentation
pathways is given By~ X3 Al ey (DHAR), ©
o(E)x f dteBV(WIME(R 1 t=0)| WIME(R 1 1)), Where it has been usatl ,=(—1)%, in the present case.
@) M (e) is related to the polarlzat|on functidn defined as
W|tr_1 E=E;+%w® and where the wavepacket at timeQ is F,J\AJ;\A_(G)ZZ (_1)Mi(e)_p (23+1)(23,+1)
defined as i P
J 1 3
\IfJMf(R,r,t=0)=2 v, 0,0) (Wi |d- g wiMicry, N M'. ) _M) (10)
|
©)

where p=0 for linearly polarized light(with the z space-

In Eq. (5) d is the matrix element of the electric dipole mo- fixed axis along the polarization vector of the incident pho-
ment in the ground electronic state, whose components ait@n) or p=*1 for left/right circularly polarized ligh{with
expressed in the body-fixed frame, whilés the polarization the z space-fixed axis along the direction of propagation of
vector of the incident photon of frequenayand defines the the incident photon

orientation of the space-fixed frame. Therefore the transition  In each Jacobi coordinate set, the partial cross section for

operator can be written as each rovibrational state of the corresponding BC fragment is
obtained using the method of Balint—Kuet al.*® as
d-e=2 (—1P(e)-,Dyi(4,0,0dg(r R ). (6 27k, (E)
P oBG(E)= = —|A,ja(R. E)[2, (19)
JiMj €

The initial bound statey’;

; » Is expanded in a basis where kvj=\/2,u(E—Evj)/ﬁ2, p is the A+BC reduced
set as,

mass,R.. is a large value of th®& scattering coordinate such

o ( )HA(R) that the interaction between the BC diatomic fragment and A
giMia= > Al i yJ MG g,0,x,y) — ,  atom is zero, and
vnjQ;=0 an R
(7) 1 (=
Avjsz(Roo,E)=§ dteE"(@,i(r)Y;a(7.,0)
where ¢,;(r) are the vibrational eigenfunctions of the iso- 0
lated BC fragmentwith eigenvalueE,;), H,(R) are vibra- ><|(DJM5(R ry). (12)

tional functions obtained numerically by solving a one- )
dimension Schidinger equation with a given reference [In Eq.(11) there is a difference of 16 with respect to the
potential and the angular basis set functigfisare defined definition made in Ref. 59 arising from a different normal-

as ization factor in the asymptotic form of the scattering wave-
function, as has been noted recenrtfy.
J M 2J+1 The overall cross-section in the other rearrangement
“(¢,0,x,7)= 1672145 channel,g"° B, for each of the two Jacobi coordinates con-
(1+ 00,0 sidered, can be obtained analyzing the $uxith a method
XD o (¢,0,X)Y (7,0 analogous to that applied by Zhaegal,®® to photopredis-

3 sociation, in which
+e(—1)Dy _(9,0,X)Yj_a(7.0],

2
(8) a”°_B°(E)=—i%E desinydy‘I’ﬂle*
Q

where Yjq(y,0) is a normalized associated Legendre wIMe

£ 45,58 (r,R,v,E)

unction: X(r.,R,y, E) _
Replacing Eqgs(6) and (7) in Eq. (5), and according to or

Eq. (2) the coefficients of the initial wave packet become: ) . .
wherem is the BC reduced mass and the time-independent

. (13

0

r=r

DR, y,t=0)=(—1)*(1—ee)F ), (€ wave function is defined as
1 (=
$S g1 J qule(r,R,y,E)zzfo dt €E o Me(r R, y,1). (19
Q=0 q Q; qg -Q

These quantities are used to check the accuracy of the
calculations since the total absorption cross-section if4q.
can be recalculated as

J 1 3
+
Q, q Q

) 6(_1)J+Q
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TABLE |. Vibrational eigenvalues of the isolated diatomic fragmefis
o(E)= 2 a'stQ(E)+ U“O—BC(E)_ (15 cm™ 1) and effective rotational constants. All energies are referred to the
Vi) minimum of the isolated HF diatomic molecule.

In addition, we also compare the results obtained in the two HE DF LiF
possible sets of coordinates, finding an agreement better than 5 204563 1286.64 110850
0 i ' V= : ' '
99%, the largest errors occurring only at some energies close ve1 5997 85 4386.86 199174
toa fgw resonances or at energies where the absorption spec- ,,_» 0774.55 7194.97 2858.29
trum is very small. v=3 13374.85 9910.72 3708.44

The time independent wave functions of Et4) may be v=4 16797.44 12533.73 4542.49
used to analyze the nature of the resonances. Assuming the V=Z ;g ggg-gg ig ggg-gi gi’gg-gg
. . _ _ V= . . .
total Ha}mllton|an a(\)s-l =HgtV, whereHo has bou_nd zero V=7 25 980.03 19841.04 6951 14
order eigenstates),,, as well as a continuum of eigenstates, B, 20.74 10.90 1.31

¢?1,E (where a denotes a collection of quantum numbers
specifying the final state of the fragments alBdthe total

energy, the dissociative eigenstates Hf near an isolated . . . .
9y 9 . L ﬁddmon, the PE® shows a barrier for the reaction with the
resonance can be expressed as a linear combination of the

i . 3 saddle point placed on the product valley with an energy of
zero-order solutions dfio as ~1880cm ®. This fact has two major effects. First, the re-
_AB 0 ) B 0 action cross-section for the £HF(v=0) or Li+DF(v
V5(E) A“(E)¢n+§ J dE'B, e (BE)¢ee- (16 =0) collision presents a thresho(th the HF this threshold
is due to the zero-point energy at the transition SPafe

Therefore, the time-independent wave functions of &4)  gecond, the reaction is greatly enhanced with the initial vi-
contain contributions of the zero-order bound state, the ONBrational excitation of the reactants.

of interest to assign the resonance, and of continuum solu-  The parrier on the reaction path, responsible for some of

tions, which present oscillations and hide somehow the relgese features of the reaction dynamics, appears as a result of
evant information searched for. An interesting alternative is; -,rve crossing. In general, the reactions of NX systems
that proposed by Sadeghi and Skdtjm order to analyze ¢ envisaged as harpoon-type processes in which the adia-

the resonances appearing in therB, collision and also  paiic ground electronic state can be understood as the result
apphe:d to t_he s'tudy of resonances |r+IEI2.65 The method ¢ 5 curve crossing between an ioiM* +HX ") and cova-
combines time-independent wavefunctions for several totgkn (M+HX) diabatic states. This fact is illustrated for the
energies near the resonance, with a weight funct®a B, particular case of the LiHF system in Fig. 1, where some cuts
—ily) "t AR* (E). According to Eq(14), this is equivalent ot the PES for the grounttovalent and the excitedionic)
to use the expression electronic states are shown as a function of the HF internu-
o e E T g IMe clear (_Jlistan_ce for a coIIi_near Li—F—H configuration and sev-
d)”%ReJo dte™=n ™ IpRE(R, ), (17 eral Li-F distance It is clearly seen that, as long as Li
approaches HF, the ionic state is stabilized with respect to
whereE, andI',, are the approximate position and width of the covalent state and, at a given distance, they cross origi-
the resonance, respectively. Since the phases of the conating the barrier. At the precise nuclear configuration where
tinuum contributions in Eq(16) change with total energy, the curve crossing occurs, there is a sudden change in the
there will be a destructive interference among them, so thagystem charge density, as it has been described in detail for
the continuum contributions in Eq17) are expected to be Li—HF by Chen and Schaeférand for Ca—HF by Jaffe
rather small. However, the discrete function in Ebf) does et al?® This can be viewed as a charge “jump” from the Li
not depend on energy and the square of Ah€E) shows a  to the H atom.

near Lorentzian behavidtin the vicinity of an isolated reso- Close to the TS region, there is a well in the reactant

nance. Therefore, its contribution is expected to remain irvalley with a depth of<2250 cm ! with respect to the mini-

Eqg. (17). mum of the isolated HE® in agreement with experimental
data obtained from backward glory scatterfighis well is

11l. RESULTS AND DISCUSSION already in the Li-HF covalent diabatic electronic state men-

tioned abové® and is due to the interaction between the
strong electric dipole of HF and the Li atom. There is a
One feature of the system under study is the importanceecond well in the product valléybut less deep and it will
of zero-point energy. Considering the potential energy surbe omitted hereafter.
face the reaction is endothermic but when the zero-point en- The reactant well presents several bound states, and the
ergy of the diatomic fragments is taken into account, thefirst eigenvalues for LiHF and LiDF are listed in Table II.
situation is inverted and the reaction becomes exothermicThe two systems show different progressions of levels be-
This is of course due to the fact that the vibrational fre-cause there is an important reduction of the bending fre-
quency of LiIF <=900cml) is lower than that of HF quency(from ~400 to ~300cm 1) when changing from
(=4000cmt) or DF (=3000cm 1). In Table | the vibra- Li—HF to Li—DF, while the stretching frequency is nearly
tional eigenvalues of the diatomic fragments are listed. Thainchanged(being ~350cm !). This effect is expected
energies are referred to the minimum of the isolated HF. Irsince the kinetic term for the stretching depends on

A. Preliminary considerations and Bound states
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FIG. 1. Cuts of the potential energy surfaces of the ground and first ionic
states of LiF—H, as a fuation of the HF internuclear distance and at
several distances to the Li atom in collinear configuratigef. 66.

E/eV
o N A )] w

06 08 11 135 06 08 11 135 16
R /A R /A

b= (M) - My ) which remains al- 3,2, Coneu b o/ e ponaiy deret e oo g ven
most equal for both isotopes, while the bending also depenq%ternal reactant Jacobi coordinates and averaging over the third one. Each
on the HF (or DF) reduced massm=mypyMg/(My(p) contour corresponds to a tenth of the preceding one.
+mg), which nearly increases by a factor of 2. This isotopic
effect is even more significant for the HF vibration, and ex-
plains why the zero-point energy of the ground state of th
complex reduces in about 500 chunder isotopic substitu-
tion, since the vibrational frequency of HR4000cm ¢,
reduces to~3000cm ! in the DF case.

In this work we shall study the photoinitiated reaction
dynamics from the ground van der Waals statea J;=1
—J=0 transition and in Fig. 2 different contours of the

eprobability density are shown for such levels of LiIHF and
LiDF. The isotopic effects in LiHF and LiDF are illustrated
in Fig. 2, where different contours of the probability density
have been plotted in the region where this density is mean-
ingful.

B. Electric dipole moment

TABLE Il. Eigenvalues of Li-HF and Li—-DRin cm™?) in the reactant The mol lar electric dinole moment of th round
valley well for J=0. The approximated quantum numbexsr(,b) corre- € molecular electric dipole moment 0 € grou

spond to the HRor DF) vibration, Li—HF (or Li—DF) vibration and the  €lectronic state has been calculated with a multiple reference
bending, respectively. single and double excitations configuration interaction
method (MRDCI)®® using the same basis set functions and

LmHF H-DF configurations as those used to calculate #ie initio
(v,n,b) Li—HF (v.n,b) Li-DF points®” In order to test the quality of the Gaussian basis set,
(0,00 —64.24 (0,0,0 —500.47 we have calculated the electric dipole moment of the isolated
0.1.0 298.93 0,0, ~288.20 diatomic molecules HF and LiF. The MRDCI calculatiéhs
0,09 331.65 (0,10 —-230.77 yield results in excellent agreement with the best available
0.2,0 595.67 0,02 —36.91 data. In Fig. 3(upper panelwe compare the best available
0,02 626.99 .11 38.95 data on this magnitud&’?with our results for HRX'S )
0,1, 682.21 0,2,0 81.07 . . .
0.3.0 815.47 0,03 15513 ground state. With respect to LiF, our resulisg. 3, lower

pane) are very similar to those obtained by Bauschlicher and
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FIG. 3. Calculated electric dipole moments of the HF and LiF diatomic

fragments compared to those from Zenwkeal. (Ref. 71 for HF. FIG. 4. Components of the electric dipole moment of LiHF onsxffe) and
z (b) body-fixed axes in the reactant Jacobi coordinates.

Langhoff® (see Fig. 10 of Ref. 73 showing that the dipole

moment function for the two lowests * states cross at a

distance about 13,. T(Rur ,Rur,Ruin) = duir tanh yiie(Rue— RG]
The analytical fit of the two components of the molecu- _pe

lar electric dipole moment in the—z body-fixed plane pre- e RN yHr( R~ Ry

sents some difficulties because they show a sudden change of +dyp tani yp(Ruw— RG], (2D

sign, as it can be observed for the diatomics in Fig. 3. Such

a behavior is due to the curve crossing between the covale@ahd wherd =0 if a=x andl=1 if a=z. The out-of-plane

and ionic diabatic states, that strongly depends on the inte; component of the molecular dipole moment is zero by

nal variables. For this reason, instead of trying a global fit ofsymmetry.R¢ is the HF(or DF) internuclear distance},

the electric dipole components describing the entire configuis the LiF internuclear distance, ad - is the angle be-

ration space, we have fitted them in the region where théween these two vectors defined such that the zero value

ground state of the reactant complex has a nonnegligiblgorresponds to a lined—H-Li configuration. In Eq(19) a

probability density. The molecular dipole moment function new body-fixed frame has been defined, in which the mol-

of LiHF was calculated on a grid of geometries given byecule is also in th&—z plane but ther-axis is parallel to the

(distances in atomic units Ryr vector. The sum has been extended upvite=6 for a
Rye=174+0.1 (i=-5-4,...,0,...,10,1L =x andM =8 for a=2z. qu to the large number of param-
eters used, they are not listed but can be obtained upon re-
Rir=2.99+0.2f (j=0,...,8, (18  quest.

The coordinates and frame have been chosen so that the

OLirn=60, 71, 90, 106, 135, 170, and 180 degrees. fit expressed in Eq(19) is independent of the masses. It is

Thus, only 994 of the 3244 calculated points are locatedherefore valid for LiHF as well as for LiDF. The electric
in the region of interest. Thd, (a«=x,z) Cartesian compo- dipole components of Eq19) are transformed to the body-
nents of the total dipole moment have been expanded as fixed frame associated to the reactant or product Jacobi co-
d.(Rue Rui O Lien) ordinates used in t_he dyngmi_cal c_alculations by a rotat_ion

“« ' ' around they body-fixed axis, i.e., in the plane of the tri-
=sinO ey atomic system.

In Figs. 4 and 5 we show contour plots of the electric
dipole moment components of LiHF in reactant Jacobi coor-
dinates as well as in product Jacobi coordinates,faor-
responding to the minimum of the potentiay (=107° for
reactant Jacobi coordinates apg=131° for product Jacobi
pag=Rage PreRas, (200  coordinates The main feature is that in all cases there is a

M
X ”Ek dijkainLFpllfiH+T(RLiF:RHFuRLiH) , (19

with
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FIG. 5. Components of the electric dipole moment of LiHF onxte) and 1120

z (b) body-fixed axes in the product Jacobi coordinates. 190 7
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41 30

0

line at which a sudden change of the dipole originated by the
curve crossing is producgd. It |s.also interesting to note thao_6 085 11 135 08 085 L1 135 16

in reactant Jacobi coordinatek is much larger thard,,

while in product Jacobi coordinates the two components are R/A R/A

Of the same magnitude. This fact Shou'_d introduce 'mporta_nﬁ& 6. Contour plots of the probability density associated to the initial
differences between the vector properties of the HF and Likvavepacket as a function of two of the internal reactant Jacobi coordinates

fragments that will be considered in the future. and averaging over the third one. Each contour corresponds to a tenth of the
preceding one.

C. Dissociation dynamics

The initial wavepacket, in Fig. 6, is built up using Eq.
(9) to study theJ=0<J;=1 transition from the ground excitation frequencies are smaller than that of the transition
bound state of the complex. It shows a node alongrthe in the isolated HF or DF molecules due to the interaction
reactant Jacobi coordinate describing the HF stretch while ivith the Li atom, which weakens the HF bond.
does not seem to have any excitation in the other two coor- The absorption spectrum for LiDF at lower energies is
dinates. However, it should be noted that the second maxieomposed by some resonan¢kmeled from 1 to 7 in Fig.
mum in Fig. 6 has much lower probability than the first one,7(b)] which have been analyzed using Efj7), and the con-
and the initial wavepacket essentially corresponds=® in  tour plots associated to the probability density are shown in
the HF stretching mode. In fact, the square of the overlap oFig. 8. The continua components are not completely van-
the initial wavepacket with the ground bound level with ished, which introduces a complicated pattern for large inter-
=0 is ~0.72 for LiHF, and~0.98 for LIiDF. Since the main nuclear distances in Fig. 8. However, the larger probability
purpose of this work is the study of the fragmentation dy-contours show a nice structure that can be associated to the
namics, the first seven bound states withO are subtracted zero-order bound states which are responsible for the appear-
to the initial wavepacket. After a renormalization, most ofance of the resonances and allows us their assignment
the wavepacket fragmentates what reduces numerical errorshown in Fig. 8. All of them have one vibrational quantum
The absorption spectra obtained using E).for LiIHF in the DF stretch while showing a progression in the- LDF
and LiDF, in Fig. 7, show different intensities in two energy stretch and in the bending motion. The two low intensity
intervals, one at low energfpetween 2500—4000 cm for  resonances, the 4ttat E,~2367cm') and the 7th E,
LiHF and between 1500—3000 crhfor LiDF) which essen- ~2912cm'?), correspond tq1,0,2 and (1,0,3 vibrations,
tially corresponds to a\v=1 transition in the HF stretch, respectively. The ordering of the assigned levels is the same
and a second one at higher energiebetween as those listed in Table Il for the bound states with0. The
5000—9000 cm? for LiHF and 3500—5500 cm* for LiDF) effective frequency for the bending motion seems to be
corresponding to the first overtone witkv=2. The mean nearly unchanged while that of the Li—DF stretch becomes
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without transferring energy to the other internal modes of the
system, and the complex fragmentates rapidly since it is
above the barrier. Due to the large difference between the H

or and F masses, the H atom escapes rapidly, leaving the F
LiHF atom attached to the Li atom. For LiDF, however, the
=1 excitation in the DF stretch is supported by the barrier so
wl that the resonances dissociate either to the LiF product chan-

nel, by tunneling through the barrier, or to the DF reactant
channels by vibrational predissociation.

The photofragmentation of LiHF when excited vo- 1
andv =2 can therefore be considered as a direct dissociation
2r x 50 ] on the products chann#l.The probability of forming LiF
product increases rapidly to a value of approximately 90%—
95% for energies below the H¥E 1) threshold, and is
) \ much higher than that corresponding to the same total ener-
3000 4000 5000 6000 7000 8000 9000 10000 gies in the LitHF(v=0) collision, as shown in Fig. 10. For

Total energy / cm™! energies above 5000 ¢rh, reactivity in the photoinitiated

T T T T ' T process is about 99%, while that corresponding to the
3 Li+HF(v=1) collision is of the order of 85%—90%the
1 v=1 threshold is about 6000 ¢m). The reaction probabil-
LiDF | ity for the Li+HF(v=1) is, however, comparable to the one
associated to the photon excitation in the first band, which is
interpreted as an excitation of the HF stretctvte1 within
the complex. Therefore, the reaction probability seems to
50 } 6 . depend mainly on the HFor DF) vibrational excitation
rather than on total energy. The reason for this behavior is
2 : that the system presents a late barffef i.e., the saddle
point is placed at an internal configuration in which the HF
5 ] distance is elongated to a large valte1.301 A as com-

j pared to that of the isolated HF0.921 A). Therefore, to

100

75t

25 |

. overpass the barrier some vibrational energy is needed in the
0 . e HF stretching mode, and a single vibrational quantum seems
1500 2000 2500 3000 3500 4000 4500 5000 5500 ¢4 phe enough to produce the reaction with a high efficiency.
Total energy / cm™ Such vibrational excitation is easily created by the infrared

b for thi= ¢ h g promotion. However, during the HHF(v=0) collision the
FIG. 7. Absorption spectra for tl 0<J;=1 transition from the groun ) ; ) . . .
bound states of the LiHFa) and LiDF (b) complexes. Energy is referred to HF vibration is not greatly excited and, in order to obtain a

the minimum of the potential of isolated HF. The photon energy is obtaineohi_g_h eff_iCienCy for t_he reactic_)n, t_he HF reactant should be
by adding the energy of the bound state of the complex Witht, which is  initially in v=1, as is shown in Fig. 10.

62.32 and 588.81 cnt, for LiHF and LiDF, respectively. The first reso- For the case of l4+HF reactive collision the total reac-
nance for LIDF reaches a value ef2500 and has been cut to show the tion cross-sections for HFE=0,1, j=0,1,2, and 3 have
other components of the spectrum. . .

been calculate using a wavepacket treatment in reactant

Jacobi coordinates, within the Centrifugal Sudden approach.
larger in thev=1 case. The widths of the resonances do nofThis approach yields results in very good agreement with
seem to follow any particular trend either with the increaseexact calculation§ when considering total reaction prob-
of total energy or with the selective excitation of a particularabilities. These calculations show that the reaction cross-
vibrational mode. The fragmentation dynamics will be dis-section increases by a factor of 10-50 by increasing the vi-
cussed below. brational excitation fromv=0 to v=1. This large

The situation for theAv=1 transition in LiHF is, how- enhancement of the reaction cross section with initial vibra-

ever, very different because in the 2500—4000 éranergy  tional excitation of the reagents has been observed experi-
range, the spectrum shows a quite broad envelope with twmentally for some related systems, like-KICI,”® Ba+HF,”’
peaks, instead of narrow resonances. The reason is that LiDEa+HF,”®"° Sr+HF,’®8and Na+HF 8 Most of these sys-
is promoted to an energy region close to the saddle pointems are endothermic far=0, while Li+HF is nearly ther-
(located at 1879 cm'* as it is shown in Fig. Bwhile LiHF is  moneutral, but this fact does not seem to make important
excited well above the top of the barrier, yielding the LiF differences.
products with a high probabilit$? The largest frequency of It was also found that for liHF(v=0,j>0) the reac-
the systems corresponds to the K DF) stretch and this tion cross section is larger for loR, which was taken as an
vibrational mode is quite well decoupled from the other two,indication that the reaction occurs preferentially at near col-
as demonstrated in the resonance analysis described abolieear geometrie¥® This fact was interpreted by assuming
After the infrared excitation tor=1, HF starts vibrating that the reaction takes place after some vibrational excitation

4

TP | A
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E;=2205.9, I's=0.6
(v=1,n=1,b=0) FIG. 8. Contour plots of the probabil-
ity density associated to th¢2 func-
¥ tions, obtained using Eq17), for the
five more intense resonances of LiDF
as labeled in Fig. 7. The energy posi-
tion and width are also shown, as well
as their assignment.

E;=2495.0, I's=0.5
(v=1,n=1,b=1)

E=2580.9, [':=0.5
(v=1,n=2,b=0)

is gained by the HF fragment during the collision. The effi-at j~10. For LiF(v=1) products, the rotational distribution
ciency of th(_e _V|brat|on_al energy transfer is Igrger_ at nealjgoks very similar to that of LifR¢=0) but with the maxi-
collinear collisions, which explains why lo give higher mum located at approximately=8. This kind of unstruc-

reactlon_ cross-sections. Alyauret al,”* using the SO'C.a”ed tured final distributions of the LiF products can be expected
stereodirected representation, found that the reaction prOl?Fom a direct photodissociation in which the LiF stretch

abiliies for the L+ HF(J=0) reaction are larger when the Li within the LiFH complex is scarcely excited and acts like a

atom attacks on the H side of HF, which is in agreement with . . o . S
this model g spectator during the dissociation. The rotational distribution

The final state distributions of the diatomic fragmentsOf the HF_ fragments, in Fig. 18), shows a s’Fructured de_pen-
after infrared excitation of LIHF complex are shown in Fig. dence with total energy. In fact, the total final population of
11 for the first band, i.e., in the 2500—4000chrange. LiF HF has a small background with several narrow structures
is mainly populated irv=0 showing a progressive increase associated to resonances. At these resonances, the appear-
of the population inv=1 as the total energy increases. In ance of HF fragments is due to the vibrational predissocia-
fact, for the second band at energies larger than 500¢¢m tion of LiHF from v=1.
the LiF products are more vibrationally excited than for the ~ As discussed above, LiDF exhibits some narrow reso-
first band. The LiF¢=0,j) distribution, shown in Fig. 1(b), nances in thev=1 part of the spectrunffor energies below
is nearly independent of the total energy and has a maximur@500 cm ) and a broad band for=2 at higher energies.
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FIG. 10. Reaction probabilities for the two bands of the photoinitiated pro-
cess in LiHF and for the L+HF(v=0,1) collision.

ability as soon as the energy is higher than the barrier for the
reaction. However, it is notorious that the reaction probabil-
ity in the first resonance, located at 1788.8¢mis of the
order of 30%. Since the maximum of the barrier is located at
1879 cm !, the decay of the first resonance in the LiF prod-
uct channel can only be attributed to tunneling through the
barrier. Such high probability for tunneling is only possible
because the vibrational predissociation process, LVHF(
FIG_.19. Energy diagrams for)a.iHF and b LiDF (all energies are in =1)—Li+HF(v=0), is rather inefficient, making the com-
cm). petition between the two fragmentation processes possible.
The total energies for the remaining resonances in Fig. 7 are
) ) ) ) above the barrier and the reaction probability increases for
This latter band is well above the barrier for the reaction angy, o, Therefore, the spectroscopic study of the resonances
may be interpreted, as in the LiHF case, as a direct dissoCigyynearing in the LIDF case provides valuable information
tion towards the LiF product channel. In Fig. 12, the prob-gp,qt the reaction mechanisms and the potential energy sur-

ability of forming LiF products in the photoinitiated process ¢;-a pelow and above the barrier for the reaction.
from the LiDF precursor is shown and compared with the

corresponding reaction probabilities for theHDF(v=0
and 1 collision. In the whole energy range, the reaction
probabil ity after infrared excitation is much higher than that In this work the LiHF photoinitiated reaction in the
for the Li+DF collision (eitherv=0 orv=1). In the photo- ground electronic state has been studied, via the infrared ex-
initiated process, the reaction probability increases very rapeitation of the LIHF precursofand its deuterated varignas
idly with energy and becomes larger than 95% aboutan extension of a recent communicatférin order to simu-
3500 cm L. In the collision, however, the reaction probabil- late the infrared absorption, the electric dipole moment has
ity is always below 40%, even for DF initially in=1. been calculated using the MRDCI method with the same
The reaction probabilities in the collision increase ac-basis set as previously used to calculate the potential energy
cording to the progression DFE0), HF(v=0), DF(v  surface’’°The electric dipole moment has been fitted to an
=1), and HF¢=1), i.e., there is an enhancement of theanalytical expression in the region of the well in theHHF
reaction efficiency with the internal vibrational energy of HF reactant channel.
or DF listed in Table I. Similar isotopic effects were obtained  TheJ=0+J;=1 transition from the ground state of the
previously by Laganaet al. for the collision, using another reactant complex has been studied using a wavepacket treat-
PES with a quassiclassical method and a Rotational Infinitenent. Two energy intervals can be separated in the absorp-
Order Sudden Approad. tion spectra, corresponding thv=1 and Av=2, respec-
In the photoinitiated process from LiDF precursor, thetively. For LiHF it is found that in both cases the probability
efficiency in forming LiF products is also very high, becauseof forming LiF products is very high>>90%. This result is
the infrared promotion mainly excites the DF stretch, as invery different from the corresponding reaction probability in
the LiHF case. There is a fast increase of the reaction prolthe Li+HF(v=0) collision at the same total energies, where

IV. CONCLUSIONS
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only a 20% reaction probability is obtainé4® This system
has a late barrier and some vibrational excitation is required
to overpass it® Thus, the high efficiency of the photoiniti-
ated process is due to the vibrational excitation of the HF
stretch produced in the infrared absorption, while in the
Li+HF(v=0) collision vibrational excitation is very un-
likely to occur and some initial excitation is required to ob-
tain such an efficiency. The reaction probability for the
Li+HF(v=1) collision is also close to 90%, but this process
involves a much higher energy than in the photoinitiated
reaction because of the presence of the well in the reactant
valley.

The absorption spectrum of LIHF presents broad bands
which are interpreted as the result of a direct photodissocia-
tion towards the product channel because the excitation en-
ergy is above the barrier for the reaction. In the case of LiDF,
however, the excitation energy is close to the barrier due to a
strong isotopic effect, and th&v=1 transition consists of
some narrow resonances. It is found that the first resonance
is below the barrier and presents a probability of about 30%
for the formation of LiF products due to the tunneling
through the barrier.

As a conclusion, the photoinduced reaction after infrared
excitation of LiHF and LiDF complexes allows the study of
the transition state region on the ground electronic state
above and below the barrier. Therefore, it provides interest-
ing information about the reaction mechanisms which is
complementary to that obtained in the collision between the
reactants.
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