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In this paper we extend our previous study (Gianturco, F. A.; Raganelli, F.; Di Giacomo, F.; Schneider, F.
Phys. Cheml995 99, 64) on selective vibrational excitations in protemater scattering experiments (Friedrich,

B.; Niedner, G.; Noll, M.; Toennies, J. B. Chem. Phys1987 87, 5256) presenting further MRD-CI
calculations of specific “cuts” of the relevant potential energy surfaces (PESs). On the basis of the existence
of crossing and avoided crossing features between PES’s correlated totthd,@*(X) and H + H,O and

to H* + H,0 and H+ H,O*(A) asymptotic systems, two partially different mechanisms are proposed for
proton—water charge-transfer processes leading 10HX) or to H;O*(A). The model general predictions

on the behavior of the total average vibrational energy transfer in the two channels as a function of scattering
angle are shown to favorably compare with the experimental results, as also do the theoretical predictions on
the size for the charge-transfer cross sectioggX) and oct(A). The computed potential energy curves
(PECs) for two of the most important lines of approach of protons to water molecules are further analyzed
by using a generalized Heitlet. ondon approximation, thereby affording us a better understanding of the
physical reasons behind the general shapes of such “cuts”. On the basis of symmetry arguments, the existence
of a toroidal region is then surmised, which encircles water in its molecular plane through which a proton is
to pass in order for the charge-transfer proce$stHH,O — H + H,O"(X) to happen. The protonation of

water, its nonadiabaticity and charge transfer aspects, and the dissociation channels of the bound oxonium
are finally discussed, reinterpreting the computed PECs from these additional points of view.

1. Introduction HT + H,O—H + HZO(S() (1)
The pioneering high-resolution crossed-beam study of Toen- N .
nies’ group on proton scattering by water molectlkeeps H"+H,0—H+H0O(A) (2)

stimulating theoretical studies on this important system. After : B
an investigation we publishédn the potential energy surfaces where HO*(X) and HO™(A) represent oxoniumyl in its ground
(PES) relevant to the interpretation of some of the experimental and first excited electronic states, respectively.
results there reported, a very recent work by Heastet ald On the basis of our calculations, we propose an interpretation
uses electron nuclear dynamics theory (END) to compute of the experimental results for the functional dependence of the
differential cross sections for inelastic and charge-transfer total, mainly vibrational, average energy transfa&{Jinto
reactions of H and HO, comparing them with the experimental the X and Aelectronic states of $#D" in reactions 1 and 2 as
results. a function of the scattering angte Considering the scattering

In section 2 of the present paper, which is a continuation of cross sectionscr(X) andoct(A) into the channels Xand A
our earlier paper in this journal, we first present new MRD-CI We propose an explanation for (i) their weak dependencé on
calculations of some of the potential energy curves (PECs) thatfor ¥ < 6° and (ii) the value of their branching ratigr(X)/

will be shown to be related to the charge-transfer excitation ocr(A).
(CTE) reactions: In our earlier work we studied different PECs for several

possible directions of approach of"Ho H,O and we found
* To whom correspondence should be addressed. F@@-6-49913305,  Out which one of them would mainly induce either stretching
E-mail: FAGIANT@CASPUR.IT. or bending vibrations of KD™. We did also single out the
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Proton-Water Charge Transfer

directions of approach of Hto the oxygen atom in the plane
of H,O as being particularly effective in promoting process 1.
In section 3, therefore, we additionally examine systematically
the possible directions of approach of kb H,O, looking at

the symmetries of the intermediate quasi-molecular complex
[H20—H]* whose formation is surmised to be an essential step
for explaining the energy loss spectra in ref 1. We additionally
examine our MRD-CI PECs by qualitatively interpreting their
patterns via a generalized Heitldrondon (HL) approximatiotr®

and suggest from it that the,B molecule is surrounded in the
molecular plane by a toroidal region 65, symmetry through
which a proton must pass in order for reaction 1 to happen.
Moreover, since the generalized HL approximation predictions
significantly correlate singlet and triplet states arising from the
asymptotic states H H,O"(X2B;) and H+ H,Ot(A2A,), we

also computed the triplet states curves and present here the new

results.

In section 4 we make use of some of the PES profiles
originally computed for the study of the CTE processes 1 and
2 (and for the interpretation of the fragmentation spectra of
H3O™ ) to draw some information on the adjoining processes

of water protonation, oxonium dissociation, and charge transfer
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Figure 1. Computed MRD-CI energy values for the*Hmolecule
interaction along the proterH,O distance in the “Y” form. The local

and electron density changes that are likely to occur in the coursesinglet state symmetries of the 4B)* complex are marked along each

of proton combination with the water molecule. We found that

PEC, while the various fragments in the asymptotic channels are marked

the protonation of water is a nonadiabatic process so that inon the extreme right for each curve. All values are in atomic units.

order to form HO™ directly in its ground-state, i.e., without

going through excited electronic states, the proton must pass That the planar configuration of the §8—H]* complex was

through a specific toroidal region that should be encircling water
and should be located on its molecular plane.
After a discussion in section 5 on the limits of the validity

of our results, we conclude by mentioning some recent results,

closely related to ours, on the dissociation and protonation of
NHs, which is isoelectronic to 0.

2. MRD-CI Potential Energy Curves

In our previous investigatidnwe computed MRD-CI PES
profiles for H™ approaching KO along three different direc-
tions: (i) an “in-plane” approach in which the proton would
draw nearer to the water in the plane of the molecule on the
side of the oxygen atom and along the bisector of the HOH
angle (a geometry of the j@—H]™ complex that we shall name
“Y™); (i) two “out-of-plane” approaches, one of which we called
“perpendicular” with the proton approaching the oxygen per-
pendicularly to the molecular plane and the other “pyramidal”
in which the proton would get near the oxygen along the
direction of a lone pair. The calculations were done for those
ground and excited electronic states of the@HH]" inter-
mediate complex that correlate with the asymptotic states of
H* + H,O, with water in the ground or in the lower-lying
excited states, or with H H,0, with oxoniumyl in its ground
or in some of its excited electronic states.

particularly important for this system had already been sug-
gested as a result of some other considerations: #DH in

its ground-state configuration is in the form of a very flat
pyramid of Cz, symmetry that, while undergoing umbrella
motion, crosses an intermediate plafay configuration; (ii)
H3O™ in its first excited metastable electronic state was found
to be planar wittD3, symmetry? (iii) we found that the planar

“Y" approach of H" to H,O in the “inner region” of H—H,O
distances brings about an opening of the HOH angle of water,
therefore leading to bending vibrations. The question then
naturally arises as to what shape the PES profiles would have
for planar approaches different from the “Y” mentioned above.
We naturally chose the latter as the first to examine because in
that configuration the iondipole interaction betweenHand

H,0 is the strongest. We also decided here to focus attention
on the opposite planar configuration in which the proton
approaches water from the side of the hydrogen atoms along
the bisector of the HOH angle, a geometry we shall designate
as “rhombic” and symbolized with “Rh”.

We show in Figure 1 calculations for the “Y” configuration,
which basically completes the work already shown in Figure
12 of ref 2. The calculations (which were done for a slightly
different geometry, vide infra) are extended to smaller preton
water distances to show the repulsive branches of the PECs,

Of the above states the most important ones are obviouslyand the curves have been smoothed by spline interpolation.

the three lowest, i.e., the ones correlating te-HH,O1(X), H
+ H,O(X), and H+ H,O"(A), in increasing energy order. We
did search in ref 2 for crossings or avoided crossings among

Moreover, thanks to our recent calculations on the excited states
of H,O and HO* 911 we could unambiguously assign the
correct asymptotic states to the curves. In Figure 2 we further

the three curves, i.e., for regions of possible nonadiabatic charge-show the same calculations but not for the “Rh” geometry.

transfer transitions, but we could find none in the “inner region”
(1.6—-2.4 a,) of proton—water distances for any of the above
orientations. In the “outer region” of distances we explored,
between 2.4 and @, we also could not find crossings or

2.1. Computational Details For the present calculations we
have chosen the geometry of water and of its ion, in both of
the considered electronic states, to be wigh = 1.86a, and
an HOH angle of 105 The relevant elements of the basis set

avoided crossings among the PECs for the “perpendicular” and expansion, selection of configurations, and numerical details

“pyramidal” directions of approach, but a crossing was found
at about 5a, for the planar “Y” geometry between the lowest

two curves. The “Y” configuration was therefore singled out
as one of the most important for inducing process 1.

are the same as those already discussed in refs 2; 771 and

will therefore not be repeated here. The chosen geometry is
neither the equilibrium geometry of water nor its ion in their
ground electronic states but instead is the average of the
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Figure 2. Same as in Figure 1 but for the planar rhombic arrangement.

TABLE 1

(a) Dissociation Energies and Dissociation Products for the Systems
Studied in the Present Work (from Refs 2 and 12)

process E (eV)
H30+ - H2+ + OH 9.69
H:Ot — Hsz™+ O 8.09
HsO" — H + H,O*(A)? 7.28
H3;Ot — H* + H,0 7.22
H30+ - Hz + OH+ 5 728
H3Ot — H + H,0%(X) 6.25

(b) Electronic Configurations of the Neutral and lonic Species
Discussed in the Present Work (from Ref 14)

H;0 (X*Ay)  (la)* (&) (1b)*  (3a)*  (1by?
HO"  (X?By)  (la)y (2a)* (1b)* (3a&)®  (1by!
HOMP  (A%A)  (la)  (2a)? (1b)?  (Ba)t  (1by?

2 D.n Symmetry.P Cy, symmetry.
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structure of the parent water molecule, and an excitation of about
8 bending quanta fits well in the range of the experimentally
observed vibrational excitations of the®t (A) branch.

2.2. Average Vibrational Energy Transfer in H,O*(X) and
H,O*(A). In this section we propose an interpretation for the
following qualitative features of the curves reported in Figures
10 and 11 of ref 1. (i) The average total energy tranSheét;
in reaction 1 (which is mostly vibrational energy transfer
[AE\p®) is higher than the corresponding average energy
transfer[AErc[%, which can be calculated using the Franck
Condon (FC) factors of the Xtate. (i) [AE remains virtually
constant with increasing scattering angl€iii) [AEi{Z climbs
instead, with increasing, from an initial value smaller than
[AErc[i at 9 = 0 toward [AErc[Z and reaching it for higher
values of¥. (iv) The charge-transfer cross sectiens(X) and
oct(A) show a weak dependence orfor < 6° and are of
the same order of magnitude.

A qualitative explanation that the iorg8*(X) emerges from
reaction 1 more vibrationally excited than would be predicted
by a simple FranckCondon picture, as suggested in ref 1, could
come from considering that in a vibrationally excited product
molecule the charge-transfer event is nearly resonant and
therefore enhanced, according to the uncertainty principle, by
a factor that is inversely proportional to the collision time. The
collision time for a nonadiabatic transition is often so short (see
ref 6, section 8.4) that the adiabatic restrictions are not very
severe. Therefore, one could suggest an alternative explanation
for the deviation from the FC prediction: if, prior to the
nonadiabatic process, the®molecule is adiabatically distorted
by the chargedipole interaction, then a transition close to the
crossing line (the locus of the vertexes of the intersecting cones)

computed equilibrium geometries of both these species, whichWould take place in a vertical manner between the distorted

are similar enough to each ottfei! The MRD-CI method has

been applied to these calculations as in our earlier work in refs

states of HO and the almost free states ofgCH*g)N(). On the
other hand, the equilibrium geometries of®f(X) and HO

2 and 7 and in the references reported there that describe thé'® @lready very close to one another and differ by having the

method. When either the proton or the hydrogen atom ap-

proaches the water target or the oxoniumyl ion in the “Y”

1b; nonbonding MO either doubly or singly filled. It then
follows that any adiabatic distortion of;B from its equilibrium

geometry, the abscissa in both figures represents the distanc&onfiguration will increase the overlap between initial and final

between the proton (H) and the oxygen atom in wate(H.

In the “Rh” approach the abscissa indicates the distance'of H
(or H) to the center of mass of the two hydrogen atoms £ H
(or of HO™).

states. From simple electrostatic considerations one would
therefore expect that the Coulomb field of kvould tend to
slightly reduce the HOH angle and to slightly stretch thekD
bond distance to increase the dipole moment gdkvhen the

The energies of the three asymptotic states, given as dis-intermediate Ht+ H,O complex is formed in the “Y” config-

sociation energies of 407 in its ground state, are reported in
Table 1. The value for the dissociation channgDH — H +
H,O*(A) is now given as 7.28 eV following the sophisticated
calculations of Brommer et al2i.e., it is only 0.06 eV above
the 7.22 eV for the KO™ — H™ + H,O channel with which it

uration. A rather strong chargelipole interaction between
colliding species is anticipated already from the fact that a
crossing distance of aboutd& can be extracted from the Y
configuration PECs simply through the condition that the energy
spacing between asymptotic channels in process 1 is mainly

is almost degenerate. We have modified here the value in ref 2compensated by the chargeipole interaction. The distortion

in which we simply considered the energy difference between

of H,O due to chargedipole interactions in the H+ H,O

the two asymptotic states as due to the difference between the Rh” configuration would of course be the opposite of that in

ionization potential of H and the second vertical ionization
potential of HO?.

The geometry of HOT(A) used in our computation for the
PEC correlated to H+ H,O"(A) is not its linear one but is

the “Y” case.

One of the most striking results from ref 1 was that the
branching ratio for the electron transfer into theaXd Astates
of H,O" depends very weakly ofi for ¢ < 6° (see Figure 11

bent as described above. The asymptotic energy of the PESfrom ref 1). This would be hard to justify if the charge transfer

profile of the H-+ H,O™(A) system is then higher by about
eight vibrational bending quanta with respect to the energy of
H + linear HO*(A), as may be easily seen from the figure or
from Figure 1a in ref 10. In our calculations we did choose a
bent geometry for HD*(A) not only for the sake of simplicity

into the X and A states were to occur by two completely
different mechanisms. Since we already know that for the X
state the charge transfer proceeds via a curve-crossing mech-
anisn¥ (more precisely, via a conical intersection), one wonders

whether the same coupling could be responsible for the charge

but also because after the loss of an electron by the watertransfer into the Astate of HO™. Since the crossing at &,

molecules during the fast processes examined by the experi-

ments, the HO™(A) ion keeps for a brief instant the bent

between 1A and 1B; curves shown in Figure 1 can be
qualitatively explained by the strong chargdipole interaction,
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showing a marked attraction at the entrance channel for the Y R I~ sp——
orientation, we should expect to have approximately the same /V/ / /V/ o7
amount of repulsion for the Rh orientation. Since the energy of / /

the initial asymptotic state'A;(H™ + H,O) and that of the
second final state’2,(H + H,O*(A)) are very close to each
other, the adiabatic PESs that correlate with them may experi-
ence a narrow pseudocrossing for the Rh orientation. If we were
to neglect the resonance integdalproportional to the overlap
integral between the 1s AO of H and the MO of H,0), the

two PES will cross. This crossing, which is similar to the
crossing of the covalent and ionic curves of NaCl or to the
crossing in a harpooning reactiéhgccurs at rather large relative

J. Phys. Chem. A, Vol. 103, No. 35, 1998119

distances (one can see from Figure 2 that this may happen at @ &h @ — &h

> 6 a,). When the resonance interaction is taken into account, D., 6, .60) C,, 6,.6n), Y

the crossing becomes an avoided crossing; i.e., the crossing

between two diabatic PES of the same symmetry becomes an e ——— oanE— g
avoided crossing between two adiabatic PESs (vide infra). An L7 ‘\\ / ‘\\ T
important point to be made here is that the transition probability i N / N R
between two adiabatic vibronic statgSand |fCwill be given, / /

in its simplest formulation, by the LandaZener prescription: & 6h

® C,, &, 0. Rh”

Figure 3. Schematic representation of the symmetry changes induced
in the [Hs0]* system by selective deformations via different nuclear
displacements. See text for definitions.

C.(sm)
o stfz s(€h
3

P = exF{hAFUR(b)

whereS;? is the overlap integral between vibrational functions
for H,O and HO™, vg(b) is the radial velocity at the position
of the seam, anll is the impact parameter. Although we expect
that the collision dynamics would be very complicated, we can
still argue that, for a given value ok(b), the optimal path for
the charge transfer would correspond to those final vibrational
states of HO™ for which the LandauZener exponent is less
than 1. This yields an additional constraint for the overlap

It is to be emphasized here that the difference between the
conical crossing and the avoided crossing is that in the former
case there always exists a configuration where the nonadiabatic
transition probability is unity or close to it, while in the latter
case the maximum transition probability is still proportional to
the Landau-Zener exponent. As a result, the mean transition
probability for the conical intersection depends weakly on all

integral the parameters of eq 3, while for the avoided crossing the mean
transition probability may strongly depend on them because of
hAFug(b) the LandawZener exponent. Finally, both charge-transfer
= 4 channels go basically via th Landae hanism:
2] go basically via the same La ner mechanism;

a conical intersection is an avoided crossing seam for a single
point (the vertex of the cone), and a pseudocrossing is instead
an avoided crossing everywhere. It is therefore not very

surprising to find that the branching ratio between the cross

sections in the two channels, shown by the experiments of ref
1, indicates that they do not differ by orders of magnitude but

are rather fairly close to one another.

If we now examine the experimental findings reported in
Figure 10 from ref 1, we can say the following: with an increase
in ¥, b decreases; with a decreaselnfor a given collision
energy,vr(b) increases; with the increase@f(b) the maximum
value ofS;? that would be compatible with the constraint of eq
4 also increases. At sufficiently large we would therefore
get to a maximum value &?, which corresponds to the vertical
transition. That is exactly what we see in the upper and lower 3. Nuclear Symmetries of the [HO—H]+ Complex
panels of Figure 10 in ref 1. Thus, we can qualitatively explain
the difference between the angular dependence of the energy In view of their use later on in this work, we will briefly

transfer into the (X and (A states of HO™ as a simple
consequence of the fact that the charge transfesH,0 —

H + H,O"(X) occurs via the conical intersection while the
charge transfer H+ H,O — H + H,O"(A) occurs via the

examine systematically the possible symmetries of th®H
H]™ “complex”, i.e., the intermediate “quasi-molecular states”
H* + H,0, H+ H,O0"(X) and also Ht+ H,O™(A) with H,O-
(A) in a vibrationally excited, bent geometry. The following

avoided crossing and over a broader range of distances betwee@nalysis obviously also includes, in particular, the possible
partners. An additional test of this mechanism would come from geometries of hydroxonium, 0.

the dependence of the energy-transfer cufddS(9,X)Jand A system of four atoms, as in the §8]" complex, does not
[AE:(9,A)Con the collision energy. For the process # H,0O belong in general to a specific point-group symmetry. Therefore,
— H + H,O"(X) we do not expect an appreciable energy one has to consider a subset of configurations that are likely to
dependence diAE.(?,X)] On the other hand, for the process display a certain level of symmetry. We begin with the highest
H* + H,0 — H + H,O*(A), which is constrained by inequality ~ symmetry of the [HO]* complex, i.e., the one corresponding
4, an increase of energy (a velocity increase) will cause a fasterto a planar arrangement of the four partners in which the
reaching of its asymptotic FranekCondon limit for the quantity hydrogen atoms form an equilateral triangle and the oxygen
[AEw(9,A)0and, generally, to higher values of this quantity atom is at the center of this triangle. The point group of this
for higher collision energies. All the above qualitative estimates configuration isDg,, and it encompasses several symmetry
indeed appear to be consistent with the experimental dataelements. Two of them, which are of interest to us, are the
presented in Figure 10 of ref 1. symmetry planesy, and o, shown in Figure 3a.
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with the asymptotic estimates of the exchange and resonance
integrals appearing in 6 This will afford us (i) the pos-
sibility of qualitatively predicting the shapes of the PECs as
well as (ii) a physical understanding of the basic interactions
between protons and water molecules or of hydrogen atoms and
the oxoniumyl ion. Moreover, (iii) we will show that this
analysis, together with the above symmetry considerations, will
lead to the finding of a general condition for reaction 1 to
happen.

As anticipated in the Introduction, we present in Figures 5
and 6 the triplet states MRD-CI calculations for the Y and Rh
configurations of the intermediate complex corresponding to
the singlets of Figures 1 and 2. The predictions of the shapes
of singlet and triplet curves using the generalized HL ap-
proximation method will be compared with the shapes of the
curves actually computed, thus allowing a check of the HL
predictive quality for this system.

A peculiarity of the [HO—H]* complex is that, as shown
by our earlier calculationd! the three lower-lying asymptotic
states H(1s} H,O*(X2B;), Ht + H,O(X!A;), and H(1s)+
H,O*(A2A,) are close to each other and noticeably separated

When atomic species are displaced from the most symmetricalgo , the other higher states. This suggests that at large distances

configuration, theDs, symmetry will be lowered. By pulling
the oxygen out of the plane of the hydrogen nuclei and in a
direction perpendicular to it, we arrive at the configuration of
a trigonal pyramid (Figure 3b) with the point gro@a,. If one

of the protons is pulled away from the present equilibrium
position while it is kept in they, plane passing through it, the
symmetry of the pyramid changes frdia, to C,, as shown in
Figure 3c.

between fragments the main relevant PESs can be qualitatively
analyzed in terms of configuration interaction mixings between
only those configurations of the F@]" system that are
generated by the basis of the dominant configurations describing
the fragments in each of the above asymptotic channels. One
should also remember, however, that such a simplified picture
is not likely to be valid when the partners undergo the stronger
chemical interactions that exist in the inner region of nuclear

On the other hand, when the molecule undergoes the umbrella. gy rations and that have been analyzed, therefore, by our

motion, the oxygen atom goes through the plane defined by
the hydrogen nuclei, thereby creating an intermediate config-
uration of the four atoms iz, symmetry as in Figure 3a.

If one of the protons is pulled away from its equilibrium
position in this last configuration while it is kept in tiog plane
and in theo, plane to which it belongs, the form of the triangle
defined by the hydrogen nuclei changes from equilateral to
isosceles with the symmetry now changedXp (Figure 3d).

We did designate as “Y” this last planar configuration of the
[H30]* complex. We should also consider the further possibility
of displacing one of the protons into an arbitrary position of
the initial plane of [HO]". In this case the symmetry of the
final configuration is in generalC,, the symmetry of the
system being that of reflection in the plane containing the four
atoms, where the three hydrogen nuclei would form in general
a scalene triangle, as shown in Figure 3c.

An interesting limiting planar configuration is that in which
the proton lies on the axis bisecting the HOH angle on the side
of the other two hydrogen atoms, as seen in Figure 3f. We
referred above to this configuration as the “rhombic” one,
symbolizing it with “Rh”.

Finally, no symmetry element is present in a geneZal
configuration of the complex in which one would end up when
displacing the proton from the configurati@j out in direc-
tions perpendicular to the plane. In Figure 4 the above

MRD-CI calculations.

To facilitate the discussion, we now introduce a body-fixed
frame attached to $O in its Cy, configuration, as in Figure 7.
We take the molecular plane as tkeplane and point the
axis originating at the O nucleus opposite to the two H atoms.
In this reference frame the polar coordinates of an incoming
proton (or of an hydrogen atom) are o, ¢. Since in the
following we shall further refer to the molecular orbitals of water
and to their symmetrie’,we remind the readers at this point
of their qualitative and bonding features by showing them in
Figure 8. In Table 1 (bottom) the electronic configurations of
the relevant water partners are also given.

To begin with, we consider th€,, symmetry and the two
geometries Y and Rh that we already considered in our
calculations for the approaching hydrogen speciesdhd H).

We shall discuss first the possible behavior of the diagonal
matrix elementd/i11, V2, andVs; for the electronic configura-
tions that correspond to the separated fragments (the diabatic
interaction) in the order of their increasing asymptotic energies.

A. The asymptotic interactionVi; between HO™-
(2a? 1b? 3&? 1;y,X?B;) and H(1s), in the Y and Rh geometries,
contains the electronic charge-induced dipole interactions,

03

Vol = om

el

D_

symmetries and the described displacements are schematically
summarized. The wiggly and straight arrows are used to indicate
the displacements of oxygen and hydrogen species, respecwhich is attractive both for the Y and for the Rh geometries.
tively. Owing to the low polarizability of the H atom, this interaction
3.1. Shapes of the Lower-Lying PES for [HO—H]™: becomes weak at intermediate to large distances. Furthermore,
Qualitative Analysis. In this section we shall examine the at closer quarters, the additional exchange interaction is given
three lowest PES profiles for p@—H]" in terms of the by a sum of the two-electron exchange integrals involving the
generalized HeitlerLondon (HL) approximation coupled 1s AO of H and one of the filled MOs of #0™. In analogy to
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the case of two interacting atoms, we can surmise that thetherefore expect a crossing betwel#y and 1B; PES in the
molecular exchange integral is also positive for the orbitals of Y configuration (strong chargedipole attraction in the'A;
the same symmetry and negative for orbitals of different state) and a crossing between the two sing#atPESs in the
symmetry. The integrals involving orbitals of different sym- Rh configuration (strong chargelipole repulsion in théA;
metries are also smaller by a facyR.® state).

In qualitative terms, we can therefore see that each of the However, this picture will be considerably modified when
exchange integrals is proportional to an exponential factor exp- one further takes into account the charge-transfer interaction
(—yRla,), wherey depends on the ionization potential of a V23 between two diabatic states #; symmetry as graphically
particular MO of HO and of the 1s AO of H.For our present  represented by the springy double arrows in Figures 9a and 10a.
qualitative discussion it will suffice to take the ionization This interaction could qualitatively be expressed via the one-
potential of all the orbitals to be the same and equal to 0.5 au, €lectron resonance integral between the 1s AO of the H atom
which makesy = 2. Note that the exp{2R/a,) dependence of  and the 3aMO of the HO molecule, which is proportiorfalo
the exchange integrals is the same as that which gives theexp(~R/ay). Once again, we refer to a simple textbook example,
singlet-triplet splitting in the textbook example of the hydrogen in this case to the 1 ion (see ref 15, problem to section 81).
molecule (see ref 15, the footnote to the problem discussed inNote that the exponent for the resonance interaction is one-half

section 81). that for the exchange interaction. This means that the resonance

We therefore find the following contributions to occur for ~inteéraction is more likely to show itself at much larger
the exchange interaction betweesOH(2a2 1b,2 3a2 1b;,X2B1) intermolecular distances, where the exchange interaction can
and H(1s): be largely neglected.

Thus, at large internuclear distances the adiabatic PES can
be found through the eigenvalu®¥, W,, W5 of the model
Hamiltonian matrix given in eq 5.

(i) repulsion between the doubly filled 280 and 1s AO;
(i) weak attraction between doubly filled 1MO and 1s AO;
(iii) repulsion between the doubly filled 3O and 1s AO;
(iv) weak repulsion between the singly filled 1MO and 1s Vi, 0 0
AO for the singlet state and weak attraction in the triplet state H=lo V., V )
interaction. Hence, we expect that out of the two states arising V22 V23
from the (2a? 1b,? 3a2 1by,1s) configuration, the diabatic triplet 0 23 733
state3B; will lie below the diabatic singlet statB; but also
that the singlettriplet splitting will be hardly noticeable on
the background of the overall repulsion occurring at the shorter
interparticle distances, as shown here in Figures 9a and 10
where the qualitative patterns of the diabatic potential energy
curvesV(R) are schematically depicted. For thedHH,O*(X)
system there is no qualitative reason, therefore, to find the

interaction in the Rh geometry to be markedly different from counterpart and also increase the repulsive character of the

that in the 'Y geometry. ) ) ) adiabatic 2A; stateWs. This feature will have two conse-
B.If we now turn our attention to the interactidh, between  gyences. First, the increased separation will favor an earlier
H20(2a? 1b” 33> 1 X? *Aq) and H", we see that it corre-  ¢yossing of 1A, and 1B; potential curves because of the
sponds to a strong chargéipole interactionVe O 1/R?, which concerted action of the chargdipole and the exchange
is attractive for the Y geometry and repulsive for the Rh one. conyributions. Second, the repulsion in the adiabatic stsie 2
There is no exchange interaction between fragments, since thyjj| pe stronger than in the adiabafia; state; i.e., the passage
1s orbital of the H atom is vacant; the state arising from this fom the diabatic to the adiabatic picture reverses the ordering
configuration can be classified as beingfa diabatic state (see ¢ the singlet and triplet states arising from theCH-
Figures 9a and 10a). (2a? 1b,? 3312 A2A;) and H(1ls) asymptotic states. On the
C. In the asymptotic interactionVss between HO*- other hand, for the Rh geometry, the “push-out” effect will
(2a? 1by” 3&2 1by2, X2 A1) and H(1s), we find once more the  change the crossing of the tw\; PESs into an avoided
charge-induced dipole interaction to be very weak, and there- crossing between A; and 2A; adiabatic PESs. A rough
fore, it can be ignored. As for the exchange interaction at estimate of the avoided crossing spacing may be obtained the
shorter distances, we can list the following contributions: (i) following way. According to the asymptotic meth®dhe
repulsion between the doubly filled 2MO and 1s AO; (ii) resonance interaction is largely determined by the electronic
weak attraction between doubly filled MO and 1s AO; (iii) wave function of the two partners in a region at the midpoint
attraction between the singly filled 30 and 1s AO for  petween them. Now, to a first approximation, the asymptotic
the singlet state; (iv) repulsion for the triplet state. We there- pehavior of the 3aMO may look like a linear superposition of
fore expect that out of the two states arising from the two 1s AO of H atoms (see Figure 8). Therefore, it is tempting
(2a? 1b,? 3& 1by?,1s) configuration the diabatic triplet state  to identify the avoided crossing spacing with the value caused
A1 will lie above the diabatic singlet stafé\; and that the by the resonance splitting between the two lowest statesin H
singlet-triplet splitting will be noticeable on the background The analytical expression for the latter isgdR exp(—R) (see
of the overall repulsion at rather short interparticle distances. ref 15, problem to section 81), which yields 0.009 alRat 7
This repulsion is expected to be weaker than for'Bestate. a0, the most likely value of the expected crossing distance along
Once again, the interaction should be qualitatively the same for the two adiabatic profiles. The behavior of the lower adiabatic
both the Y and Rh geometries. Figures 9a and 10a report apES !A; to the left of the avoided crossing region will be
pictorial view of the predicted patterns. governed by the attractive charge-transfer interaction and, at
The main feature of the patterns of diabatic potential sur- smaller distances, by the repulsive exchange interaction. The
faces that emerges from the above considerations chiefly comesesonance integral can then bring about the crossing oflthe 1
from the long-range behavior of thkA; PES; we should PES with the 1B; PES, while the behavior of the upper

The main effect of the resonance integral is to further separate
the adiabatic PES),, andW; that arise from the two diabatic
PES, V2, and V33 This is pictorially shown by Figures 9 and

0 when comparing there the lower and upper panels a and b.
For the Y geometry we would expect that this “push-out” effect
will increase the attractive character, which is pictorially shown
by the adiabatic ¥A; state W,, compared to its diabatic
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adiabatic PES™A; will be governed by the repulsive charge
dipole and resonance interactions.

The symmetry properties of the MOs, which are crucial for 1
the above discussion, are related to the reflection through the =789 7
system plane and not to any other symmetry operation of the ]
C,, point group. Therefore, all the above considerations about  -76.0 -
the qualitative patterns of the adiabatic PES remain valid for ]
any arbitrary planar configuration. We thus expect that in the  -76.1
plane of the HO molecule there should exist a curve that can
connect the two crossing points in the Y and Rh configuration — _,g5
and that represents the crossing seam between the lowest two
singlet adiabatic PES of the planar fBH]* system, one 6.3
belonging to thé A’ and the other to thbA” symmetry species T 18,
of the Cs point group. i

For a nonplanar geometry there will be a nonzero one-electron
resonance integrali, between the 1s AO of H and the MO
of H,0, and the energy matrix becomes in turn the one ofeq 6 768

-76.8 4
] (H.0+H)" Cp planar Y form

- 9-=——e - - -0
-0

27713,

2°8,

11

"6 - oo _ o- - — o H0'(*Bo)+H
1°B;

1°A
. H.0"(*A)+H

EEE S B B B B At

— H,0"(X*B,)+H
-76.4

T O A B |

Vii Vi, O T e Tab 4b b 6b b 8o 5h
H=|Vip Vo, Vps (6) (H.0-H")/a0
0 V3 Vg

Figure 5. Same as in Figure 1 but for the triplet state symmetries of
the equivalent PEC in the “Y” arrangement shown in that figure.

where all the matrix elements depend on the orientation of the
vectorf of the incoming H with respect to a molecular frame  9b and 10b. We can therefore safely ascribe the most important
referenced to the rigid framework of,8. We then expect, features of the ab initio potential energy curves (PECs) to the

according to the symmetry of the 4O of H,0O, thatVi, following types of interactions.

would be proportional to cog wherey is the angle betweein (i) In Figure 1 the crossing betweéA; and B, curves is

and the normal to the #0 plane, which yieldsVi, O sin® due to the combined action of attractive electrostatic (mainly
sing. The in-plane orientation of meansp = 0 or ¢ = 1, charge-dipole) and resonance interactions. The initial repulsion
which yieldsVi, = 0. This condition defines the crossing seam in the 2A; state is due to repulsive resonance interaction. At
for the planar configuration. smaller distances, however, the exchange interaction contributes

For a slightly nonplanar geometry, the crossing line between to the repulsion in all three states. The crossings at smaller
the two lowest potential surfaces becomes the avoided crossingdistances correlate to the degeneracies of the electronic states
or an avoided crossing seam. If we define the eigenvalues of of planar hydroxonium i3, symmetry (see Figure 5 from ref
the Hamiltonian (eq 6) to be the adiabatic PESs (in the order of 2). Our system of Y geometry ar@eh, symmetry would go into
increasing energylJi, Uz, Us, then the adiabatic PES; in that of D3, symmetry where the HOH angle of the water moiety
the planar geometry consists\df to the left from the crossing  opened to 120 We would then reach the crossings of Figure
point and ofW; to the right of it. In the new nomenclature, 5 inref 2 atR = roy = 1.86 a,.
however, we should speak no more of crossings but rather about (ii) In Figure 2 the pseudocrossing betweéiiand 2A;

touching or confluent points: the two lower PES of thgOH curves can be attributed to the resonance interaction. The small

planar configurationlJ; andUz, touch each other along a line  splitting between these curves (about 0.02 alRat 7 a)

drawn by thef vector in this plane (the seam). qualitatively agrees with our estimate of 0.009 au (vide supra)
It is now clear that the formation of a complex JB—H]* and provides some assurance on the likely correctness of our

in its ground electronic state becomes possible only as a resultqualitative analysis. At smaller distances tR&jlcurve crosses
of a transition from the first excited potential energy surface. the 1B; curve because of the attractive resonance interaction
The probability of this nonadiabatic transition is appreaciable for the former state. As in Figure 1, the outer repulsion in the
only if the system goes into the potential well through a region 2A; state is due to repulsive resonance interaction, while at
centered at the touching curve and the width of this region smaller distances the exchange interaction dominates the repul-
depends on the velocity of the relative motion of the fragments. sion in all three states. We also see various multiple crossings
It becomes zero in the adiabatic approximati@ne can of excited PESs in the range-2 au of distance. It would be
therefore say that the #0 molecule when interacting with™H nice to possibly assign these crossings to the broken higher
is encircled by a toroidal region of £ symmetry, which liesin  symmetryD4, as in the case of the Y geometry. In fact, a glance
the plane of the molecule, and the crossing of this region by at the Rh geometry in this region suggests that the symmetry
the incoming proton or by the outgoing H atom is a necessary of a distorted square is obtained whame treats the O atom as
condition for the appearance of an asymptotic channel that if it were an H atom(see Figure 11). Such a simplification may
results in the ground electronic state of®" and an H atom.  be possible for electronic states under discussion because the
The nonadiabatic nature of the charge transfer shows itself in ionization potential of the valence shell of the O atom is very
the fact that the width of this toroid goes to zero with decreasing close to the ionization potential of the H atom. In other words,
velocity of the impinging proton. a single electron located in the outer region of the wave function
3.2. Computed vs Predicted PECdnspection of Figures 1 may not see much difference between &nd H" as attractive
and 2 reveals an interesting qualitative similarity between the centers. The important difference between Y and Rh geometry
lowest three MRD-CI adiabatic curves and the general patterns,is, however, that in the former case one can, by adjusting angles
which, predicted on the basis of the previous simple HL and lengths, bring the isosceles triangle formed by the three H
theoretical considerations, are schematically depicted in Figuresnuclei to theDs, shape as in Figure 11a, while in the latter
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Figure 6. Same as in Figure 2 but for the triplet state symmetries W(R)
in the planar rhombic arrangement and for the lower-lying electronic
states.
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Figure 9. Diabatic (a) and adiabatic (b) qualitative patterns for the
H 6h three lowest PES profiles and for the Y configuration of the partners,

_ _ ) R ) ) ) ) as predicted by the generalized Heitléiondon approximation. The
Figure 7._ 3D orientation of thef vector associated with the incoming  V,; charge-transfer interaction between the diabatic state$Aef
proton with respect to the body-fixed reference frame of th® H  symmetry is symbolized with a springy double arrow connecting

partner. em.
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Figure 8. Qualitative shape of the spatial distributions for the four
highest occupied MO’s of the water molecule (see Table 1). W(R) s

case it is not possible to bring the system to the exXagt
symmetry (see Figure 11b).

(iii) A comparison of Figure 5 with Figure 1 shows that the NG HO+H'
triplet 3B; curve lies slightly below the singléB; curve. This P H O H
agrees with the prediction of our previous diabatic modeling :
(Figure 9), which, for these symmetries, is not altered by the ”
resonance interaction. The tripf#; curve lies noticeably below
the singlet 2A; curve. This disagrees with the prediction of
the diabatic approach, since, when going from a diabatic to an
adiabatic description, thé&; curve is strongly pushed upward  Figure 10. Same as in Figure 9 but for the planar rhombic arrangement.
by the resonance interaction, and therefore, g 2diabatic
curve should lie above the’A; adiabatic curve. Finally, from  curves in this figure is qualitatively similar to that of Figure 5,
the results reported in Figure 6 we see that the pattern of theas previously predicted.
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the electronic wave function in the nuclear coordinates along
this path. At the same time, this passage can also be called
diabatic, since it brings the final system from the upper potential
surface to the lower one. This controversial nomenclature is
simply related to the fact that it was devised without taking
into account all the complicated features of the celebrated Teller
conical crossing® Nowadays, the properties of a multidimen-
sional conical intersection are well documented in standard texts

(e.g., refs 14, 17, 18), and one usually calls the lower and upper

surfaces the adiabatic ones. If the velocities of the nuclei are
H low enough, the nonadiabatic transitions between adiabatic PESs

occur in regions located close to the conical intersection. Within

(b) this wording, the formation of a protonated molecule in its
ground electronic state under conditions where the ionization
H potential of the moleculdy, is less than that of the hydrogen

atom, |y, constitutes an electronically nonadiabatic event. This
is true in particular in the case of the protonation of water (eq
7) for whichly = 12.62 eV andy = 13.95 eV.

What the above discussion means is that it is not possible
for the H" + H,O asymptotic system to reach a bound state
configuration of HO™ in its ground electronic state by nuclear
motion on a single adiabatic potential energy surface without
passing through a crossing or an avoided crossing of PESs. This

Figure 11. Schematic presentation of the specific geometries corre- gener_al propgrty will now be 'HUStrated in a heuristic way

sponding to the crossing regions in the planar arrangements for thefollowing possible protonation paths with the proton approaching
proton approach to the @ partner: (top) “Y” arrangement; (bottom) ~ water from different directions, looking at the accompanying
rhombic arrangement. charge transfer and electron density changes.

The two lowest PECs of Figure 1 let us follow a possible
protonation pathway of O in the special case when the proton
approaches the water molecule in the plane of the molecule

It was with the aim of achieving a better understanding of following the Y geometry. The strong ietdipole interaction
processes 1 and 2 that the above special MRD-CI PECs werebetween H and HO will tend to reduce the HOH bond angle
computed. We shall now examine them from a different and to lower the PEC, which correlates td H H,O toward
viewpoint, looking at the adjoining problems of water proto- the PES, which asymptotically correlates totHH,O"(X), as
nation already discussed above and as one sees in Figure 1. At a

distanceR, of about 2.5 A the two PECs, belonging to different
HY + H,O0— H:,EOJr @) symmetries, cross. In the neighborhood of the crossing electron
transfer may occur, thereby leading to vibrationally excited
and of the homolytic and heterolytic bond dissociations of the oxonimyl H,O*(»; X) in its ground electronic state. Following
hydroxonium ion formed in reaction 7: the PES, with H now getting still closer to,8", a covalent
bond may form between*ind HO*", leading to oxonium in

4. Protonation of H,O and the
Deprotonation—Dehydrogenation of HO*

H,O0" —H' + H,0"" (8) its first excited electronic state,s93*(2!A1), in a planarDap
configuration as given by a representative point at the bottom
H,0" —H" + H,0: (9) of the 2A; curve shown in Figure 5 of ref 7. If the charge is

not transferred, the H+ H,O(X) system will follow the lowest

When the proton H approaches a neutral molecule and PES _and thg proton, approaching water, will Withdrgw electron
dissipation channels are available to dispose of the excessdensity particularly from the 3aMO of H,O (see Figure 8)
relative energy, two general electronic pathways for the forma- With an opening effect in the HOH bond angle of® (see
tion of an adduct ion are possible. If the electronic energy level Walsh diagrams in ref 19) and a gradual transformation of an
of the H* + M system at infinite separation between the OXygen lone pair |ntoabond|ng péﬂ]’_he system will therefore
fragments lies below the energy level of thetHM* system, ~ Pass through the representative poinDgh symmetry on the
the electronic state of the H+ M system adiabatically ~ €l of curve XA, (Figure 3 of ref 7) and will then relax to
correlates with the ground electronic state of the ion (MH) HsO(X) in the minimum energ)Cs, configuration if left to
On the other hand, if the electronic energy level of the separated€Vvolve spontaneously on the PES; i.e., it will end up in one of
H™ + M system lies above the energy level of thetHM ™ the two wells of that curve.
system, the electronic state of the H- M system adiabatically Recalling the discussion in section 3 on a toroidal region
correlates, in general, with an excited electronic state of the through which an outgoing proton is to pass in order for the H
ion (MH)**. Of course, in the latter case there are likely to + H,O" system to appear, we see that the above observations
exist special reaction paths along which it is possible to pass are by no means restricted to a planacCy, symmetry of the
smoothly from the electronic state that correlates with-HM [H3O]* complex. As a matter of fact, a direct protonation of
to the ground electronic state of (MH)This passage, which ~ water—by which we mean a protonation process leading to
continuously leads from the excited electronic state of the H3O™ in its ground electronic state with the system moving on
fragments to the ground electronic state of a combined system,the PES correlated to++ H,O—is only possible if the [HO—
can be called adiabatic in the sense of smooth dependence ofd]™ complex assumes an arbitrary intermediate planar or near-
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planar configuration while the proton passes through the aboveAs a matter of fact, although one clearly keeps in mind the
tubular neighborhood of the full, multidimensional interaction. inherent complexity of the six-dimensional PESs involved in

Let us now consider the protonation path symmetrical to the the processes examined, we believe that the present study,
one examined above in which the proton approaches water insupported by specific “cuts” of accurately computed surfaces
Rh geometry. The electrostatic iedipole interaction is now  of lower dimensionality, is able to point out clearly two partially
repulsive and will tend to increase the HOH bond angle. The different physical mechanisms that are likely to play separate
PEC asymptotically correlating to+H+ H,O(X) of the £A; roles for the two charge-transfer channels considered in the
electronic symmetry will move to higher energy, showing an molecular beam experiments of ref 1. The agreement shown in
avoided crossing with the PES of the same symmetry correlatingsection 2 between theoretical predictions and experimental
to H + H,O*(A). results lends support to our interpretation.

This is shown in Figure 2 where, however, the geometries The existence of a crossing between the two lowest PECs
of H,0 and HO™ are frozen, as discussed in section 2. Ror  for any arbitrary planar approach ofto H,O could have been
distances in the neighborhood of the avoided crossing, the surmised just by considering that every such configuration would
charge-transfer reaction 2 may therefore occur. The electron will be somehow between the Y and Rh configurations. This intuitive
transfer from the 3aMO, the tendency of this orbital to close ~ guess receives much better justification on the basis of the
the HOH bond angle will consequently be weakened, and the symmetry-based theoretical considerations discussed above.

HOH angle will then open to the value of about 28@hich Actually, although detailed quantitative calculations will be
exists in HO"*(A) (see refs 10 and 12). We may now imagine nhecessary to find out the shape of the toroidal region encircling
that if the H atom will more closely approach87(A) in the water in its molecular plane, we feel that its existence is likely

same direction, a covalent bond will be formed. The electron to remain valid because of the above discussion on the water

density in 3a will thus increase because of the contribution of ~protonation. The latter, of course, is by no means a substitute

the added electron from the approaching H atom, and the HOH for a full dynamical study of the process, although it provides

angle will get smaller than 18(assing through, say, the 120  an interesting enough illustration of the nonadiabaticity of the

of oxonium inDa, geometry in an excited electronic state. Even protonation process and of its charge-transfer aspects.

here, more general directions of approach oftd H,O could In conclusion, our present analysis is useful in describing the

be considered. Since the*Ht+ H,O(X) system is almost  following overall chemical process:

degenerate with the H- H,O(A), an Rh configuration is N N N

probably not needed to allow an electron transfer with formation H" +H,0—x—[H;0]" < H+H,0 (10)

of H + H,O%(A). One should, moreover, consider that since i o

H,O"(A) is linear and forms a well-known classical example where the double-pointed arrows indicate that the process could

of a RennerTeller doublet with vibrationally excited linear happen in both directions either on a single P&EjB¢r on more

H,0* (v, X), as may be seen from Figure 3a and 7a of a previous than one PES through some curve-crossing mechamspﬂ). o

study of our&® as well as from Figure 1 of ref 12, we can find Some recent results, closely related to ours, on the dissociation

again BO* (v, X) as an intermediate in a protonation process. and the protonation of N¥l the isoelectronic sister molecule

Finally, if H* approaches O in the direction of an oxygen  ©f H3O™, were given by McCarthy et &#%who found an X-A

lone pair, i.e., in theC; symmetry of Figure 3c that was conical intersection similar to the one here described, between

employed by us to calculate the PEC of Figure 11 in ref 2 the singlets Xand Astates of NH correlated in planar structures

oxonium will be formed in its first excited electronic state, With the A and X states of NH, respectively. Clear three-

HsO*(21A;), and not, as one might naively suppose, in its dimensional figures of the double-funnel shape of the conical

ground electronic state intersection may be found in refs 18, 23, and 24. Two reviews
' ic i 6 27

The above analysis naturally leads us also to ask the questior €Nty appeared on this important topic® Kaldor et af:

of what would happen when “pulling” a proton away from recently studied the protonation of ammonia leading to the

HsO™. If this were done following &s configuration, like in formation of N"ﬁ Pelsatakis et & extended this work by

Figure 3c, one could cause a homolytic bond dissociatitat further analyzing the charge-transfer aspect of thie#iNH;

releases an electron to the proton as in eq 8. We would thuseaction. We found it interesting that Kaldor et al. did not find

have a dehydrogenation of oxonium. To cause a deprotonation,@ €r9SsIng between PECs correlated t0 H NHs and H+

i.e., a heterolytic bond dissociation as in eq 9, the system hasNHa" when the proton approaches ammonia along the direction

to follow a path through the conical intersection or close to it, Jutting out of the N atom along th€; axis of the molecule. In

depending on the strength of the nonadiabatic coupling. our case we also did not f.ind any nonadiabatic crossing when
the proton approached,B in the Cs geometry? In fact, since
5. Discussion and Conclusions oxygen is the united atom of the NH group in the limit of zero

nuclear separation of the two atoAig;ontracting an NH group

The basis set used in the present work, albeit of medium sizeof NH3 to an oxygen atom, we would have a geometry of
in view of the present state-of-the-art quantum chemical approach of the proton to the NHilose to the one mentioned
computations, was kept for consistency to be the same as thain ref 2 for the HO target!
used in our previous computatioa$? ** Owing to the small Further studies on different systems bearing some similarities
energy difference between the asymptotic statesHH,O(X) to the one examined here are currently being carried out in our
and H+ H,O*(A), very accurate electronic wave functions are group. We are presently analyzing the protonation of 0%bne
needed for an exact localization of the avoided crossings and that of LiH3? where both conical intersection and avoided
between the two higher PES. Our rough evaluation of the likely crossing features are shown, by ab initio calculations, to be
localization of the avoided crossing and of its spacing only refers present at specific geometries.
to a particular couple of PECs at a bernt34(A) configuration.
Nonetheless, our qualitative analysis of the patterindd(, Acknowledgment. E.E.N. acknowledges the support of the
A)Odoes not depend on the exact localization of the avoided Elson/Shapiro families research fund. F.D.G. acknowledges a
crossing but only on the existence of such a feature of the PECs.grant from the Deutsche Forschungsgemeinschaft and the



7126 J. Phys. Chem. A, Vol. 103, No. 35, 1999

Consiglio Nazionale delle Ricerche for a stay in the fall of 1994
at the Department of Chemistry of Potsdam University with
the kind hospitality of Professor L. Ziake. E.E.N. and F.S.

thank the University of Rome for an invitation to the Department

Di Giacomo et al.

(10) Schneider, F.; Di Giacomo, F.; Gianturco, F. A.Chem. Phys.
1996 105 7560.

(11) Gianturco, F. A.; Schneider, F.; Di Giacomo,&azz. Chim. Ital.
1995 125 361.

(12) Brommer, M.; Weis, B.; Follmeg, B.; Rosmus, P.; Carter, S.; Handy,

of Chemical Engineering and Materials in the summer and fall N. C.; Werner, H. J.; Knowles, P. J. Chem. Phys1993 98, 5222.

of 1997. E.E.N. and F.D.G. also thank Prof. R. N. Compton,
Prof. W. Jakubetz, Prof. W. Kutzelnigg, Prof. H. Lischka, Dr.

(13) Magee, J. LJ. Chem. Physl194Q 8, 687.
(14) Herzberg, G.Molecular Spectra and Molecular Structure. Ill.
Electronic Spectra and Electronic Structure of Polyatomic Moleciles

B. Nestmann, and Prof. V. Staemmler for useful discussions Nostrand Reinhold Company: New York, 1966.

and advice during the completion of the present work. F.A.G.
acknowledges the support from the Max-Planck Gesellschaft

as a 1995 research-prize awardee.

References and Notes

(1) Friedrich, B.; Niedner, G.; Noll, M.; Toennies, J.P Chem. Phys.
1987, 87, 5256.

(2) Gianturco, F. A.; Raganelli, F.; Di Giacomo, F.; SchneiderJ.F.
Phys. Chem1995 99, 64. -

(3) Hedstion, M.; Morales, J. A.; Deumens, E.h@n, Y.Chem. Phys.
Lett. 1997 279 241.

(4) Nikitin, E. E.; Ottinger, Ch.; Shalashilin, D. \Z. Phys. D1996
36, 257.

(5) Nikitin, E. E.; Smirnov, B. M.Slow Atomic CollisionsEnergoat-
omizdat: Moscow, 1990 (in Russian).

(6) Nikitin, E. E.; Umanskij, S. YaTheory of Slow Atomic Collisions
Springer: Berlin, 1984,

(7) Di Giacomo, F.; Gianturco, F. A.; Raganelli, F.; SchneiderJ.F.
Chem. Phys1994 101, 3952.

(8) Griffiths, W. J.; Harris, F. MInt. J. Mass. Spectrom lon Processes
1988 85, 339.

(9) Schneider, F.; Di Giacomo, F.; Gianturco, F. A.Chem. Phys.
1996 104 5153.

(15) Landau, L. D.; Lifshitz, E.Quantum Mechanics, Course of
Theoretical Physi¢sButterworth-Heinemann: Oxford, 1997; Vol. 3.

(16) Teller, E.J. Phys. Chem1937 41, 109.

(17) Nikitin, E. E. Theory of Elementary Atomic and Molecular
Processes in Gasg€larendon Press: Oxford, 1974.

(18) Schinke, RPhotodissociation Dynamic€ambridge University
Press: Cambridge, 1993.

(19) Casida, M. E.; Chen, M. M. L.; MacGregor, R. D.; Schaefer, H. F.
Isr. J. Chem.198Q 19, 127.

(20) Koga, T.; Nakatsuji, H.; Yonezawa, Wol. Phys.198Q 39, 239.

(21) Wolf, J. W.; Staley, R. H.; Koppel, |.; Tangepera, M.; Mclvery, R.
T.; Beauchamp, J. L.; Taft, R. W. Am. Chem. Sod.977, 99, 5417.

(22) MccCarthy, M. |.; Rosmus, P.; Werner, H. J.; Botschwina, P.; Vaida,
V. J. Chem. Phys1987, 86, 6693.

(23) Dixon, R. N.Mol. Phys.1989 68, 263.

(24) Butler, L. J.; Neumark, D. MJ. Phys. Chem1996 100, 12801.

(25) Yarkony, D. R.Rev. Mod. Phys 1996 68, 985.

(26) Yarkony, D. RAcc. Chem. Red998 31, 511.

(27) Kaldor, U.; Roszak, S.; Hariharan, P. C.; Kaufman, J. £hem.
Phys.1989 90, 6395.

(28) Petsalakis, I. D.; Theodorakopulos, G.; Nikolaides, CJ.AChem.
Phys.1994 100, 5870.

(29) Ceotto, M.; Gianturco, F. A.; Hirst, M. In preparation.

(30) Bodo, E.; Gianturco, F. A.; Raimondi, M.; Sironi, M. In prepara-
tion.



