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A variety of phenomena of apparently different nature can be compacted and described within
a unifying picture by taking into account the role of the charge transfer interaction. Relevant
information on this interaction is obtained by the analysis of bond stabilization in halides,
oxides, sulphides and ionic dimers of rare gases. Most of this information comes from recent
molecular beam experiments: when combined with the analysis of processes occurring at
crossings between covalent and ionic states in alkali halides it leads to the characterization
of the dependence of the charge transfer matrix element on basic physical properties of the
interacting partners. The magnitude of the coupling matrix element is correlated to polariz-
abilities and charges. Its exponential decreasing with intermolecular distance is given in terms
of ionization potentials and electron affinities, in the spirit of the study by Grice and
Herschbach (Molec. Phys., 1973, 27, 159) on the long-range configuration interaction of
ionic and covalent states. A proper representation is obtained both for the transition from
van der Waals to chemical bonds and for the behaviour of different families of compounds,

such as those of alkali halides and of rare-gas protonated systems.

1. Introduction

We report a study of the role that the coupling by
charge transfer plays in a variety of phenomena, and
offer an assessment of its strength and dependence on
the intermolecular distance. Some of the present results
have been obtained by extending a methodology applied
by Grice and Herschbach [1, 2] to the study of the
phenomenology of the configuration interaction
among neutral and ionic states. Qur analysis also
includes more recent experimental information.

The focus of our investigation is the characterization
of the main interaction components of intermolecular
potentials, in order to establish empirical relationships
among their features (such as ranges and strengths,
including dependences on intermolecular distance and
mutual orientations) and fundamental physical proper-
ties of the interacting partners. This effort is not to be
considered as alternative to, but as complementary to
the development of the ab-initio and semiempirical
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methods [3, 4] of quantum chemistry: it can be relevant
both to insert within a unified framework an apparently
sparse wide set of phenomena and to make reliable fore-
casts for the structure and dynamics of systems not im-
mediately available to experimental and theoretical
studies.

Our previous work along these lines has considered
neutral-neutral [5] ion—neutral [6] and ion—ion [7]
systems, interacting respectively with ‘pure van der
Waals’, ‘van der Waals plus induction’ and ‘van der
Waals plus induction and Coulombic’ forces. Correla-
tion formulas have been proposed in terms of polariz-
ability and charge of the individual partners, allowing a
proper evaluation of the role of the various contribu-
tions to the overall interaction.

Crucially important is often the contribution of
charge transfer, for which direct experimental informa-
tion is limited. This component of the interaction is
typically elusive to calculations. A full configuration
interaction approach, unavoidable for an accurate treat-
ment of this problem, involves typically many states and
is a bottleneck of quantum chemistry: the recent devel-
opments of semiempirical (e.g. density functional
theory) methods encounter here severe difficulties.
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A list of phenomena where charge transfer plays a
role includes: harpooning reactions between metal
atoms and molecules with high electron affinity [8, 9],
ion-recombination processes leading to excited neutral
products [10], ion—molecule reactions promoted by an
electron exchange between reagents [11], Coulombic
explosion induced by charge transfer within multiply
ionized systems [12], bond stabilization in symmetric
and asymmetric rare-gas ionic dimers [13-18] and in
rare-gas oxides and halides [19-27], selectivity in chemi-
cal reactions induced by long-range forces [28], spectro-
scopic properties of excimers [29, 30], and collisional
autoionization and excitation transfer occurring in colli-
sions of metastable rare-gas atoms with other atoms or
molecules [31].

The purpose of this work is to obtain information on
charge transfer coupling, that is explicitly on the matrix
element between two quantum states of the interacting
complex which differ by the exchange of an electron.
The present analysis, which focuses mainly on atom—
atom and ion—atom systems, also takes into account
some atom-molecule cases, with no explicit reference
to molecular anisotropy.

Section 2 presents an ample phenomenology associ-
ated with charge transfer and its description in terms of
two-state coupling. The role of charge transfer in the
transition from van der Waals to chemical bond and
at the crossing between ionic and covalent states is dis-
cussed in sections 3 and 4: a general correlation formula
for the strength of the charge transfer coupling is intro-
duced and tested. Relevance of this interaction compon-
ent for proton affinity is analysed in section 5.
Conclusions follow in section 6. The Appendix is
devoted to the relationships between some commonly
used spectroscopic constants and interaction potential
parameters.

2. Charge transfer as an effective two-state problem

2.1. Phenomenology and role in bond stabilization

The quantum mechanical study of charge transfer
effects requires the explicit treatment of configuration
interaction among states of the same symmetry which
differ for one-electron exchange. Within this manifold,
the attention has often been focused upon those two
states that are closest in energy and exhibit the strongest
coupling. These states and their mutual interaction are
conveniently described as a function of an effective
variable R, which is the intermolecular distance for pro-
cesses, such as those presently analysed, involving atom—
atom systems or dominated by long-range forces. For
molecular processes, R can be for example the hyper-
radius, that is the nearly separable variable of hyper-
spherical treatments of elementary chemical reactions.

In order to rationalize a wide set of phenomena, pro-
moted by charge transfer, we distinguish three cases.

(i) Non-resonant charge transfer (figure 1)
Examples are bond stabilization phenomena in
rare-gas oxides and halides and in asymmetric
rare-gas ionic dimers. Their importance increases
as the intermolecular distance R and/or the
energy separation AV(R) = |V,(R) — Vy(R)]
(V, and V are ‘diabatic’ potentials referring to
the two coupled states, see figure 1) decrease. A
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Figure 1. Examples of non-resonant charge transfer. 7/, and
V' are diabatic interactions and E, and E_ are adiabatic
energies. AV is the energy separation between the coupled
states. The coupling stabilizes E_ with respect to ¥, and
destabilizes E, with respect to Vy,. Filled, half-filled and
empty orbitals are indicated by dark, medium and no
shading. From top to bottom: the cases of rare-gas halides
(the asymmetric rare- gas ionic dimers behave similarly),
rare-gas oxides (with P oxygen atom), rare-gas oxides
(with 'D oxygen atom) and the XeH™ system.
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further example, the proton affinity in cases such
as that of the Xe atom, will be considered later
(section 5).

(ii) Charge transfer localized near degeneracy between
two surfaces (figure 2)
The phenomena promoted by this effect occur in
the neighbourhood of diabatic crossings and
their role depends on the strength of the coupling
between the two states. The mechanisms of
‘harpooning’ in alkali halides, of dissociation in
doubly ionized molecular systems and of proton
attachment for the rare-gases (except Xe) belong
to this class (see section 5).

(iii) Resonant charge transfer (figure 3)
The classic example is H; (section 4): in this case,
electron transfer is operative at all R, although
with a decreasing efficiency as R increases.
Similar phenomena are active in symmetric
rare-gas ionic dimers and in the collisional auto-

A

energy

Figure 2. Examples of charge transfer localized near degen-
eracy between two surfaces (as in figure 1). The three ex-
amples here correspond to alkali halides, rare-earth-metal
rare-gas dications and to the protonated rare gases (other
than Xe).

ionization of excited metastable atoms, which is
assumed to occur mainly through an electron
exchange mechanism [31].

Figures 1, 2 and 3 give a pictorial representation of
some phenomena pertaining to cases (7), (i) and (iii):
they suggest their strong dependence on the intermole-
cular distance R and on the relative orientation of the
valence orbitals involved in the exchange of the electron.

Within the framework of a quantum mechanical two-
state problem, the potential energy is written in the fol-
lowing matrix form:

(R) A(R)
J(R)  Vy(R)
where V,(R) and V( R) are the diabatic interactions and

B(R) is the coupling matrix element—the target of this
work. The eigenvalues E,(R) are the adiabatic energies,

energy
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Figure 3. Examples of resonant charge transfer (as in figure
1) illustrating the cases of Hj, of symmetric rare-gas
dimer ions and systems giving autoionization processes,
for which the circle and the ellipse represent the excited
electron.
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given by (omitting explicit reference to the R depen-

dence):
1/2
_Vat Ve [(AVY o
Lt (A1 5]
where AV = |V, —Vy|. The bond stabilization V,,

introduced in [27], is explicitly related to the adiabatic
splitting:

A 2 1/2
E+—E—2[(TV) +52] = AV 42V, (1)

1/2

or
B = ViV +AV). (2)
These relationships show that the contribution of the
coupling 3 to the bond stabilization V', is attenuated by
the energy separation AV between the coupled states.
Two limiting cases of equation (2) are of interest. The
case AV > V,, leading to:
3
— 3
= 3)
is appropriate to describe most phenomena sketched in
figure 1; the case AV ~ 0, that is

V=0,

applies to most of the phenomena depicted in figures 2
and 3. Some relevant information on V, has been pro-
vided by spectroscopic (see e.g. [32]) and scattering (see
e.g. [21-25, 28]) studies. However, quantitative compar-
isons of theoretical predictions and experimental infor-
mation on the coupling 3 are scarce and uncertain.

Vi~

2.2. Factors influencing the coupling (3

In the past, several attempts, essentially semiempirical
in character, have been made to represent strength and
R dependence of the coupling 3, in terms of funda-
mental physical properties of the interacting partners.
The purpose has been to find scaling laws sufficiently
valid to compact data coming from existing informa-
tion, and to allow extensions to systems not readily
accessible to experiments or theory. An outline of the
long history of these attempts is in order for a proper
assessment of the developments proposed in this work.

Magee [33] first introduced the basic idea that 3, at
long range, is proportional to the overlap integral S;; of
the transferred electron wavefunctions between i and j
orbitals. On these grounds, Grice [l], studying the

asymptotic behaviour of wavefunctions, developed a
simple treatment which clarifies the dependence of 3
on properties of the interacting partners.

Olson et al. [34], reviewing previous work [35, 36] on
some processes illustrated in figure 2, namely

A*+B” — A +B(B*) +AE, (a)

A™ 4B — ATD L BT L AE, (b)

gave arguments in favour of the representation of 3 as a
decreasing exponential function of the crossing radius
R.:

B(R.) = AR .exp(—yR.) (4)

They proposed also the use of the following equation, in
reduced variables, to correlate different systems (all
quantities are in atomic units):

B(R.) = A*R:exp(—y*RY), (5)
where
oo AR R
AL <2m

In (6) I, is the ionization potential of the donor and I, is
the electron affinity of the acceptor. For an ionic
acceptor A" (see (b) above), I, corresponds to the ioni-
zation potential of A™""Y._ The coefficient * was found
to be close to 1 [2, 34], and thus it was suggested that ~,
in (4), can be defined as

1/2+11/2
Y= 21/2 . (7)

To permit a proper description of (R) in the long and
intermediate range of R, a slightly modified version of
(4) has been used in a subsequent work [37]:

A(R) = AR"exp(—yR), (8)

where the m parameter depends on /; and I, and ~ is
defined as in (7). Equation (8) has been adopted also in
this work, as discussed in section 5.

Important progress towards a unifying picture of
many processes of type (a) was made by Grice and
Herschbach [2]. Their analysis, which included further
data and was of higher accuracy with respect to previous
attempts [34], led to the proposal of scaling laws and
correlations, valid, however, only within given families
(iodides, bromides, etc) (see also section 4). These
authors suggested also that a more appropriate normal-
ization procedure should take into account other prop-
erties of the acceptor partner, such as the atomic radius.

The analysis of the recently available phenomenology
allows us to characterize the dependence of 3 on other
fundamental physical properties besides the ionization
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potential of the donor (/;) and the electron affinity of
the acceptor (/,). In the following we shall show that the
properties of S; (and () at intermediate intermolecular
distances also depend on the combined effect of repul-
sive and attractive forces, which are operative between
the two partners in the absence of a pronounced defor-
mation of the respective electronic clouds.

We have provided ample evidence ([38], see also [39])
that size effects, which determine the range for the onset
of the repulsion, are correlated with polarizabilities of
the two partners. Also defined in terms of polarizabil-
ities and permanent charges are dispersion, induction
and electrostatic forces [5-7]

In the next section we propose a formula that estab-
lishes a correlation between the coupling 3 and the spe-
cific features (strengths and ranges) of the interaction
components of van der Waals, induction and electro-
static nature. These components—which do not include
‘chemical’ contributions, such as those due to electronic
angular momenta couplings and charge exchange—will
be given in terms of polarizabilities and permanent
charges of both partners.

To achieve this, we have considered information as
obtained from a systematic analysis of bond stabiliza-

20

20

energy V(R) , meV

tion by charge transfer in systems involving open-shell
atoms with high electron affinity (see figure 1). In the
rare-gas fluorides, chlorides and oxides, this information
has been obtained empirically from molecular beam
scattering experiments (see next section and [27]), car-
ried out using the molecular beam technique coupled
with velocity and state analysis [21-25, 28] A recent
paper [26] reports on experimental studies of rare-gas
sulphides. The proposed relationships are analysed and
tested against the salient features of other phenomena of
the type depicted in figures 1-3.

3. The transition from van der Waals to chemical
bonds

A proper framework to discuss the interactions in
open-shell atom—closed-shell atom (or spherical mol-
ecules) has been established [40-43] to be in terms of
isotropic component Vy(R) and an anisotropy V,(R),
which represents orbital alignment effects. Both these
components are related simply, through angular
momentum coupling analysis, to sums and differences
of the familiar Vy(R) and Vp(R) interactions (see
figure 4). Relevant relationships are:

20

20

20

20

distance R, A

Figure 4. (@) The main features of a typical van der Waals interaction for the case of Kr, and the isotropic interaction Vo(R) of
KrCl for comparison (the open-shell Cl atom and Kr show a similar polarizability). (b) The isotropic interaction potential of
KrCl of (a) is split into 2 and IT components by the Cl atom polarizability anisotropy only. Examples of open-shell interactions
from experimental studies are reported for (¢) XeO [21]and (d) KrCl[25] Half-filled (grey) and filled (black) valence orbitals of
Cl and O atoms are also sketched. (— — —) The spherical component and (——) the Vx(R) and Vp(R) interactions, which
correspond to the different symmetries of the molecular orbitals. The effect of the bond stabilization energy V is depicted by

the shaded areas in (¢) and (d).
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(VZ +2Vn)
3

5( VZ _ Vn)

V., =
0 3 )

V2:

or inversely

Vz:V0+%V2 VH:VO_%V}

This representation is suitable for the analysis of scat-
tering results. Its usefulness is appreciated also from the
fact that a thorough analysis of the data on the Vy(R)
interaction leads to definition of its nature in terms of
van der Waals forces. Indeed, the potential energy fea-
tures ¢, R, and o (see figure 4(a)), which represent re-
spectively the bond strength, the equilibrium distance
and the zero value of V(R) interaction, agree with the
predictions of correlation formulas [5] involving only the
polarizabilities of the interacting partners.

The V,(R) component of the interaction can be im-
mediately related with the bond stabilization energy
Vi(R):

x =2Vl = (Vo —Vy).

The sign (e.g. minus for oxides and plus for halides)
depends on the orientation of atomic valence orbitals
which lead to molecular states with a specific symmetry
(see figure 4). The main effect of V,(R) is therefore the
removal of the degeneracy in Vy(R). Experimentally
determined bond stabilizations V4(R) regularly increase
along homologous series, according to the decrease of
the ionization potential of the closed-shell partner
[21-28] Indeed they are found to be too large to be
attributed solely to anisotropy of the van der Waals
components. In particular, figure 4(b) shows that the
polarizability anisotropy of the open-shell atom (Cl in
this case) is generally too small to account for the
observed effects, which are especially large when heavier
partners are involved (such as Kr and Xe, 4(c¢) and (d)).

Therefore, for systems that contain an open-shell
atom with high electron affinity, charge transfer contri-
butions to the potential energy, due to a configuration
interaction among the lowest neutral and higher ionic
molecular states of the same symmetry (which differ for
an electron exchange), substantially contribute to V»( R),
and thus to the stabilization of the bond. For rare-gas
halides, these contributions are relevant essentially in
the > symmetry, because this involves a larger prob-
ability of electron exchange (see figure 4(d)). Explicitly,

Vi=Vy—Vs.
For oxides and sulphides (figure 4(c)) this applies to
the TT symmetry, and we have
Vi=2Vy—TVp)=Vs —V,.
As seen in section 2, the bond stabilization V, depends

also on the energy separation between the interacting
states. This dependence establishes the key connection

with the experimental observation [21-26, 28] of the
increase of V, along a homologous series, corresponding
with the decrease of the ionization potential of the
closed-shell partner.

For the following discussion, in order to compare
different systems, we consider R = o (see figure 4(a)
and [27]) as the proper reference distance, where attrac-
tive and repulsive components of V(R) balance:

VO( U) = Vattraction<o') + Vrepulsion( U) =0. (9)

Moreover, at o experimental data provide direct infor-
mation on V, and V. Specifically, for fluorides and
chlorides

VX<U) = _VZ<U)a
while for oxides and sulphides
V(o) = =2Vn(o) = Vs(o).

Experimental data on V, [21-25, 28] suggest a direct
proportionality on the attraction and an inverse depen-
dence on AV, the energy separation (section 2) between
the states that are coupled by charge transfer:

14 ionl T
V(o) cx—ZV‘(U; ). (10)
Figure 5 illustrates correlation (10) for the cases of
oxides [21, 22] and chlorides [25, 28] Since the attraction
scales linearly with e (the bond strength of the V' com-
ponent, see figure 4(a)) [7], this result is in accord with
the previously proposed empirical formula [27]

ke
Vx( U) A V( O') )
where k= 16 eV. The comparison of (11) with (3) sug-
gests a phenomenological proportionality between ﬂz( o)
and the bond strength e of the spherical component V
of the interaction.

Empirical relationships (10) and (11) establish a pro-
portionality between Sé (which defines 4%) and the sum
over the squares of the overlaps of all valence orbitals in
the unperturbated systems, S°. For cases involving
atoms with high electron affinities (such as halogens,
oxygen and sulphur) this is a consequence of the fact
that the outer electronic distributions are only slightly
modified when negative ions are formed [2]. Also, since
the repulsion energy is proportional to S* [44, 45] and, at
o, repulsion and attraction balance (equation (9)), the
following proportionality relationship holds:

(11)

ﬂz(O') X Si(a) X Sz(o') S8 Vattraction<a) xe (12)

Figure 6 illustrates for neutral-neutral systems the con-
nection of [ with the o and e potential features, which
depend on the polarizabilities of the partners [5] For
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Figure 5. Bond stabilization ener- E 40
gies Vy as a function of the -
ratio between Viraction and AV —~

(equation 10) at the reference L 30
distance o. AV(o)~1I1 —I,— >><

14.4/c when energies are in elec-
tronvolts and distances in ang- 20
stroms (see e.g. [8]). Circles and
squares are experimental data
from [21, 22, 25, 28] The line 10
represents the behaviour, in the
limit of AV > V4, of a general

correlation  (equation  (13)), OO
obtained by the analysis of sev-

eral other systems (see text and

figure 7).

systems involving ions, the dependence on the charge
must be included, as in [6, 7].

The proper combination of equation (2) with the
empirical relationship (11) leads to the following corre-
lation formula:

B(0) = Vy(o)(Vx(0) +AV(0)) =ke,  (13)

which is of relevance because it relates the coupling 3( o)
and the bond stabilization V(o) with the bond strength
of ¥y and the energy separation AV(c) between the
coupled states.

A test of the validity of equation (13) is shown in
figure 7 which includes not only chlorides and oxides,
but also fluorides, bromides, iodides, sulphides and the
rare-gas dimer ions (both symmetric and asymmetric).

Figure 6. Illustration of the relationships among polarizabilities

5 10 15 20

—attraction(c )/ AV(c) - 10

This empirical correlation formula allows us to discuss,
for this set of weakly bound molecules, the transition
from van der Waals to chemical bonds. Specifically the
NeO system, reported in figure 7, has ¢ ~4 meV and
AV(o)=15.2eV: (o) is small and its effect, strongly
attenuated by AV(o), provides Vy(o) ~ 0 indicating
that the bond is nearly pure van der Waals. A similar
behaviour can be ascribed to all open-shell atom—helium
cases and most of the open-shell atom—neon systems. In
Ary, e is larger (~ 116 meV) and A V(o)= 0: 5(0o) is also
large and not attenuated by AV(o), yielding a pro-
nounced bond stabilization V,(o), corresponding to
the formation of a one-electron chemical bond. An
intermediate behaviour is operative in systems as
XeCl, XeF and NeAr™.

Different
polarizabilities

Similar
polarizabilities

and the total orbital overlap S, at the characteristic distance o,
where attraction and repulsion balance (equation (9) and figure
4). Polarizabilities are responsible both for the strength of the
attractive forces and for the proper scale of atomic sizes [38, 39].
The coupling 3 is known to be proportional to the overlap Sj
[33, 45] between the initial i and final j orbitals of the transferred
electron. Since Sj; is proportional to S, and Sz(cr) is proportional
to the bond strength € (see equation (12) and figure 4), a correla-
tion holds between 62(0) and ¢ (equation (13)). The R depen-
dence of S is markedly influenced by features of the asymptotic
behaviour of radial wavefunctions. Left: for partners of different
polarizabilities (i.e. NaF and NaCl) o depends on the size of the
larger partner (higher polarizability) while S(o) depends mainly
on the size of the smaller partner (lower polarizability). Right:
for partners of similar sizes (i.e. ArCl and KrCl) S(o) and o
depend on the polarizabilities of both partners.

NaF ArCl
rulle]
NaCl KrCl
S(c)

p
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10 T
: 2
B*=V (V +AV)=ke
k=16 eV
~ 10° F
>
()
E
Figure 7. Correlation between o), fluorid
obtained from experimental bond stabili- 3 gcﬁg:idzz
zation energies Vy and from known @10 Obromides |
energy separations AV(oc), and the Aiodides
strength e of the Vy component of the Voxides
interaction, for oxides, fluorides and [ WV sulphides
chlorides [27] The correlation formula | X Rg dimer ions (symm.)
52 = ke (equation (13)) is represented by —+Rg dimer ions (asymm.)
the continuous line. The figure shows that [
it can extend to data (mainly empirical)
for symmetric and asymmetric rare-gas 10* L =
ion dimers [13-18] and rare-gas sulphides 10 10
[26], bromides and iodides [19, 20]. g , meV
4. The charge transfer coupling at crossings between A further test of the proposed correlation formula
ionic and covalent states (13) involves the prediction of 3(o) for such systems.
The alkali halides MX feature ionic and covalent The ¢ and o values can be estimated empirically [5-7,
states of the same symmetry which cross at a definite 46] and the scaling procedures, equation (6), are consid-
distance R, (see figure 2). The coupling between the two ered valid also at . The predicted 3(o) values for the
states, due to charge transfer, gives a maximum effect at potassium halides KX are reported in figure 8 together
R. (AV(R,) =0). with those obtained by Grice and Herschbach [2] for
100 T T T T T T T T T T T T T T T T T T
107" &o— Br
O—oOF
B =
10 o)
ob—0Cl
107
Q.
.o 107 N
< 107
-
T .
‘e 10
Figure 8. Ratios between the reduced quan- 107
tity B°(R.) and the reported reduced
crossing distance R (equation (6)) 107°
reported versus R; on a semilogarithmic
plot for the alkali fluorides, chlorides, 107°
bromides and iodides. Straight lines are
from [2] (see text). The isolated heavier 10~ N T T T
symbols on the.to.p left corner of the 5 10 K 15 20
figure are predictions by the present R

work. c
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various families at larger intermolecular distances. For
the other metals the predictions are found to correspond
to the same reduced distance and would overlap with
data shown in the figure.

The short distance extrapolation of the behaviour of
each family, given by Grice and Herschbach [2], is qua-
litatively in agreement with the present results, which are
consistently slightly higher. Note that the functional
forms for B(R) were suggested in [2] for large R, and
that we are stretching their predictive power down to
shorter distances. Also, spin—orbit effects, not included
here, can be a further cause for a reduction of the 5(R)
value [2]

This analysis suggests that a better scaling of the 3
strength is by 61/2’ rather than by (1112)1/2 as in (6).
Since for the alkali halides the € value varies according
to the polarizabilities of the halogen partner only [5, 46]
(see also figure 6), a general interpolation relationship
for these systems is

R, " .
B (R.) = A 1/)2 = 0.10R; exp(—R;)

(2)

(14)

)

where «; is the polarizability of the acceptor, and R; is
as in (6). This new scaling leads to the results plotted in
figure 9, where other families of alkali metals interacting
with oxygen and halogen molecules are included. The
figure shows a universal plot for all families, spanning
over several orders of magnitude and a wide intermole-
cular distance range.

5. Charge transfer and proton affinity
The proton affinity of an atom A, that is the energetics
for the process

AH" — A +H™,

measures the binding energy of the proton to the atom
A. The simplest system, to which we refer preliminarily,
is that of the H atom, whose proton affinity corresponds
to the binding energy for Hy, for which accurate experi-
mental and theoretical results are available. Further pro-
totypical cases of interest are those of the rare-gas
atoms, for which the molecular ions AH™ are isoelec-
tronic with hydrogen halides HX. Note, however, that
the proton affinity of the rare-gases shows an opposite
trend along the series with respect to the binding energy
in the corresponding HX: the HF molecule exhibits the
most stable bond while the proton affinity is highest for
Xe [47]1

Our point of view considers the ground state of AH™
as resulting from the interaction between two limiting
configurations of the same symmetry (A---H' and
AT...H) which differ, at any R, for the exchange of
one electron. Therefore the study of protonated systems
such as HeH™, NeH™, ArH™ and KrH™, for which the
interactions in the diabatic and adiabatic representa-
tions are known with enough accuracy, can provide
further details on the behaviour of the §(R) coupling.
This information will be used to predict value of proton
affinity in other cases (A =Xe, F, Cl).

10 T T T T T T T T T T T T T
NaO O CH+M
107° . < Br+M
LiF Al+M
/ Vv Cl,+M
/ il * Br+M
. -5 i Q X 1,+M
o 10 Lil +&em
-~ O F+M
o
,~ 107
Fi 9. Rati bet th duced = Pl
igure 9. atios between e reduce
quantity 8*(R.) (equation (14)) and the KBr \O
reported reduced crossing distance R /&
(equation (6)) versus R on a semiloga- 107°
rithmic plot. The straight line is equation Csl
(14). The data are those in similar plots
in [2] (see text) and [46]. With respect to
the scaling procedure proposed in [46], 10" T T ST
formula (14) is seen to be simpler and 5 10 i 15

the plot shows that the fitting power is
comparable.
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Specifically, in the case of A =He, Ne, Ar and Kr
relevant information on the adiabatic potential energy
curve E_ (see figure 2) derives from spectroscopic and
scattering studies (see Appendix) while reasonable pre-
dictions can be made on the ‘diabatic’ states V', and V',
respectively the A---H' and the A" - - -H interactions. In
this analysis V', has been taken to be coincident with the
potential curve of the X (') state of the isoelectronic
HX molecule (in HeH™ the reference molecule is H,),
while V', has been considered as a point charge-neutral
atom potential. The relationships between spectroscopic
constants and intermolecular potential parameters,
given in the Appendix, will be used for a suitable repre-
sentation of the interactions.

5.1. The HS molecule as a test case
For this system the wavefunctions of the two coupled
states asymptotically coincide with those of the LCAO
method, and £, and E_ (see figure 3) correspond to the
energies E, and E, of the gerade 22;’ and ungerade >3,
molecular states. E, and E, can be combined to give:

E,—E,
2

0.4 T X T T

E-2s

and (=

B(R), eV

R,A

Figure 10. Open symbols are E(R) and S(R) for Hi (see
section 5). Continuous curves are the best fit functions
used in the present work. The star symbols represent the
prediction of correlation formula (equation (13)).

Values for E and 3, obtained by exactly calculated E,
and E, [48], are reported as circles in figure 10, where
continuous lines represent the best fit of the data. We
used a Morse function for E to obtain the relevant e
and o values. An exponential function (equation (8))
has been adopted for S(R). In this case v= 1.0
(au)~'= 1.890 A~ has been fixed according to equation
(7) while the best fit values obtained for 4 and m par-
ameters are 43 (eV A~") and 0.800 respectively.

The value for (o), predicted by the correlation for-
mula (13), is also shown in figure 10. This important test
encourages the application of equation 8 in a wide R
range for the AH" systems.

5.2. The AH™ systems

The potential energy curve E_( R) for HeH™, NeH™,
ArH" and KrH™ has been obtained following the pro-
cedure discussed in the Appendix. For the same systems,
Vy(R) has been derived analogously, making use of the
spectroscopic constants of H,, HF, HCl and HBr in
their ground state X 'S. The potential V,(R) has been
estimated considering the proton—atom interaction, as
determined by a combination of an attraction of the
ion-multipole type and a repulsion due to the penetra-
tion of the proton in the outer electronic shell of the
rare-gas atom. Results for £_, V, and V', are shown in
figure 11, while values of 3(R), derived by inverting
equation (1), are plotted in figure 12, where the shaded
areas define the range of 3(R) as determined by taking
into account the uncertainty coming mainly from the
repulsive part of V,.

The results for 3(R) are compared in figure 12 with
predictions (full lines) from equation (8), obtained with
the procedure outlined in the following. The ~ par-
ameter has been fixed according to equation (7) (for
ionization potential data see [47]). The m value has
been calculated, in each case, from the empirical rela-
tionship

m=0.5661,""
with 7, in atomic units. The numerical coefficient 0.566
has been chosen to agree with the value for m found for
H; (see above). The coefficient 4 has been determined
by imposing S(R) to satisfy the general correlation for
charge transfer given in equation (13). The required e
and o values, reported in table 1 together with the pre-
dicted (o), refer to the isotropic interaction component
of the unperturbed A™...H state, and have been
obtained by correlation formulas from [6, 7] The
choice of such reference states stems from the isoelec-
tronicity of A" ions with halogen atoms, for which the
procedure has been found to be adequate (see section 4).
The A4, m and v parameters so obtained are reported in
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15

10 |

>
(0]
T 15}
=

10 |

R,A

Figure 11. E_(R) (——, adiabatic energies), V,(R) (...... , diabatic H" - -+ A interactions) and V(R) (— - —, diabatic A*..- H
interactions) for the AH" systems. The shaded areas represent the uncertainties associated with the ¥,(R) potentials.

R,A

Figure 12. 3(R) values obtained from data of figure 11 (see text), with estimated uncertainties represented by the shaded areas. The
crosses are the values obtained from the correlation formula (equation (13)) while solid lines are the present prediction 3( R) (see
equation (8) and table 2).
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table 2. In tables 1 and 2 are also given potential features
and the 4, m and ~ parameters for XeH", FH' and
CIH™.

The coupling 5( R) has been used together with V,( R),
obtained from spectroscopic constants of HI, HS and
OH, and estimated V,(R) potentials, to predict the
proton affinity in such cases. Predictions are compared
with experimental values in table 3.

6. Conclusions

The present study has been focused on the role of the
charge transfer interaction in several relevant physico-
chemical phenomena. QOur effort permits us to compact
and to describe, into a unifying picture, processes of
apparently different nature and allows us to obtain accu-
rate information on the matrix element that describes
the coupling between states which differ for the
exchange of one electron.

Table 1. Bond strength ¢, zero of the potential o and
coupling 3(o) for the A*-H interaction.

System ¢ (meV)* o (AY B(o) = Vke (V)
He™H 148 1.91 1.54
Ne™H 100 2.14 1.27
Ar'H 63 2.51 1.00
KrtH 53 2.67 0.92
Xe™H 45 2.86 0.85
F*H 88 2.24 1.19
CI*H 54 2.66 0.93

“Calculated as in [7]. Polarizabilities are from [49] for H and
from [7] for the rare gas ions. Estimated values (as in [37]) for
F' and CI" are 0.23 and 1.1A° respectively.

br="16 eV, see section 3.

Table 2. Parameters used in equation 8 to calculate the

coupling 3(R).

System A (eVA™) m v (AT
He'H 71.3 0.597 2.210
Ne'H 76.2 0.637 2.140
ArtH 70.0 0.746 1.966
Kr'H 69.2 0.791 1.909
Xe™H 66.4 0.850 1.836
F™H 61.2 0.709 2.014
CI'H 59.7 0.822 1.867

Table 3. Comparison between predicted and available of

proton affinities (eV).

System Reference [47] Present work
FH' 3.4 38408
ciH*t 5.3 54405
XeH"t 5.1 54405

In the present analysis, an account has been given of:
(i) the bond stabilization in systems involving open-shell
atoms with high electron affinity, such as in rare-gas
oxides, sulphides and halides; (if) processes occurring
at the crossing between covalent and ionic states; and
(iii) the proton affinity in the rare-gas family.

This study leads to a representation of the coupling 3
in terms of fundamental physical properties of the inter-
acting partners: the ionization potential of the donor
and the electron affinity of the acceptor are responsible
for the dependence of 3 on intermolecular distance R,
while polarizabilities and charges determine its strength
at the characteristic distance o.

An empirical correlation (equation 13) has been intro-
duced, which permits both a proper representation of
the transition from van der Waals to chemical bonds
and a rationalization of the behaviour of the coupling
(3 in different families, such as those of the alkali halides
and rare-gas protonated systems.

Further progress along these lines concerns the study
of the dependence of charge transfer on the mutual
orientation of the two partners, in order to understand
the nature and role of steric effects in elementary chemi-
cal processes.
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COST D9 Action and by the Istituto Nazionale di Fisica
della Materia (INFM), Sezione A, through the PAIS
1999 project ‘Dynamics of Charge-Transfer Processes’.

Appendix
Connection between interaction potential parameters and
spectroscopic constants
According to Dunham [50] the effective potential V
of a vibrating rotor is represented as a series expansion

Ver = —e+a(x = 1) [ +an(x = 1) +ao(x = 1)+ ]

+BJ(J +1) |l =2 = 1) +3(x - 1)

—%x—w3+~], (16)

where ¢ is the dissociation energy and B, is the rota-
tional constant at the equilibrium distance R,, and
x = R/R,,. The first two terms define the interaction
potential V/, while the last term represents the contribu-
tion associated with the centrifugal force of rotation.



Coupling by charge transfer: role in physico-chemical phenomena 1761

This treatment leads to the following expression for the
energy levels of the vibrating rotor in the form (here the
zero for the energy scale is taken at R,,)

F, = ;1; Vik (,, —%)[[J(J +1)%,

where ¢ and K are summation indices, v and J are re-
spectively vibrational and rotational quantum numbers,
and Y, g are coefficients which depend on molecular
constants.

Dunham [50] showed how the ), ¢ can be defined in
terms of the a; coefficients of the V expansion. The rela-
tionships involved simplify if the ratio between the rota-
tional constant B, and the frequency w. of small
oscillations is much less than unity (all spectroscopic
quantities being given as wave numbers). The Y,k
terms also can be related to the ordinary band spectrum
constants, taking into account the well known expan-
sion of the molecular energy levels [51]:

F,; = we(v +%) — weXe(V +%)2 Fweye(v +%)2 +-
+B,J(J+1)+---,

with B, = B, — ae(v +3) +7e(v +%)2. Here the first
term refers to a harmonic vibrator while the second
and the third terms are anharmonic corrections. The
a, and v, constants correct the rigid rotor motion for
the centrifugal stretching. Direct relationships among
both «; coefficients and potential derivatives around
x =1, and spectroscopic constants can be easily
obtained.

The Dunham expansion is appropriate to represent
the negative portion of the potential V' around the mini-
mum but it appears inadequate to describe other regions
of the interaction, such as the repulsion at short range.
Of interest here is a representation sufficiently reliable,
also far from equilibrium distance.

A modified Morse function

V(R) = e[X* —2X] (A1)
where
X =x""exp E(l —X) +§(l —xz)]

has been found suitable to describe both spectroscopic
and high energy scattering properties in proton—rare-gas
systems [52]. We have chosen this functional form since
it is also reliable in the repulsion region.

The a, b and ¢ coefficients have been found by
imposing that at R, second, third and fourth derivatives
of the modified Morse function must be equal to those
of a Dunham expansion potential, cut off at the fourth
terms. The following relationships between «, b and ¢
and spectroscopic constants are thus obtained:

2 2
RV = 2e(a+b +¢)? :4—22,

Ry VY = —6c(a+b+c)’ —6ela—c)a+b+c)
__bux (o
4B, \ 6B ’

Ri V(4) =

l4e(a+b +c)* +36e(a—c)(a+b+c)

+6c(a — c)* +16ea(a +b +c)

5 aewe +1 ? 276“}6
4\ 6B 3 B,
where V7 are ith-order derivatives of V' with respect to
Rin R,, while R, V) are the derivatives with respect to
X.

Dissociation energies ¢, bond lengths R,, and spectro-

scopic constants have been taken from [53], except those
for NeH" [52, 54], ArH™ [52, 55] and KrH " [52, 55]

2407
4B,

)
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