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The detailed features of the interaction forces within theliilttiatomic system are calculated using the
spin-coupled valence bond (SCVB) method in terms of the three Jacobi coordinates of the LiHdglnitH

H*/H fragments within a broad range of relative orientations and of internuclear distances. The specific features
of the systems and of their asymptotic molecular fragments are examined with the view of estimating from
them the collisional probabilities for producing rovibrationally excited partners with detectable radiative
behavior. The possibility of having a charge-transfer process within the two electronic states of thahiH

is also analyzed and discussed. The calculations suggest, albeit still qualitatively, that a direct charge-transfer
reaction between LiH- H' into LiH" + H is unlikely to take place during bimolecular collisions in a low-
density medium.

1. Introduction The above list of elementary reactions already shows that
ionic and neutral partners involving hydrogen (atomic and
c5}1olecular) and lithium (atomic and molecular) are of importance
In establishing the kinetic details of lithium chemistry in the

In modern studies of early universe chemistry it is usually
accepted that chemical processes began with the appearance

the first neutral molecule $1soon after the production of neutral ; .
atomic hydrogen, through the radiative association of protons evo_lut|on of the_ea_1r|y universe. It t_herefore fOHOWS _that to set
' up in some realistic way an evolutionary model, it is required

and electrons. Because of the absence of dust or grains in the[o estimate the particles’ relative abundance in the expandin
early universe the processes that lead to the formation of the ™~ . part . Expanding
universe by taking into account the chemical reactions listed

first molecules are driven by elementary reactions between

atomic specied? Lithium chemistry, in fact, is thought to have above and many others that are de.emed to be relevant f(_)r the

been initiated by the formation of Li through the radiative present ca_s@We have already (_:onS|der7esbme aspects of it

recombination of the ich by looking into the neutral reaction (eq 5) and we are currently
studying the interaction forces to yield realistic estimates for

Litte —Li+hy (1) the nonreactive collisional heating of neutral Eibly hydrogen.

a process which is also likely to be involved in the formation LiH(»j) + H = LIH(v'j') + H 6)

of LiH*4 - . _ . . :
To carry out similar studies for the ionic species, with their

markedly stronger interaction features, we therefore need to
construct in a similar way the full potential energy surface (PES),
or surfaces, involving the collision between LiH and a proton.
This is what we shall attempt to do here focusing, at first, not
so much on the full range of Jacobi coordinates that are needed
to correctly handle the scattering but rather on the orientational
features and charge-localization dynamics of the short range
regions of the interaction. In other words, we first intend to
analyze, using a strongly correlated ab initio computational
method, the orientational features of the LtiHriatomic species
. + 4 . 4 as a function of angles and distances, but within the range of
LiH +H"—Li" + H, (Li + Hy') “) the onset of its frag?nentation processes. The following se%tion
LiH +H—Li +H, (5) outlines our present computational method while Sections 3 and
4 will describe, respectively, the energy and spatial features of
ot - ——— G Chimica. Cittal Univeraiari the potential energy surfaces and their rovibrational coupling
00185r’° stn?; iy, ngﬁ%%-oégzgggggaIE-r#]?iII(::a’faglitg A @?é‘;esrsl'}f‘ﬂ‘f" characteristics. Sections 5 and 6 will further present the charge-
transfer behavior and the general conclusions from our calcula-

TOn leave from Dept. of Physical Chemistry and Electro-chemistry, !
University of Milan, and CNR Center. tions.

Lif+H—LH" +hv 2)

which could in turn produce the neutral species by an exchange
reaction (further discussed below in the present paper)

LH"+H—LH +H" ()

The latter product however is competitively depleted by the
processes
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2. The Computational Method

The basic method that we have employed to study the ionic,
strongly interacting, complex of the three atoms is that of the
valence bond (VB) approach within a spin coupled (SC)
formulation?1® This method has been described in detail
elsewhere and therefore we will only give here a brief outline
of it. The spin coupled wave function fdt valence electrons
can be written in the form:

WEM = A T[], ¢, |pyISMT = A[[¢[ISMT  (7)

where|¢irepresents a singly occupied nonorthogonal orbital
and |SMis the total spin function, which is an eigenfunction
of the & and S; operators corresponding to quantum numbers
SandM. The total spin function is expanded as a combination
of linearly independent N-electron spin eigenstates

5
|ISM = Z CodSM kO (8)
k=
where the dimension of the spin space is given by:
2S+ 1)N!
ot ©
= I[=N — 9|1
(2N +S+ 1).(2N s)

and the spin coupled orbitalg;Jare expanded, as usual, in a
basis se{y} of dimensionm

m

Zcinj
=

An ab initio SC calculation consists of the variational optimiza-
tion of all the coefficientCs andc; that appear in eqs 8 and
10. In general, this is carried out simultaneously without any
constraint by minimizing the energy with respect to all the
parameters with an efficient modified NewtoRaphson algo-
rithm. The SC wave function correctly accounts for almost all
nondynamic correlation and, in addition, turns out to be an
excellent starting point for constructing very compact, multi-
configurational descriptions of ground and excited states ac-
cording to what we call the spin coupled valence bond (SCVB)
model. In fact, a set ofirtual orbitals can be added to each
occupiedorbital, either by a conventional diagonalization of
effective monoelectronic operators, or by a more recently
implemented perturbative multiconfigurational approach. In this

b= (10)
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whereA is the antisymmetrization operator and the coefficients
{c} may be determined by solving the secular problem with
the conventional VB code. Since a proper functional space is
employed for each electron, the SCVB expansion is generally
much shorter, for a given accuracy than the conventional MO-
CL.° The method is also applicable to excited state problems,
whenever we can optimize a SC function for the excited state
of interest. Therefore, if we want to correctly describe the first
excited state, which will turn out to be important in the present
case, we can impose an orthogonality constraint between the
excited and the ground state SC wave function and optimize
the excited one in the usual way. To satisfy the above constraint
independently of the spin function, we can impose in the general
formula (for two arbitrary spin functionk andk’)

WedPsl = % ép [y \|P'| P1gp, e+

[SMKIP°ISMK =0 (13)

that [y yYn|P"|p1g2 - pnC= O holds for all permutation
operators. There are many simple ways, based on orthogonality
constraints between orbitals, to achieve the above conditions:
for example, in the present study we found that a particularly
useful method is to keep all excited orbitals in the orthogonal
complement of one orbital of the ground state which, from the
variational calculation, turned out to be the highest one on the
energy scale.

3. Energy and Spatial Features

3.1. The Triatomic Complex. To get detailed information
on the strength and anisotropy of the interaction between a LiH
molecule and H and on the counterpart system formed by tiH
interacting wih a H atom, it is expedient to analyze what we
know about some of the features of the kitylobal system in
the same range of relative geometries. Due to the strong
interactions between component atoms, the triatomic species is
known to be a stable complex with respect to all of its possible
fragmentation channels:

LiHy —Li" +H, (14)
—Li +H, (15)
—LH"+H (16)
—LiH +H" (17)

way, each electron possesses its own set of virtual orbitals, andThe fragmentation energy with respect to the channel in eq 14

it is possible to expand any spatial vector in the form:

|OC= | D H ZZ|cI>i“iD+ ZZ@ﬁi“'m
[ B

Uiy
where |®o0is the spin coupled configuration® Ois the
generic singly excited configuration, and so on. Thusd|
represent indexes for the occupied orbitals involved in the virtual
excitations, andj, u, the corresponding involved virtual orbitals.

(11)

corresponds to that with the lowest energy gap for the well-
known dissociation reaction into ionic lithiut:12 The energy

gap for this particular reaction has also been determined
experimentally by looking at the opposite association readfion.
Furthermore, the short-range PES for the ground state ofLiH
has been computed and analytically fitted using different types
of polynomial expansiod$ and has confirmed the general
prediction that the complex has a stable geometryCef
symmetry and can be represented as a relatively weak complex

Each sum runs independently on both indexes. In an analogoushetween a b molecule and the L ion. It therefore followed

fashion, the electronic wave function can be written as

1y
WM = A;‘{ | P H DN TH
L 0 ZZ, i i

Uiy
Z zCiI;kI|
LI Uy

YUY SMKO(12)

from that analysis that the association energy of tikwvith
respect to the Ui + H, fragments was only 5.7+ 8
kcalmol~1.12

In this work we deal with the above system using as a
reference partner the neutral LiH. This approach leads us to
the analysis of the global system in terms of its ground and
first excited states using the full spatial extension of a Jacobi
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LiH+H would correspond instead to the formation ofahd Hf,. These
LiH; minimum energy - channels are of great interest in their own right and will be the
relative to the main subject of a separate study that we will be presenting else-
asymptotic channels 5.77eV wherel?
3.2. The VB Calculation. We generated the surface on a
LiH+H dense numerical grid whose range in Jacobi coordinates is as
1 follows: the distance between the center of mass of the molecule
R and the impinging projectileR, varies between 1.7& to 15.0
Li.*///ﬁe . 4.68eV ap for a total of 21 points on an slightly irregular grid; the
M /7 T internuclear separation in the LiH molecule varies from &3
o —eu . Li +H, to 4.3ap in five points chosen to be inside the range determined

: by the two turning points of the = 4 vibrational level of LiH;
R while 6, which is the angle betwedR andr, covers from 11
LiH; -5.7 Kcal/mol to 169 in twelve points corresponding to the abscissas of the
Figure 1. Geometry of the computational coordinates and relative Gauss—Leg(_endre quadrat_ure. .
energetics of the main asymptotic channels offiFbee text for further As we said before, we intend to focus first on the two states
details. correlating with the asymptotic fragments LiHH* and LiH"

+ H corresponding to the excited and the ground states,
coordinate set centered on the “neutral” LiH molecule. In fact respectively. Although the excited state will be the subject of
the ground state of the complex correlates with the LiHH our study in terms of its three Jacobi coordinates on the
asymptotic state, while the first excited state goes, when the mentioned grid, as noted before, we also get some information
molecule and the proton are taken far apart, into the asymptoticon the behavior of the lower root that leads to the fragmentation
channel with LiH+ H* as fragments. Our knowledge of the into LiH+ + H.
relative ionization potentials for LiH (7.9 eV) and of H (13.67 The basis set employed in the calculation consists of
eV) tell us that these channels should differ by about 5.7 eV. Li[10s4p2d/5s3p2d] and H[7s2p1d/5s2p1d] contracted Gaussian
Hence the fragmentatiéhis about 10.7 eV above the Ly functions and it has already been adopted in our previous studies
stable structure. Figure 1 shows pictorially both the likely involving the LiH specied81°For the [LiHy]* complex the spin
equilibrium structure of the triatomic complex and the relative coupled wave function of the ground-state turns out to be
energetics of three of the channels depicted in egs 14 to 17.

It is interesting to note here that the computed minimum s = Ay L'y [Ty, by ISM] (18)
structure of the complex from ref 11 indicates the angles®
be 19.87, the Ry distance to be 0.74 A, and the distance where|¢:{J¢'1dTs a pair of orbitals localized on Li representing

from the lithium atom to the midpoint of the+H diatomic, the 1€ core of the atom andepn,Jn.Cis a pair of atomic

the Rii—w distance, to be 2.14 A. The CISD calculations of ref orbjtals localized on each of the hydrogen atoms. For the latter,
14 produced similar values 0f2(21.2") and of R, (2.04 the higher orbital energy corresponds to the more distant H atom,
A). If one now converts these values into the Jacobian so that the SC orbital with the highest energy corresponds to
coordinates reported in Figure 1, i.e., fRelistance and thé the projectile wheiR = r, while it belongs to the target hydrogen
angle, then one finds that the calculations of refs 11 and 14 whenR < r.

yield the following values:R ~ 1.85 A, 0 ~ 27° andr = 2.04 The ground state of the system therefore correctly describes

A. The present calculation, although not specifically looking the physical configuration Ll + H (with the positive charge

for the absolute minima of the surface, suggest an overall |ocalized on the Li atom) for all values &. It then follows

minimum structure of LiH, with the following geometry:R that whenR and 6 are small, the spin recoupling between the

~ 1.85 A, 0 ~ 29° when we freeze at 2.14 A. Thus, without  two H atoms can give rise to the reaction in eq 14 with H

any explicit full optimization of the structure for the triatomic  production processes occurring via the formation of a short-

complex, we see that the present SCVB calculations come veryrange triatomic complex:

close to yielding the minimum structure provided by the direct

optimization approach. The corresponding stabilization energy LiH" +H— [LiH 2]+ — LT+ H, (19)

with respect to the channel in eq 16 was computed to be about

4.87 eV, a value that compares well with the minimum energy  To obtain the reference SC wave function for the first excited

of the lower surface which we have found in our calculations: state we have optimized a wave function in which four orbitals

4.84 eV. were maintained orthogonal to one orbital of the ground state.
The present study intends to deal first with the energetics of |t turns out that, in all the geometries considered, the betate

the electronic potential energy surfaces associated with theground-state orbital is that with the highest orbital energy. The

LiH*, system and the onset of its route to fragmentation into SC wave function of this state assumes the form

LiH and H". However an interesting feature of it is that with

the data we collect here, one can also look at what happens lpsc= Al o' b, O ; LISM (20)

when the system fragments into the ground-state asymptote

LiH* 4+ H . Our calculations provide us with a geometry of where |¢14J¢'1d]is a pair of core orbitals of the Li atom

LiH that is very near to that of the equilibrium geometry of coinciding with the ground statépyllis the 1s orbital for the

LiH*. Hence this study also yields a description of the rigid hydrogen closer to Li an¢tp;Cis essentially the 2s orbital of

rotor surface for the LiF + H colliding system. The chief lithium. Except forR < r this wave function describes exactly

reason for this choice is the interest in detecting possible sourceghe physical situation of a naked proton colliding with the LiH

of rovibrationally excited LiH or LiH species that are expected molecule.

to be emitted from the interstellar medidf'® The lowest For each reference function a setagtimal virtual orbitals

fragmentation channels, from eqs 14 and 15, on the other handwas determined by the perturbative multiconfigurational ap-
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Figure 2. Comparison between the present SCVB calculations (solid lines) and of CI calculations (filled circles) as a fun&iandbfor
different values of orientation angles. The internuclear distaneas that of LiH at its equilibrium geometry.

proach cited above. The SCVB wave function was therefore the full Cl values to be almost invariably between 0.002 and
constructed as a configuration interaction between the two 0.004 hartrees for the ground state and for the excited state
reference functions of before and all the singly and doubly respectively, so that the transition energies differ by about 0.05
excited configurations of appropriate symmetry obtained from eV. It is evident that the SCVB wave function maintains a
the reference configurations by vertical promotion to the optimal reasonable computational cost while ensuring an acceptable
virtual orbitals previously calculated. To correctly describe the accuracy with respect to the more expensive full-Cl method, a
proton exchange region (i.e., whéh~ r), four additional fact that makes it suitable for the analysis of the dynamic
configurations, obtained by single replacement of the valence properties of the LiH(LiH) + H™(H) system as we shall further
orbitals of the SC excited state with that of the ground state, discuss below.
are added. In this way the final SCVB wave function is able to
describe both of the configurations LiH+ H*g and LiHg + 4. The Rovibrational Potential
H*a representing the interacting state at snRvalues. By As we have mentioned earlier, the study of the spatial features
adding a set of ionic configurations, the final SCVB wave of the LiH", system implies a review of the energetics of several
function is constructed via 84 configurations, corresponding to asymptotic channels, as outlined in egs 14, 16, and 17 and
a total number of 125 VB structures. depicted in Figure 1 within the short-range and intermediate-
The SCVB curves for the ground state and for the excited range regions of their interaction. If we consider the possibility
states are reported in Figure 2 where the full Cl calculations of producing detectable rovibrationally excited LiH/LiH
corresponding to the same basis set are also included. It ismolecule$>16as a consequence of a collision or a half-collision
evident from this figure that there is very good agreement jnyolving the formation of the triatomic complex in either its
between the two sets of calculations: in particular the irregular- ground or excited state, then the dynamic processes are affected
ity at short range shown by the full CI surfaces also appears in by the couplings existing between the Jacobi coordinates. The
the corresponding SCVB curve, where it can be assigned to present calculations can provide us with useful information about
the change of the active space (from 1s centered on the projectilehe collisional efficiency in producing excitation of the two
to the 1s orbital centered on the H of the target). The active molecular asymptotic fragments by first showing us the strength
space change leads to the description, via eq 20, of LitH of the overall interaction as a function of tRer,0 coordinates
with the positive charge localized on the H atom of the target reported in Figure 1.
LiH so that it is possible to state that the irregularity is merely 4 1 The Orientational Anisotropy. If we consider the
a representation of the activation barrier for the charge-transfer gyerall behavior of two of the Jacobi coordinates when keeping
reaction: the internuclear distance of LiH at a fixed value, then we recover
. + . ¥ the orientational behavior for the rigid-rotor potential (RR)
LiH, + Hg — LiHg + Hy energy surface that corresponds to the electronically induced
A perusal through the results of Figure 2 for the ground and coupling between thR and thed coordinate€? From previous
the excited states shows that the SCVB and the full-Cl PES study on the diatomic fragmemtswe know that theeq value
proceed substantially parallel as a functiorR&nd6, although ~ for the ground electronic state of LiH is of 3.084 while the
we know that the full CI calculations require a higher compu- value for the LiH" is 4.101a.
tational cost since the number of determinants in the present The upper surface produced by the present calculations at
instance, 1654 650, is indeed considerable, even when the= re{LiH) describes the RR surface for the system composed
smallness of the basis set employed is taken into account. Onby the asymptotic fragments LiH and™HAn overall view of
the whole, we found the differences between the SCVB and such orientational anisotropy is shown in Figure 3 for both
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We had already seen that the lower surface of Figure 3
dissociates into the LiH + H fragments, thus making it
reasonable to analyze its orientational anisotropy for diatomic
geometries close to those of the Likpartner. We thus present
in Figure 6 a similar analysis for the surface where thalue
is fixed at 4.3ap. One clearly sees in the top two panels how

5 markedly the shape and strength of the short-range and
Z intermediate-range interactions change with the valug since

q&j’ small angular values correspond to the stable triangular structure
& with the two hydrogen atoms close to each other. As already

noted for the other geometry, beyond thex 7/2 values one
~0.3 detects (see the lower two panels) a much weaker dependence
of the interaction on the orientation: the potential curves, in

=S ~— fact, appear to be gs;entiqlly unchanged in the angular quadrant
¥=90 that ends on the lithium side approach.

Rs‘.m A more global behavior of the two surfaces can be seen from

B=11 the comparison between the two roots of the VB calculations
Figurg 3. ) Three-dir_nensional view of th_e two surfaces as a function shown in Figure 7, where we can see the RR behavior of the
of cylindrical coordinates wherg = R sind andy = R cos). The LiH* + H asymptote (lower curve) and the stretched diatom
internuclear distance was that of LiH at its equilibrium geometry. state for the LiH H* (upper curve): we report in it the same
ngular range of Figure 5. The lower root clearly shows that its
ngular dependence is more marked in the small-angle region,
PES describes the electronic ground state of the ionic complexggiiégevyeﬁlpsé;ggg?E g)te ?ergsgi(t)?] g?]\éeeiizttrsogggrr : Z'rseo;{gf ?/at:g é

with the marked minimum correspondlng &= 2%, while of radial distances. A simple, qualitative explanation for these
the upper surface corresponds to the excited state of the SysteMiccorences of behavior could be provided by examining the

correlating asymptotically with Lik H™. The large energy leading terms of the long-range interactions for the two
gap precludes any crossing with the ground state and thereforefragmentation channels. In the case of the lower root. the
we conclude that a possible. trgnsfer .into thg lower eleptronic induced forces contain -the interaction between the sph;erical
s@ats could only progied radiatively with the final formation of polarizability of the H atom and the charge of the tiHith
LIH™ + H or H + L™ ) spherical symmetry and &r* behavior. On the other hand, in

If one now carries out an analysis for the upper surface when yhe ypper curve we have the previously mentioned term due to
ther coordinate is fixed at the diatomic geometry of the neutral he charge-dipole interaction with its longer-range contribution
LiH (r = 3.0144a) i.e., fqr the orientations that characterize (R?), and a fairly large coefficientu(iy = —2.32 a.u.) that
the LiH + H™ asymptotic channel, one can extract useful girectly influences directly the anisotropy of the interaction
information on the rotational anisotropy that should also remain htential in the long-range region, via its dependence on the
reasonably valid for othervalues. An example of the computed  p,cog) polynomial.
behaV|or_|s shown in Figure 4, \_/vhere we report the strength of "The differences in the strength of the orientational anisotropy
the coupling potential as a function of the main radial coordinate oy the two PES’s over the radial range of action of the potential
and for different values of the orientational angle. Itis interesting ¢oy|d be seen also from Figure 8. In this figure we report the
to note here that, since we are dealing with an electronically tota| energy of the system as a function of the orientation angle
excited state, the interaction energies are less stabilizing thanel for different values of the distance and for equal to the
those shown by the electronic ground state where the more, jiy equilibrium internuclear distance. In its upper left panel,
compact structure of the neutral LiH in close quarters causes acorresponding to the sma® region, one sees that both systems
dominance of the repulsive interaction. Thus, although we See present a strong coupling between the molecular partners and
that the most stable structures occur in the small angle regionine approaching atomic components, with the upper surface
of the upper left panel, beyortl~ x/2 the interaction becomes  showing however a stronger coupling due to the orientational
essentially repulsive as it is driven by the dominant dipole  gpisotropy.
charge interaction which acts in the long-range region and which |, fact, if one defines the local angular torq&e(R) as given
is related to the contribution of the electrostatic multipole
proportional toP;(cos )R2. It therefore follows that the
corresponding anisotropy is rather marked and extends over the aV(R,0)
whole angular region examined by the calculations. Fo(R) = — 20 |R=R1 (21)

A comparative analysis of the angular anisotropy of the two
PESs is presented in Figure 5, but this time over a larger radialat choserR; values, then one sees that this quantity is larger
range and listing instead the total energy values for the two for the second root in comparison with the first root and that it
PESs. In both surfaces the intermolecular distance is kept fixedextends over a broader range of angles. The angular torque (in
at the equilibrium value of the neutral species. One clearly seesarbitrary units) is plotted in Figure 9 for different valuesRf
that for both electronic states the energy changes are mostas a function of) with fixed internuclear distance of LiH at the
marked in the small angle region as the orientation of the equilibrium value for both surfaces. The lower panel refers to
impinging projectile H™ or H) varies. On the other hand, as the short-range region where one clearly sees that the torque is
the angles move to the larger values withip to 82, one sees usually larger for the lower of the two surfaces and stronger in
that the lower surface (corresponding to the ground state) showsthe latter when the proton is approaching the H side of the
a much less evident anisotropy as the hydrogen atom leavesmolecule (small angle region). The upper panel shows the
the LiH' partner. behavior of the same quantity in the long-range region where,

Energy @U-

surfaces, separated by the 5.7 eV energy gap already reporte(i
in Figure 1. We clearly see there that the corresponding lower
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Figure 4. Computed orientational behavior of the upper PES as a function of the two coordiaatR . The internuclear distanaewas that
of LiH at its equilibrium geometry hence kept fixed at 3.014a.u.
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Figure 5. The same as in Figure 4 but now in terms of total energies and showing the two roots to allow a direct comparison.

on the contrary, the second root shows a stronger torque over 4.2. The Vibrational Coupling. As we mentioned before,
the whole range off. In conclusion, an analysis of the the full PES discussed in this work also includes the explicit
orientational anisotropy of the two surfaces indicates that both dependence of the interaction on the internuclear distances of
of them exhibit strong anisotropic features, with the excited state the LiH molecule. It is the effect of the changerdhat explicitly
being the one with the greater radial range of that anisotropy gives us the vibrational coupling produced within each surface.
but with the a less marked angular variation of the torque. A pictorial example of this quantity is given by the results
We also see that, at least in the region of relative geometriesreported in the four panels of Figure 10 where we note the
sampled by theR, 0, r =reg) grid considered here, no evidence following:
exists for any avoided crossing between the two roots, although (1) If one considers the small angle region of the left panels
the possibility exists that it may appear when a broader range one immediately sees that, in the lower surface, as the distance
of r values is considered. As we shall see below, however, this between the H and the molecule increase, the dependence of
is not the case and therefore the radiation-induced transitionthe potential on the molecular stretching motion becomes
between the two states remains so far the more likely possibility, weaker. This indicates, as often nof€dthe chiefly short-
especially given the considerable dipole moments of both range nature of the vibrational-to-translationaHYV) coupling
diatomic fragments. terms;
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Figure 7. Same computed comparison as that shown in Figure 5. Here the LiH internuclear distandespt at 4.30 a.u.

(2) The upper PES shows that the coupling remains strongercoming from the residual interaction between the LiH molecule
as the angle varies (see left panel) and that it is also nonneg-and the proton. The monotonic long-range electrostatic interac-
ligible at the larger distances (displayed in the lower panels). tion simply causes our calculated potential to be an intermo-
The charge-dipole interaction obviously plays a dominant role lecular LiH potential shifted by the chargéipole contribution.
in creating a more marked-VT coupling; This is not true for theé® = 11° orientation for which, as one

(3) The lower PES shown at the larger angle in the right can see in the lower right panel,chemicalinteraction still
panels indicates that the vibrational coupling depends little on exists from the strong coupling between the two fragments and
the relative distance and is also fairly weak beyond the shorterit gives rise to the potential well shown by the upper surface.
distances displayed in the two left panels. The features shownThe lower surface, on the other hand, represents a compressed

suggest that the lower PES corresponds to weaker toupling LiH* bond, that then causes the potential to be almost flat in
at the larger distances and away from a small angular cone onthe minimum region. What the calculations, therefore, indicate
the Li-side of the molecule; is the existence of rather marked couplings betwResnd r

(4) In the lower right panel, we have also shown the 0 over the range of the examined coordinates and thus the presence
and v = 5 vibrational wave functions of the isolated LiH of an overall interaction that should produce dynamic outcomes
molecule. For distances of the order of &) and for thef with sizable flux going into rovibrationally excited molecular

= 169, we see that we can almost neglect the coupling states.
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Angular Dependence of V (R,0) for r, ..=3.014 a.u.
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5. Charge-Transfer Features and of the relative atommolecule distanc®. The internuclear

We have mentioned several times in the previous discussion.coomIinate has been kept fixed at the equilibrium value of LiH

that the difference between the LiH and H ionization potentials in order to S'mp_“fy th_e presentation. We. only _report n F'gur?
(respectively 7.9 eV and 13.6 eV) causes the asymptotic energyll two of the onentatlo_ns we have examined since the behavior
gap between the two electronic states and keeps them wellof the Mulliken populations changes rather smoothly across the
separated, within the coordinate space of interest in the presenfngular range.
study. As a consequence of these features, we therefore expect When looking at the ground electronic state (two lower
the behavior of the electronic densities in the two adiabatic roots panels) one sees that the system is qualitatively well described,
to be different in the range of coordinates spanned by the presenin both orientations, by the conventional formula-H*---H,
calculation. where the possible charge is located on the lithium atom over
A pictorial view of such differences is given in Figure 11, the whole range of relative distances. Therefore the small angle
where we report the variation of the Mulliken charge popula- region closer to the expect&z}, geometry of the ground state
tions?? on the three atomic centers as a function of orientation of the [LiH,]* complex shows an arrangement of charges that
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The two lower panels refer to the first root while the upper ones to the second root.vEhge was chosen to be that of LiH at its equilibrium
geometry. The black circles in the triatomic schemes indicate the atoms on which most of the positive charge is localized.

corresponds to a sort of ti--H; situation. AsR increases, of the proton. In the small angle region the system undergoes
however, we see that the two H atoms carry different charges a marked and rapid charge variation as one H atom is added to
and tend to foreshadow the charge configuration of the breakupthe complex: thus while in the asymptotic region the arrange-

channel given by LiH + H. The large angle approach shows ment corresponds to that of a naked proton and a neutral LiH

clearly, in the lower right panel, a more regular behavior of the molecule, during the collision the positive charge is transferred

electronic populations, since now the H atom approaches byto the H atom previously belonging to the LiH molecule. In

the Li side and provides, in the range of the smdReralues, the large-angle region the charge exchange between the two H
the presence of a charged hydrogen being added to a weaklyatoms is more clear and takes place in a small range of R values,
charged Li before the i formation in the LiH + H final while this time the lithium atom remains nearly neutral. In this

dissociation. latter case one can think of a flow of electronic charge between

The behavior of the excited state is quite different and is the two H atoms via a sort of through-bond charge migration.
shown in the upper panels of Figure 11; one sees there moreBetween 2.5 and 3.5 a.u., in fact, the two hydrogen atoms
clearly the effects of electronic distortion during the approach exchange one unit of charge and fairly rapidly reach a situation
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where H" is removed from a neutral LiH system. This situation (2) The upper electronic state, on the other hand, shows a
is, probably, the direct consequence of a strong nonadiabaticmore marked and more long-range orientational anisotropy. The
interaction with a third electronic state that crosses the secondcharge-dipole interaction here plays an important role and
root. It is very likely that this third root correlates with an excited dominates the features of the upper potential energy curves;
state of LiH and a M atom in the asymptotic region when (3) The dependence of the interaction on the vibrational
remains within values similar to those employed by our coordinate also turns out to be rather different for the two roots.
calculation. This electronic state, &is decreased, becomes Thus we found that the excited state affords stronger coupling
essentially an excited state of LiHwith the positive charge  betweenr andR than that shown by the ground state (where
localized on the hydrogen side and in the presence of anhowever we only considered the effect of bond compression).
additional H atom. The nonadiabatic coupling between these  The above analysis, together with the effects from internal
two excited surfaces is responsible for the bumps appearing atcharge migration during the approach of the projectiles to the
the larger angular values and at the langealues in the second  targets, indicates that these interactions could reasonably produce
root (e.g. see Figures 5 and 7). rovibrationally hot LiH/LiH" molecules. A direct use of the
The above analysis shows that the chemical reaction leadingupper surface over the range of coordinates necessary for a full
to a charge transfer process between the ground state df LiH quantum study of the excitation/relaxation dynamics of the
and LiH is prevented by the large energy gap separating the neutral target is presently being carried out in our group and
two surfaces at least for intramolecular distances close to thewill be presented elsewhef.
near-equilibrium geometry of the LiH/LiH partners. This From the above analysis we can also say that the large energy
charge transfer however could become effective if one considersgain during a near-collinear approa¢h# 0) of anH atom to
differentr geometries as, for example, those spanned by very | jH+ could reasonably lead to the formation of L4+ Ho, thus

larger values that correspond to LiH being highly vibrationally  making the study of the subreactive collisional dynamics of
eXC|ted orto fa|r|y Stretched L|Hb0nd diStanceS. In COnClUSiOn, L|H+ + H Of rather ||m|ted interest un|ess one a|so were to

this qualitative analysis, although still preliminary, can lead us consider the K formation reaction.
to say that the charge transfer process is not likely to be effective  pnqther point that is brought out by the charge migration/

during the breakup of Libi", and one could expect low values oy change analysis described in the present work involves the
for the rate constant of the charge-transfer reaction shown in process of eq 3. The present calculations give no indication of

eq 3. curve-crossing features; hence one should expect that the way
With the same token we can also say that the reaction eq 4in which the charge transfer reaction might occur would be via
listed earlier, or, more precisely the process a one-photon emission process, with consequent decay to the
ground state. However, without specific computations, this route
LiH+H"—H,+Li" remains largely speculative.

Finally, all the numerical values of the computed PES's of
is not likely to take place without the occurrence of a radiative the presentwork are available upon request to the corresponding
transition to the ground electronic surface, while the only author.
possible reactive outcome for LiHt H* seems to be & +
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