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Abstract.Following recent work in search for a universal function (Van Hooydonk, Eur. J. Inorg. Chem., 1999
1617), we test four symmetric #R potentials for reproducing molecular potential energy curves (PECs).
Classical gauge symmetry is broken, which results in generic left-right asymmetric PECs for 1/R potentials. A
pair of symmetric perturbed Coulomb potentials is in accordance with the shape of observed PECs. For a
bond, a four-particle system, charge inversion (parity violation, atom chirality) is the key to explain this shape
generically. A parity adapted Hamiltonian reduces from ten to two terms and to a soluble Bohr-like formula,
the Kratzer potential (1-#&RY. The result is similar to the combined action of spin and wave functional
symmetry effects upon the Hamiltonian in the Heitler-London theory. The corresponding analytical perturbed
Coulomb function varies simply with (14R) and scales attractive and repulsive branches of PECs for 13

bonds H, HF, LiH, KH, AuH, L}, LiF, KLi, NaCs, Rh RbCs, Csand b in a single straight line. Turning

points for 13 bonds are reproduced with an absolute deviation of 0,3 % ®&),8@7about 400 points at both
branches. For 230 points at the repulsive side, the deviation is 0,2 % &),08ailable turning points for!

are in need of revision. This universal molecular scaling function is the classical electrostatic perturbed
Coulomb law, which reduces the complex four-particle system to a central force system on one nucleon. The
Kratzer function relates to two central force systems, one on each nucleon. A minimum of parameters is
required and even the ab initio zero molecular parameter function gives PECs of acceptable quality, just using
atomic ionisation energies. The function can be used as a model potential for inverting levels and gives a first
principle's comparison of short- and long-range interactions, of importance for the study of cold atoms. The
theory may be tested with wave-packet dynamics: femto-chemistry applied to the crossing of covalent and ionic
curves. We anticipate this scale and shape invariant scheme applies to smaller scales in nuclear and high-
energy particle physics. For larger gravitational scales (Newton 1/R potentials), problems with super-
unification are discussed. Reactions between hydrogen and anti-hydrogen, feasible in the near future, will
probably produce normal H

1. Introduction

Ehrenfest's theorem (1927) states that in the limit quantum mechanical expectation values behave classically.
The most classical form of physics is elementary statics (Stevin, 1605) and is directly linked to Euclidean
geometry. Symmetry, statics and geometry are scale-invariant and of fundamental importance for describing
particle interactions. Symmetry is independent of dynamics (Gross, 1996). The effects of symmetry are
discrete, permanent or time-invariant: parity, mirror symmetry and left-right asymmetry (chirality, handedness)
and show clearly in polyatomic molecules (Kellman, 1996, Dunitz, 1996). Until 1956 is was generally accepted
that parity was never violated but the discovery of parity violation in the weak interactions (Désngnd

1956) led to the new physics, culminating in the Standard Model and beyond. But parity is also violated in
atoms and in polyatomic molecules and the significance of this observation can not be underestimated.
According to Bouchiat and Bouchiat (1997) low energy physics still has a role to play in the exploration of the
Standard Model. Looking for systems where symmetry is broken is an important issue in physics, in particular
SUSY (Gel'fand and Likhtman, 197A0ess andZumino, 1974, Witten, 1981, 1982). This powerful new tool

for physics between Fermi- and Planck-scales (Lopez, 1997) found applications at the Bohr-scale (Kostelecky,
1992, Cooper, 1993, Lévai, 1994, Roy and Varshni, 1991, Blado, 1996, Dutt et al., 1995, Mukherjee et al.,
1995, Guerin, 1996) and even in biology (Bahsford et al., 1998). SUSY uses algebraic quadratic super-
potentials in the framework of quantum mechanics. The basis for SUSY was laid with the method of
factorisation (Dirac, 1935, Schrodinger, 1940). It was developed by Infeld and Hull (1951) with a major interest
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in oscillator- and generalised Kepler systems, important for molecular spectroscopy. Algebraic schemes apply
to domains varying from molecular to particle and nuclear physics (Alhassid et al, 1983, lachello, 1981,
Cooper, 1993, Lévai, 1994). Nevertheless, SUSY might remain a mathematical artefact. Desperately breaking
SUSY is the motto of today’s physics (Lopez, 1997, Poppitz, 1997, Poppitz and Trivedi, 1998).

However, symmetry effects are scale-invariant. If parity is violated in real systems (atoms and molecules at the
Bohr-scale, sub-atomic particles at the Fermi-scale), other examples must exist in nature.

Parity violating effects in atoms and in polyatomic molecules are small in terms of energy. Sophisticated
experimental and computational methods are required to disclose the mechanisms (for atoms: Bouchiat and
Bouchiat, 1997; for molecules: Bakasov et al., 1998). Chiral molecules corfsist ailoms(particles) not in a

linear alignment. But angliatomicbond can be considered afoar-particle system with théour particlesnot

in a linear alignment either. This makes a diatomic bond a theoretical candidate for observing parity violation.
The total charge of the system is zero and it is symmetric with respect to charge but not with respect to mass.
Four-particle systems are of fundamental interest (Richard, 1994, Abdel-Raouf et al., 1998, Benslama et al.,
1998) because of the quark-antiquark model and the prospects on hydrogen/anti-hydrogen reactions (Armour
and Zeman, 1999, Russell, 1999).

The H, molecule, two electrons and two protons, remains the standard to test any theory on four-particle
systems but it does not show parity violation. Partly due to its ordinary scale, the system got less attention in
recent years, since Heitler and London (1927) solved the problem of chemical bonding 80 years ago. The
quality of their potential energy curve (PEC) forwhs poor but James and Coolidge (1933) soon succeeded in
calculating a better one. Theoretical physics has evolved drastically ever since but theoretical chemistry
remained focused upon developing better computational methods (Pople, 1999). &oekhct PEC was

computed 30 years ago (Kolos and Wolniewicz, 1968). The next molecules in the Periodic Table are LiH and
Li,, which was also studied extensively (Hessel and Vidal, 1979). Femto-chemistry, an application of wave-
packet dynamics (Garraway and Suominen, 1995) gave a new impetus to the study of PECs at the critical
distance, where ionic and covalent curves cross (Rose et al, 1988). Here, quasi-classical approximations are
used to describe long-range phenomena (Aquilanti et al., 1997, Garraway and Suominen, 1995, Remacle and
Levine, 1999, Hutchinson et al., 1999). Long-range potentials explain the physics of ultra-cold atoms (Zemke
and Stwalley1999,Wang efal., 1997, Marinescu et al., 1994, Hajigeorgiou and Leroy, 1999, Stwalley and
Wang, 1999). Fitting PECs at long-range requires accurate potentials and is a delicate matter, given the small
energy differences. In this respect, the Dunham series (Dunham, 1932) is not useful at all, since the series does
not converge. The Morse-function (Morse, 1929) is only reliable when thoroughly adapted (Hajigeorgiou and
Leroy, 1999) and lacks a theoretical basis. Therefore a universal first principle's potential is badly needed as a
reference for inverting observed levels into PECs and for studying long-range behaviour in particular. If a
universal PEC is available, long-range behaviour must be assessable from short-range behaviour (the repulsive
branch of a PEC). A correct quantitative evaluation of the long-range behaviour (C6té and Dalgarno, 1999) is
also of importance to test QED (Quantum Electro-Dynamics) as in trapped deuterium (Schmidt-Kaler et al.,
1992).

Finding a first principle's relation for short- and long-range atomic interactions is still a challenge, although the

problem of calculating PECs can theoretically be considered as solved. Nevertheless, there is the question
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whether or not a universal potential or a species independent PEC exisitslytiBrail of Molecular
SpectroscopyTellinghuisen et al, 1989). This function should rationalise the behaviour of spectroscopic
constants, account for the shape invariance of PECs and lead to global scaling. Exactlg kisider-

London theory can not give a simple straightforward answer

Symmetry effects in particle systems show in PECs. Typically, a two-centre two-electron bond gives rise to two
PECs (fermion behaviour): one for a repulsive triplet state, another for the stable singlet state (sigma-state). The
two branches of the singlet-state PEC are not symmetrical with respect to the minimum but show left-right
asymmetry (Herrick and O'Connor, 1998). In terms of the algebra of 1/R-potentials and according to
convention, attraction follows -1/R, repulsion +1/R but this elementary symmetry is broken. The attractive
branch has a finite asymptote at Rorthe repulsive branch almost invariantly goes to infinity at R = 0.

Therefore, many empirical asymmetrical 1/R-potentials were suggested (Varshni, 1957, Steele et al., 1968,
Varshni and Shukla, 1963). Most are successful for related (ionic) molecules.

The invariant shape and the asymmetric chiral behaviour of singlet PECs point towards a universal function.
Shape invariance indicates that two-dimensional scaling should be possible (Varshni, 1957, Calder and
Ruedenberg, 1968, Jenc, 1990, 1996, Graves and Parr, 1985, Tellinghuisen et al., 1989, Van Hooydonk, 1999)
but in practice it is not. Therefore the final solutiodé®medo be generic, i.e. hidden in first principles, but

this truly universal, perfectly scalalaé initio function still remains to be found.

Claims have been made that three, probably four or even more molecular parameters are needed for a universal
function (Varshni 1957, Graves and Parr, 1985). The 3 standard parameters are the equilibrium inter-nuclear
distance R the dissociation energy.@nd the force constant. IBut we showed recently that even a two-
parameter function can have universal character (Van Hooydonk, 1999). Unfortunately, the H-L theory can not
help to solve this problem, as it is impossible to derive analytically a universal function from this theory.
Traditionally, we have a right to expect that the complete theory contain well behaving empirical relations
found previously. This is not so. Despite the many good empirical 1/R functions available, the H-L theory can
not at all predict whether a function A will perform better than B and why this is so. We therefore wonder if the
H-L theory is really complete.

With a universal function f(x), all observed PECs must reduce to a perfectly symmetric and linearly scalable V-
shape with a slope equal to one. Algebraically, the two branches of different PECs should reduce to a single
straight line with variable x.

Despite all previous efforts, we show that molecular PECs are quantitatively dominated by the universal
Coulomb 1/R-potentialUsing classical gauge symmetry, we prove that the universal molecular function

derives from a pair of symmetric Coulomb potentials. This symmetry has to be broken by a perturbation
mechanism that must fit into the classical Hamiltonian. A well known yet overlooked form of chiral symmetry
can achieve this, i.e. the handedness of atoms (their mirror symmetry).

But a static Coulomb law seems much too old-fashioned and even inappropriate, as no dynamics is involved.
Yet this law contains interesting continuous, discrete and scaling ingredients:

- continuous: the 1/R-dependence,

- discrete: 1/R is a power law: ordypositive worlds allowed a symmetry (parity) effecattraction and

repulsion; aspecies independeuntit of charge, and
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- scaling: the asymptote of a Coulomb system is determined, yhiRh makes it perfectly suited for two-
dimensional scaling (scale invariance). In addition, Coulomb's law is valid both on the micro- and macro-scale
and explains both the short and long rang interaction of charged particles. This issue is of central importance
for a quantitative assessment of short- and long-range behaviour (Cété and Dalgarno, 1999).

The present contribution deals with many different applications of Coulomb's first principle's law in chemistry
and physics. We follow a classical procedure. Elementary steps show what kind of symmetry is generically
broken and why Coulomb's law can indeed be a universkgcularfunction, which allows perfect scaling.

Useful references are Bouchiat and Bouchiat (1997) for parity violation in atoms, Varshni (1957),
Tellinghuisen et al. (1989) for PECs, Bakasov et al. (1998) for parity breaking in molecules, Garraway and
Suominen (1995) for femto-chemistry. Recent work by Hajigeorgiou and Leroy (1999), StwalMiaagd

(1999), Cété and Dalgarno (1999) reviews long-range potentials.

Section 2 gives a summary of observed PECs and empirical potentials and the effects of gauge symmetry in
general. Sections 3-9 contain the elementary steps to arrive at theoretical Coulomb-based PECs: gauge
symmetry for discrete and continuous elements of Coulomb's law, perturbation theory, and the parity violation
adaptations for the classical Hamiltonian of a four-particle system. Section 10 gives the theoretical results on
the universal function, whereby a generic perturbation is identified. The results are confronted with experiment
in section 11. Here we show how well a zero molecular parameter function fits experimental PECs and how 13
different PECs can be brought back into a single straight line. Section 12 discusses generic effects of charge

inversion. Sections 13-14 deal with other consequences.

2. Observed PECs: potentials and scaling

2.1. Potentials for a four-particle system. Asymptotes. Series expansions

Denoting the lepton-nucleon system in atom X as (a,1) and in atom Y as (b,2) the interatomic potential V(R),
deriving from the Hamiltonian &, is

V(R) = Hyy - (Hx + Hy) = -€/Ryp - €Rop + /Ry + /R (1a)

The asymptote is assumed to be the atomic dissociation limigor¥(Re). This assumption is probably not

true. V(R) consists of 4 potentials, only 1 is related to the internuclear separgfitreRtandard variable for
PECs. No information is available about this potential or its character, except that it is zero at infinite
internuclear separation, which is trivial. There is no hint as to triplet-singlet splitting. To decide whether V(R)
is basically attractive or repulsive, data for the singlet-state at equilibrium are available but the minimum must
be supposed to be generic. In first ordgy RRyp, Ri2 = Rppand R = Ry 2R = 2Ry, at the minimum R

V(Re) is then in a good approximation equal to

V(Ro) = - 2€/R;,

or, due to nucleon-lepton attractions, V(R) is attractive betwg@mdR as expected. V(&Ris two times the
asymptote of two charges in a Coulomb model, 2Ryd or 220000 Tinis value points to the absolute well

depth Hy, the asymptote e+ IEy + D, (IEx is the ionisation energy of atom X), rather than to the atomic
dissociation limit Q. In fact, the maximum value for the dissociation energgflbonds between two

monovalent atoms is about 50000t true, the H-L Hamiltonian would be in error by 400 % in an
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otherwise legitimate approximation based upon available equilibrium data, which is impossible. As a result,
Coulson (1959) said thguantum mechanics weighs the captain of a ship by weighing the ship when he is and
when he is not on boar@his means one has to solve the Hamiltonian first and then subtract the atomic

energies. This is a cumbersome procedure, since observed PECs, the result of V(R) in (1a), are shape invariant
with only Ry, as a variable.

In an ionic approximation, the potential V'(R) is

V'(R) = Hyy -(Hxs + Hy.) = - €/Rpa- €/Rop + €/R1 (1b)

As with (1a) singlet-triplet splitting is not obtained but the R-dependence is more specific. The well depth for

an ionic system is le+ EAx +€9/R,, if EAy is the electron affinity of X. We get

€/R. = IEx - EAx + D, (1c)
the classical ionic bond energy. At large R, this approximation (1b) givesH®, Ry, or
V'(R>>R) = - €/Ry, (1d)

which starts off as an ionic Coulomb attraction at the asymptote, although interchanging an inter-nuclear with a
nucleon-lepton term is rather artificial. With the same conventions as for (1a), (1b) leads to

V'(Re) = - 3€/Ry,

about 3Ryd or 330000 chnlarger than the covalent one, because a repulsive term in (1a) is suppressed. It
seems that V(B refers to a well depth of order 2Ryd >z Dhen V'(R) must be about half as large, 1Ryd or

the ionic asymptote (1c), situated between 0 and the absolute well depth. Things go wrong when extrapolating
this long-range ionic behaviour (1d) to the minimum. The only conclusion possible is that potential V(R) has an
asymptote of order Ryd, in any case larger tharBDt no information is found about the minimum, the

existence of a triplet state or the shape of the singlet PEC. Bonding is secured by nucleon-electron interactions,
conforming to the H-L theory, which leads to the cumbersome procedure referred to above. Just in the ionic
one case, a classical picture (1d) emerged, which would lead to an acceptable asymptote of 1Ryd.
Unfortunately, this is of restricted validity (just applicable at large R).

The behaviour of Coulomb PECs is illustratedrig. 1, where for comparison the semi-empirical RKR-curve
(Rydberg, 1931, 1933, Klein, 1932, Rees, 1947) foishhcluded (Weissman et al., 1963). We use the

Coulomb asymptote 116400 entwice of which is about the absolute well depth (order 1 hartree). The

minimum derives from an algebraic Coulomb law |1-0,74144/R|, which seems like an artefact (see further
below). The PEC with asymptote, [88283 crif) is computed similarly. In comparison with the RKR, the

slopes of Coulomb PECs are much too large and the curvatures have the wrong sign. This is as far as one can
go with Coulomb’s law, the only first principle’s law available for a system of four charged particles. Fig. 1 is
the reference for this work. The situation is completely hopeless if one tries to explain bondimngjttmad

static Coulomb law.

Nevertheless, for ionic bonds, such as alkali-halides, the middle PEC in Fig. 1 is a good first order
approximation for the PE&way from the minimupand remains useful for calculating ionic curves (Russon et

al., 1997). The H-L theory accounts for the lower PEC foinHFig.1, not a Coulomb law situation but it can

not account for ionic bonds obeying the Coulomb PEC in the middle of Fig. 1. Coulomb's law can account for
bonds obeying this middle PEC but it can not account for the lower PEG. fohid dilemma led to an almost

100 year old compromise: there am® kinds of bondsgovalent and ionicBut exactly this compromise is in
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contradiction with spectroscopic evidence, the good empirical Coulomb 1/R potentials available, the invariant
shape of PECs and the dependence of the harmonic frequency on 1/R for both ionic and non-ionic bonds (Van
Hooydonk, 1999). This evidence is not covered by the H-L theory. In fact, at least molecular spectroscopy
shows that there is no spectroscopic distinction whatsoever between covalent and ionic bonds: they behave
alike when properly scaled (Van Hooydonk, 1981, 1999). A curious result is that this spectroscopic information
invariantly points towards Coulomb's law and its asymptote (middle PEC in Fig. 1) as being valid for all bonds,
ionic and covalent as well

Therefore, molecular spectroscopy indicates that the H-L theory may not be complete indeed. Additional
empirical evidence can be found in the many persistent studies on scaled or reduced potentials. The question of
bonding may be solved in principle and calculating PECs may no longer be a problem, this kind of empirical
research is going strong for decades, see Frost and Musulin (1954), Varshni (1957), Steele et al. (1968), Jenc
(1988), Zavitsas (1992), Tellinghuisen et al. (1988), Graves and Parr (1986), Jhung et al. (1989) and Van
Hooydonk (1999). One is entitled to do so: a universal potential lies probably hidden in the molecular spectra
but the H-L theory is unable to identify this function.

The most universal potential imaginable st principleslocal, static, mass-less Coulomb 1/R potential:

exactly this type of potential is among the favouritesmpirical approximations. But a simple one term

Coulomb law is much too rigid and probably not flexible enough. It is commonly generalised using a power
series. This has disadvantages (Varshni, 1957), but the popular Dunham potential (1932) is of this type.
Consider the three series

V(R) = aR" + 3. R™ + 8,.5R™? + 3, R+ ...

V(Re) = &Re" + 8RR + aiaRe™ + aaR™ + ..

V(R)-V(Re) = a(R™“R") + 8u1(R™R"™) + aus(R™*Re™) + 8RR + ... (le)
The third series gives a different picture than (1f), a series expansion i) (R-R
V(R-Ry) = @}, (R-Ry)" + @lhs1(R-R)™™ + @lhso(R-Re)™ + @lpss(R-Re)"™ + .. (1f)

Only for n = 1 the corresponding two terms in (1e) and (1f) are identical. Starting a function at any n does not
lead to loss of generality. In practice, it is convenient to use n = 2 in (1f) to obtain oscillator models (Varshni,
1957, Dunham, 1932). But, the variables in (1e) and (1f) can be scaled in two mathematically equivalent ways.

With the Dunham-variable

d=(1-RR) (19)
and n = 2, potential (1f) starts off at

V(R) = a,RAd? (1h)
and (1e) starts withdJ(R/Ry)"™-1). Using the Kratzer (1920) variable

k= (1-R/R) (2i)
and n = 2 also, potential (1f) starts off at

V(R) = a,R%k? (1))

identical with (1h). Using k, (1e) starts witA(fR/R)"™-1). Both (1h) and (1j) imply harmonic oscillator
behaviour in function of (RR) in the (1f) expansion. The distinction between (1e) and (1f) and between d and
k may seem subtle but it is not: it produces different short- and long-range behaviour, see below. A closed

formula like Coulomb's, i.e. n = -1 in (1e) and neglecting all other terms, is by all means more challenging and
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interesting, since convergence problems are avoided, although both (1e) and (1f) are more flexible. We choose
for analytical rigour instead of flexibility from the start and use a few single terms in (1e) as a starting point in
our analysis. This choice must lead to mathematical, physical and chemical problems, as all coefficients in (1e)

and (1f) are known to be species dependent.

2.2. Empirical potentials and scaling. Short- and long-range behaviour. Observed PECs. Benchmarks

The classical Born-Landé (1918) function

V(R) = -€/R + BIR’ (2a)

for a singlet PEC uses 2 non-consecutive terms in (1e) with exponents -1 and -9 (n is accessible through
compressibility measurements). Function (2a) gives reasonable PECs for ionic bonds without computational
difficulties, which is amazing if we recall the complexity of quantum-mechanical calculations and compare the
analytical forms of (1a) and (2a). Its eigenvalue is about/®9elose to the generic Coulomb asymptote, see
section 2.1. Any PEC generated by (2a) is close to the middle PEC in Fig. 1. But this is not the end of the story.
The predictions of (2a) for spectroscopic constants are reasonably abmui@téec and covalent bond¥an
Hooydonk, 1982, 1999).

Kratzer (1920) introduced an even more intriguing potential, with n in (2a) equal to 2 and for which the wave

equation can be solved (Fues, 1926). The Kratzer potential

V(R) = -A€/R + BIR (2b)
uses 2 consecutive terms in (1e) and can directly be rewritten in reduced form
UR)/(A€%/2R,) = V(R)/(AE/2Rs) +1 = (1-R/R)? (2c)

(for references see Znojil (1999) and Van Hooydonk (1999)). This strange potential (2c) has always been
overshadowed by Morse's (1929). It is a generalised Kepler system (Infeld and Hull, 1951) but it also mixes
atomic and molecular behaviour. With A = 1 and=Rir, where r is the atomic radius, it isatomic potentig|

a generalisation of the Bohr equation. This shows after taken the first derivative in function of R. With A =2
and R = 2r, (2c) is anolecular potential Thesegenericaspects of Kratzer's potential are discussed further

below. In practice, around,Rhe RHS of (2¢) secures the PEC shows an-harmonic oscillator behaviour with
left-right asymmetry, always better than a harmonic oscillator. The repulsive quadratic #&)7 (Efers to

the kinetic energy of interacting particles, the Planck-Bohr quantum condition for central force systems. A
generalisation of (2c) due to Varshni (1957) is consistent with the spectroscopic constants of hundreds of bonds
(VanHooydonk, 1999). Varshni introduced an exponent v ffRR

UR)(€/2Ry) = V(R)(€IR) +1 = (1-(R/R)")’ (2d)

This two parameter (Rand v) Kratzer-Varshni-potential (2d) almost behaves like a universal function and is
superior to Morse'three parameter potential (Van Hooydonk, 1999). Morse's and (in part) Dunham's oscillator
models (1h) would be perfect if there was left-right symmetry in PECs. In Dunham's case, deviations from left-
right asymmetry leads to the cumbersome series of Dunham coefficients, all needed to get only moderate
agreement with observed PECs and a bad convergence. Moreover, the elementary connection with the energy
consequences of 1/R-potentiasemgo be lost (Van Hooydonk, 1999). Exactly these form the basis of
interactions at the Bohr/Fermi-scale. Conversely, the invariantly observed left-right asymmetry of singlet PECs

at R, gives an idea about the nature of the interactions.
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The Morse potential is

W(R) = D. (1-€°)? (2e)
with  a species dependent constant. Dunham's is
W(R) = ad’(1 + ad + ad® +...) (2f)

where @ are the so-called Dunham coefficients, related to the spectroscopic constants. This function can never
converge at large R.

For long-range interactions the situation gets more complex in general, since these lead to PECs described by
functions like V(R) = Q-C/R", with n >> 1 and ¢a parameter. Many empirical fitting procedures have been
presented in the literature but some lead to 'pathological’ behaviour (Coxon and Hajigeorgiou, 1991). The best
known are the Ogilvie-Tipping anharmonic oscillator (Ogilvie, 1988), the generalised Morse oscillator (Coxon
and Hajigeorgiou, 1990, 1991), the modified Morse oscillator (Hedderich et al., 1993) and the modified
Lennard-Jones oscillator (Hajigeorgiou and Le Roy, 1999), the latter being a mixture of Morse and Kratzer
potential elements. Most of these fitting procedures are based upon the Morse potential, which is inferior to
Kratzer's when it comes to rationalise the behaviour of the lower order spectroscopic constants (Van Hooydonk,
1999). The Morse-function is confined to the observed dissociation ligwiidch guarantees it will always

converge to unity for RKRs scaled with.D

Fig. 1billustrates the observed situation. RKRs reduced witar® shown for 13 bonds (details are given

below) in function of the reduced distance RIRthough both the y- and x-axis are scaled consistently, the

PECs do certainly not coincide. Nevertheless, the shape invariance referred to above shows clearly and needs to
be explained. The Morse function f(R) in (2e) is a better measure for the x-axis. If the Morse function is
universal, as claimed by Jhung et al. (1989), all PECs of Fig. 1b should reduce to a perfectly symmetric V-
shape with perpendicular legs with the Morse function at the x-axis. The actual result is shigvtiénThe

required symmetric V-shape is only obtained in the vicinity ofARthe attractive side, the agreement seems
satisfactory, although this is for the larger part due to the fact that the asymptote of Morse' s fungtion is D
Despite this 'imposed' asymptote the different PECs do not collapse into a single line, although all have a slope
near unity. It would appear that Morse's function describes long-range behaviour rather well but it does not.
This moderate agreement is not confirmed by the data at the repulsive branch. Here the slopes show large
divergences. At the extreme short side, 'turn over' points appear. This leads to a strange almost contradictory
situation: the 'simpler' repulsive branches are not well reproduced by Morse's function, whereas the description
of the complex attractive side, where long-range potentials interfere, is better. Nevertheless, Fig. 1c sets the
standard for other analytical potentials. Morse's function (2psnentiain R and usethreeparameters, R

D. and @ to get only moderate agreement with experiment.

This shows even better Fig. 1d, a linear plot of algebraic attractive and repulsive branches against the

algebraic Morse function. The relative good V-shape in Fig. 1c is not confirmed, since a straight line is not
obtained. This imposes restraints on the universal character of the 3-parameter Morse-function and sets a clear
benchmark for other scaling approaches. Morse's function is more complex than Coulomb's but it certainly does
not result in perfect scaling. It can not properly account for the 'simple’ repulsive branches, which are more

suited for scaling (Gardner akn Szentpaly, 1999).
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With this experimental background and these benchmarks in mind, we start from scratch. We eliminate all
parameters and test the only parameter-less first principles potential available: Coulomb's. A few symmetric
single-term R-potentials appearing in the series (1e) will illustrate the procedure. Two-dimensional scaling is
essential. The consequences of the next and ultimate step i.e. perfect symmetry between attraction and
repulsion, the basis of Coulomb's law, is a challenge. But the major problem with a pair of symmetric potentials
is V(R) = 0 (annihilation) for all R in (2a) and (2b). But working with a closed formula, devoid of any

parameter, may lead to the simplest analytical form possible for a universal potential and to that single
symmetry element in the Hamiltonian, needed to account generically for shape invariant asymmetrical

molecular PECs.

2.3. Classical gauge symmetry and two-dimensional scaling
Consider two particles with identical masses m interacting through a potential V(R), for which the classical

Hamiltonian H, reads

Hyo = omy + smv + V(R) (3a)
The reduced mass would be equal to 0,5m. The particles interact through a single term in (1e)
V(R) = aR" (3b)

with n an integer, ga potential dependent constant (with dimensions enengglength™ and R the particle
separation. Let n be equal to - 2, -1, 1 or 2 (n = 0 leads to a one-dimensional PEC). The x-axis R is scaled by a
characteristic distance for the system, R =ngiR/ing

V(R) = aR'm" (4)

A pair of symmetric potentials (attractive negative, repulsive positive) can be created using a parity@perator
=1 orP = +1. With (-1} this gives

V.(R) = aRe’ m" = -V.(R) (5a)

V.(R) = (-1} V(R) (5b)

where the exponent t, thgpe of interaction, is equal to 0 (even) for repulsion and 1 (uneven) for attraction.

The zero reference point is free (gauge-symmetry). Adding a constant C gives

W(R) =V(R) +C (6)

and by virtue of (5a)

W,(R) = -W(R) (7)
independent of the value of C. Scaling C on the y-axis in terms of a typical energy for the system
C=aR"=V(R) (82)

leads to two scaling operations on an equal and consistent basis (two-dimensional scaling, gauge symmetry, see
Introduction). C is the asymptote and is determined by
C=V()- V(R ) (8b)
which shows why its sign is a matter of convention. The levels +C are symmetrically distributed around the
original x-axis, the gap being |2C|. Using a second parity operatbfof-Q leads to four different symmetric
states for (3b) potentials
W(R) =t &R (&R )R/Re"
=C(-1+C (-1 R/R
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W(R)/C =w (m) = (-19(1 + (-1} R/R)

w(m) = (1P (1 + (-1)°m) (92)

if the exponent g for thgauge is equal to 0 (even) or 1 (uneven). Result (9) represents the algebraic effect of
classical gauge symmetry for potentials: it is a well-known generic result, independent of the analytical form of
the potential. The R- or m-dependence is extremely simple and is the same for all four states and the scheme is
scale invariant. The distinction between the four states is only dweetdgebraic symmetry operator, parity.

The meaning of the four states is discussed below for a Coulomb potential. These scaling and symmetry
operations artificiallycreatetwo symmetric isospectral worlds W < 0 and W > 0 but only one can be real.

There are mathematical techniques to arrive at the same results without negative worlds, see below.
Classically, parity is never violated. If the two worlds remain separated and PECs do or can not cross, parity is
not violated and convention is sufficient. But, two symmetric t - g = 1 states (asymptote and interaction have
opposite signs), always cross at R soRat W(R) = 0. For mass-less particles and for systems withm,

symmetry may never be broken and no stable states are produced.

States with t - g = 0 can never cross. The two symmetric states witht =0 and t = 1 around + C and - C will
never cross. Symmetry breaking for two crossing t - g = 1 states is necessary, independent of n in (3b).

If a perturbation P is present for these two t - g = 1 states, scaling P with C gives p = P/C and applying the non-
crossing rule to a symmetric pair gives in first order

wi(m) = (1 - mi)*+ )**- p (9Db)

as a generic perturbed function. A 'classical' definition of p is needed, as is its dependence on m.

For a pair of algebraic potentials, crossing of symmetric states at the minimum is generic and the breaking of
this symmetry must therefore also be generic. This can only be achieved by finding a generic perturbation. The

physical origin of this must be found. If so, perfect scaling is theoretically obtained.

2.4. Symmetry of attraction and repulsion

The symmetry of attraction "Raind repulsion +Rin (5) does not lead to simple solutions for N-particle

systems. It is more practical to use different n-values or analytical expressions for attraction and repulsion,
which is contrary to their algebraic symmetry. This is a characteristic of many empirical approaches. A typical
one consists in choosigo terms in (1e), each having a different sign. For instance, (2a) and (2b) both use n =
-1 for attraction but n-values different from -1 for repulsion, i.e. -9 and -2 respectively. Quantum mechanics,
where a 1/R-dependence is invariantly applied for attraction and repulsion, shows that calculations can get
complicated, see (1a) and Fig. 1a on account of this basic symmetry. Obtaining theoretical PECs is difficult in
contrast with (2a) and (2b). Some of the difficulties in trying to find solutions for N-particle (particle-

antiparticle) systems have been studied before (Richard, 1992, 1993, 1994, Abdel-Raouf, 1992, Abdel-Raouf et
al, 1998). In this work, this algebraic symmetry is respected throughout, as it is a first principles element of
Coulomb's law, conforming to gauge symmetry, and secures that scaling can not lead to distortions when going
from the left to the right branch of PECs.

2.5. Theoretical shape invariant PECs from a pair of symmetRtpotentials and symmetry breaking
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At this stage, the shape of PECs generated by closed formula algebraic functions (9a) can only be discussed in
thead hochypothesis that crossing of t - g = 1 curves is avoided, see (9b). The five major invariant
characteristics of PECs are:

(a) triplet-singlet splitting occurs at large R; (b) the triplet-state is repulsive (unstable state); (c) the singlet-state
is attractive (stable state) and shows a minimum with asymmetric left and right branches at either side of the
minimum; (d) the left branch is repulsive with a very large slope and does not reach a finite asymptote (it
reaches infinity at R = 0 or at least becomes extremely large before eventually reaching the united atom energy
at R=0 or even lower); (e) the right branch is attractive with a slope less than in the left branch and reaches a
finite asymptote at R = (for other minor characteristics, see Varshni, 1957).

The general behaviour of (3b) in terms of (9) must be discussed referring to these characteristics (a)-(e). For the
singlet-state, a reference PEC is generated with the reduced Kratzer potential (2c). Crossing is avoided by using
a small constarad hocperturbation p= 0.1 with C = 1 instead of thenericperturbation needed in (9b) but

not yet identified.

Results are shown fRig. 2 and Fig. 3 The morphology of PECs deriving from n > 0 potentials in Fig. 2a (n =

1) and 2b (n = 2) is not consistent with patterns (a)-(e). Although a splitting and a minimum is generated, the
shape of the bonding PEC is wrong (reversed) at the tree level. Even the n = 1 case in Fig. 2a, the better of the
two with respect to the Kratzer PEC, leads to an opposite picture. The situation gets worse for the n = 2
potential in Fig. 2b, although this is exactly the potential for the harmonic oscillator. This n = 2 potential is used
frequently as a model in a variety of symmetry problems (see Witten, 1981, 1982, for a classical example in
SUSY). The left branch instead of the right would give the finite asymptote at R = 0. The right instead of the

left branch goes to infinity for large R. This apparent reversed left-right asymmetry simply calls for a switch

from n > 0 to n < 0 potentials. In addition, it seems unlikely that any justifiable non-crossing scheme
(perturbation) would improve the situation with respect to the Kratzer-reference PEC, see Fig. 28uaind 2b.
perturbation alone can not remedy the wrong left-right asymmetry inherent to n > 0 potétdaialsf this so-

called wrong behaviour has to do with convention: 1/R as a variable instead of R for n = 1 would give the
correct result, see below. Fig. 2a is a Landau-Zener model: curves 2 and 3 are diabatic levels, curve 6 is (one of
the two) adiabatic levels in (9a).

The morphology of PECs generated with n < 0 potentials in Fig. 3a (n = -1) and Fig. 3b (n = -2) is in line with
(a)-(e) and conforming to the Kratzer singlet PEC. At the tree level, the n = -1 potential performs better than the
n = -2 potential, if the Kratzer potential is used as a reference. As above, avoiding crossings is illustrated in Fig.
3a and 3b. In Fig. 3a, the resulting PEC is close to the Kratzer-approximation for larger R but gets
automatically worse in the left branch. For the repulsive (triplet) state, the generic shape is almost correct by
definition in the case of an n = -1 potential. At the tree level, a pair of symmetric 1/R-potentials leads to the
correctshapeof PECs in all aspects (a)-(e). Fig. 3a is a Demkov-Kunike model: also here curve 2 and 3 are
diabatic levels whereas 6 is (one of the two) adiabatic levels in (9a).

Splitting, the shape of the triplet state, the existence of a minimum for the singlet state and the left-
right asymmetry at the minimum all secure that, in first order, a pair of symmetric 1/R potentials is at
work in cases for which Kratzer's potential gives the reference PEC. This general and very consistent
model is one of the main reasons why people remain interested in empirical 1/R potentials (Fig. 3a)
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hoping one of them has universal characteristics. Parameters give the flexibility needed to apply the
potential to more than one bond. We choose for rigour, by eliminating parameters, to find out what a
truly generic one-term potential is capable off.

The main difficulty of scaling in molecular spectroscopy is to find a (generic) species independent
variable which would allow a smooth transition from Fig. 3a (1/x-situation) to the perfect V-shape of
Fig. 2a (x-situation) using the same experimental data, see above Fig. 1c-e. In addition, closed
formula potentials, conforming to observations (a)-(e), as in Fig. 3a, cause problems for the H-L
theory, bound to the complex potential V(R) in (1a). The internuclear 1/R potential in the present
scheme is just one out of the four potentials in (1a). Exactly this important internuclear potential in
(1a) is repulsive instead of attractive.

2.6. Symmetry breaking and gauge symmetry

The n = -1 potential is a power law, confined to a positive world. However, the convention is that two
symmetric + solutions are possible (attraction and repulsion). This can only be achieved by shifting the zero of
the system, C in (9), and allowing worlds wherein attraction and repulsion are possible at the same time
(classical gauge symmetry and a characteristic of potential thediesiaximum range R for attraction is

then automatically governed by the asymptat&it&refore, at the zero, the symmetry of attraction and

repulsion must be broken in order for the conventions to remain valid. For n = -1 potentials, finite reference
points have been replaced by asymptotes. The n = -2 case runs similar. The next problem with the twon <0
worlds is scaling, since asymptotes are now the reference points, needed for scaling. Mathematically, there is
no substantial difference between n = 1 and n = -1 cases, since we can always replace x with 1/x. The use of 1/x
is more a tradition (Newton, Coulomb), see above. With respect to scaling, the information contained in PECs
is more manageable with x as a variable rather than with 1/x, especially with respect to the asymptotes.
Conflicting situations can occur for systems subject to two different laws. In classical and wave mechanics, n =
2 behaviour is needed for the kinetic energy, n = -1 behaviour for the potential. Conventions about the real
world must be in line with these two behaviours, if both are allowed. If a conflict occurs, the symmetry of the
behaviour that causes the conflict must be broken immediately at the critical point where the conflict occurs.
Determining what exactly this symmetry breaking effect means in terms of the physics of the interactions
between particles is the next problem to be dealt Vdguge symmetry must also be confronted with the
Hamiltonian to find out if this symmetry breaking effect can be incorporated. In the H-L theory, there is no

direct link within the Hamiltoniarto symmetry breaking effects leading to (a)-(e) as observed in PECs.

3. Algebraic Coulomb 1/R-potentials. A new degree of freedom. Perfect Coulomb scaling

Consider a system of two charges, interacting through a Coulomb 1/R-potential, see Fig. 3a. The charge
symmetry is not (yet) broken by the (identical) particle masses giving

V:(R) = + €IR (10a)

in which, according to convention, the + sign refers to charges with equal sign (repulsion), the - sign to charges

with opposite sign (attraction).
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The problem case is

V(R)=-€¢/R+€R=0 (10b)

when referring to (2a) and (2b), for anyFRy. 4 represents the general shape of these classical Coulomb PECs,
which can not show a minimum, since they never cross (fermion-behaviour). Due to charge invariance, the four
states ++, +-, -+ and - - reduce to two degenerate pairs, +-, -+ and ++, --. Generalising (10a) is possible using
the procedure of section 2.3

W(R) = Vi(R) + C = +(6?/Ro)(1 = R/R)

W(R)/(€/R) =w (m) = (1 + RR)

w(m) =+(1 +1/m) = (-1 (1 + (-1J%m) (11)

The Coulomb asymptote C candigided or multipliedwith any constant without loosing generality, singe R

is multiplied or dividedoy the same constant. Result (11) is illustratefign 5.

Referring to Fig. 3a, Coulomb forces imply a new degree of freetoensymmetry of attraction and repulsion
resides in the interaction tfo charges. Any system ofo interacting charges obeys charge invariance. This
principle secures that, within a given world, the energy of the system is not altered when the signs of two
interacting charges are interchanged, say from +- to -+ for attraction or from + + to - - for repulsion. But, a
transition from a positive world into a negative one as in Fig. 5 afilcsgmmetry aspects. At the minimum,
attraction (+-) changes into repulsion (- -), if the original conventions hold. A symmetry breaking effect would
explain the minimum, the asymmetric branches and the different slopes in observed PECs automatically. But
there is no reason whatsoever for the interaction of two charges in the real world to suddenly change from
attraction into repulsion. The effect of the two worlds is that, in contrast with (9), the four states in (11) are
classically identified and further diversified, i.e. ++, +-, -- and -+, exactly in this order when starting from
asymptote +C, see Fig. 5 and the arrow notation therein. As a result, Fig. 5 is more complex, since the sigma
bonding state is now described, on account of gauge symmetry, by + - and - - states, whereas the two triplet
states are ++ and - +. But the repulsive (- -) state +1/R - C, is alatirdativestate in the negative world and
would cross the (+-attractivestate -1/R + C of the positive world afIR = 1.But two states with the same

basic gauge symmetry -attractive or t - g = 1- are not allowed to cross and perturbation must be invoked as in
(9b).

Looking at Fig. 5, the - - attractive state +1/R - C in the negative world is a repulsive state with a downshift
with respect to the repulsive state +1/R + C in the positive world, the shift being equal to |2C|. For a system of
two charges, all this may seem meaningless. Charge invariance allows a shift from + - to - + for attractive states
without energy implications. But gauge symmetry overrules charge invariance: now there are two not
degenerate attractive (repulsive) states + - and - - (- + and ++) with totally different energies away(Figm R

5).

But we know that switching fermion chiralities simply corresponds with switching a sign in the Hamiltonian,
which is the result of charge conjugation combined with the particle-hole transfornidéaberger, 1999)

Which sign(s) must be switched will be demonstrated below. It is important to realise that PECs generated by
gauge symmetry (Fig. 3a) are observed for systems consisting of four particles, such as chemical bonds.
Therefore, we must find out how the gauge symmetry dictated scheme can be translated into a physical law in

these four-particle systems.
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As in SUSY, the problem is to find a real N-particle system, where this mathematical artefact applies.
For a system of two charges, it is impossible, in the absence of external effects, to imagine any
perturbation, if self-perturbation is excluded. Positronium and protonium systems are extreme but
straightforward examples. The 1/R attraction is used in full and can not, at the same time, perturb
itself. The origin of the minimum remains a mystery and must be considered as generic, since only an
electrostatic 1/R potential is used to describe the system (dynamics is not -yet- involved) but we
know R. derives from classical equilibrium conditions, involving dynamics.

Up till now only a generiad hocV/(R,) is available as a Coulomb asymptote C/Re also present in (2a) and

(2b) and this derives naturally from gauge symmetry (parity). Classical equilibrium condittamspiarticle

central force systems respect the virial theorem and lead to an asymptoté/RL/2)3#2, although

multiplying €/R. with any constant (as the virial %) does not alter Coulomb scaling.

Returning to two-dimensional scaling, (11) applies to any asymptotedb, where b is a constant, see
Introduction. The R-dependent part of (11) will still vary @RR= 1/m for any b-value. As a result, w (m) may

be multiplied with any constant without loosing generality or universality. The b-values will affect the shape of
unscaled PECs, as illustratedrig. 6a, bandc. Fig. 6a shows that, with the same Coulomb 1/R potential, a
smaller asymptote reduces the slopes of the branches and increaskef Scaling R with KFig. 6b)

draws the attention exclusively to asymptote differences. Perfect two-dimensional scaling results in a reduced
universal PEC as in Fig. 6¢ for any b-value. If b is very small, physics at the Fermi- and, in the limit, even at
the Planck-scale is obtained. If b is very large, we would eventually get physics at the Newton-scale, see below.
Fig. 6¢ results from perfect two-dimensional scaling, the key being the universal character of the 1/R potential,
its closed analytical form and gauge-symmefityese three Figures represent the major issue of scaling,
symmetry and the n-dependence for R in (1e) or (3b). Even for seemingly weak interactions as in Fig. 6a (large
Re-values, small slopes) or as in Fig. 6b (small asymptotes), it is tempting but not always necessary to invoke a
different n-dependence on R in the potential (1€) to account for these effects. But if gauge symmetry is
applicable, a unique universal Coulomb 1/R law applies to all cases, see Fig. 6¢.

The dissociation products in a Coulomb system must be charged particles. This is not trivial: in practice,
observed molecular PECs are usually scaled with the atomic dissociationJimtédde the dissociation

products are twoeutralatoms. Theoretically, these can never represent the natural eigen-value of a true
Coulomb system. Exactly the dissociation limit of four-particle systems (chemical bonds and the long-range
behaviour of atomic interactions) cause severe problems when interpreting RKRs. As a matter of fact, Fig. 1b
clearly shows that Ds certainly not a Coulomb scaling asymptote in the strict sense as the 1/R behaviour is

not reproduced. The long-range behaviour is usually described by terms in (1e) of the/Rywiizre n is

large, see above. The range can be estimated by means of the Le Roy radius (Le Roy, 1973). Then it is of
primordial importance to describe as exactly as possible the normal R-dependence of particles in this region,
about which wave-packet dynamics (femto-chemistry) could provide us with new information. With a universal
function it may be possible to scale long-range behaviour too, which, to the best of our knowledge, is not yet
possible.

We applied this generic Coulomb scheme to see whether the exclusive use offeadd ® a generally

consistent physical pictur€ig. 6d shows the behaviour of 13 observed RKRs in an algebraic Coulomb scheme
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with gauge symmetry (with a small perturbation added at the minimum). It is readily verified that this

extremely simple 1/R and 2C-gauge system reproduces the general shape of observed molecular PECs. At the
repulsive side, Coulomb's law is closely followed in the whole range. At the attractive side, the branches do not
follow symmetrically Coulomb's law, probably due to long range forces. A perturbation is needed to shift the
minima of the PECs upwards by a small amount, as in Fig. 3a. This gives a better correspondence with
Coulomb 1/R behaviour at both branches. The underlying perturbation mechanism is very important, but must
be identified. Fig. 6d reveals that PECs may indeed validly subject to a Coulomb scaling process (Van
Hooydonk, 1999). The only exception seems to be the RKR, fas it does not follow the general trend,

especially when compared with,| since bot have approximately the sargev®tues of 2,6A. It appears that,

if we scale locally all observed PECs with Bll RKR-data-points will be contained between 0 and 1,

irrespective of the value of.RTo get a scaled result, all PECs reduced witmDst somehow also be rescaled

using relative Rvalues. For instance, bringing up (scaling) the RKR to the position of that of Hn Fig. 6d

does not depend on the value @fiDthe first place but ondRHow to achieve this is illustrated below.

4. Problems with generic shape invariant PECs and a four-particle Hamiltonian. The switch

Reconstructingjualitativelythe shape invariance of observed PECs is no problem, as long as symmetry is
broken: gauge symmetry and a pair of symmetric 1/R-potentials seems sufficient (see Fig. 3a and 6d) and
guarantees Coulomb scaling for PECs. With respegtidgntitativeaspects (slopes and curvatures), problems

are met if we confront this simple picture with the complex four-particle Hamiltonian
H=%mV+%mV+%mV - &R+ % mV - €Ry, - €/Ryp - €/Roa+ €/Rap + €/Ry,

Not less than 10 terms appear, 4 of which are kinetic energies and 6 are Coulomb potentials. We must select the
signs to switch (see above) in the 6 charge conjugated terms. This complex Hamiltonian generates problems for
a 1/R scheme dictated by elementary gauge-symmetry:

1. Prove that, like in (5), introducingparity operator(a switch) in this Hamiltonian suffices to reproduce
quantitativelyshape invariant PECs. In the H-L theory, both splitting and the asymmetric minimum result from
the combined (external) symmetry effects of wave functions and electrofBpisymmetry breaking effect

we need must be a generic consequence of a physical 1/R process.

2. Prove that the resulting PEC is in a good first order approximation, obtained by aJmitamfib 1/R

potentials The H-L Hamiltonian contains 6 potential energy terms, only one describes the internuclear
separation R, needed to construct PECs and is repulsive. At least this term needs a switch, a parity operator
The asymptote must be identified.

3. Find a suited, realistic and even genpedurbationto break the symmetry and to apply the non-crossing

rule for the intersecting pair of t - g = 1 states in Fig. 3a, a problem in its own right. A perturbation does not
leave the asymptote unaffected. Alternatively, we can look for lower states with the same symmetry,
intersecting the generic state away from the minimum, which avoids crossing at the minimum.

4. Not the least, find real and observable N-particle systemiere these theoretical deductions apply. It

seems impossible to avoid composite particle systems, be it alone to bring more complexity into the rigid

analytical form of a simple Coulomb potential for a two-particle system.
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5. A theoretical four-particle system. Coulomb-potentials and charge-distributions. Perturbation. The

Born-Oppenheimer (B-O) approximation

5.1. Symmetric perturbed Coulomb 1/R-potentials for a theoretical four- particle system

A system with only two chargesyo fermion} with particles of equal mass must be ruled out, see above. The
nextneutral system possible consists of at Idasir charges and must be subdivided in such a way that a
Coulomb interaction between two point-like sub-particles emerges. The sub-particles must have a global mass
asymmetry and carry opposite charges. Partitioning the four-particle system imeutral subsystems,

consisting oftwo neutralparticles each, can never produce the Coulomb interaéfRmeeded. Therefore, the
only possible andeal partitioning leads to two asymmetric charged subsystems: a clamggbsiteparticle

X* interacting with an oppositely chargedt compositgarticle Y. The total charge of the composité X

particle being +e implies that the number of charged particles in X is 3. These are confined to the X domain and
their mutual separation is close tgR negligible at large R. The masses 6faxd Y must be nearly equal to
secure that the charge symmetry will not be broken by the X-Y mass difference.

As in section 2.1, the 3 charges in X are labelled as (1,a,b) and the one in Y as (2). Since the total charge is
zero, two pairs of fermions with opposite charges (a,b) and (1, 2) are needed. One pair resides within X, the
other is distributed between X and Y. We can distinguish two charge distributions in the fermion pairs forming
the neutral four-particle system:

(a) fermion pairs (2 leptons, 2 nucleons) have equal charge@:+and --, or vice versa);

(b) fermion pairs have opposite charge${+e and -+, or vice versa).

For the classical case (@) in this theoretical four-particle system, partitioned in this asymmetric way, the long
rang interaction V(R) is equal to (1b), the standard ionic model discussed in Section 2.1.

For case (b) we get instead

V(R) = - €/Ry2 + €/Rps - €/Ryp (12)

When compared with (1b), the three terms in (12) are the same but two of them have switched signs. The last
two terms are equal in magnitude, the fermion pair (a,b) being confined to X. A small perturhatiblaige

R results from (12)

V(R) = - €/Ry, + (€/Rza- €/Rop) = - €IR12 + Vip (12a)

Apart from two signs, potential (12a) has the same structure as (1b). Therefore, only this theoretical four-
particle system, case (b), would give rise to the situations already depicted in Fig. 3a and 5: a pair of two
perturbed Coulomb potentials, if we only could justifg switchin sign for this part of the Hamiltonian. The
standard non-crossing rule would simply lead to

W(R) = (CK? + V) Y2- Vi (12b)

in agreement with (9b) and used for obtaining Fig. 3a imdhlkeochypothesis that M is a smalkonstantFig.

7 gives the comparison of the results obtained with the generic potentials (12k)#dd,¥ and 0,35

respectively and with the Dunham, Born-Landé and original Kratzer potentials of section 2.2. Reminding Fig.

1, the PEC for a theoretical four-particle system, (12b) may be close to reality, if the Born-Landé/Kratzer PECs
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are useful references. The famous oscillator PEC (n = 2 potential), the leading term in the Dunham expansion,

is also shown in Fig. 7 (curve 1) but is completely out of range, at both short and long ranges.

5.2. Can the real four-particle system consist of ions interacting through Coulomb's law? The switch

Although the PEC generated by the present scheme seems to have prospects, see Fig. 7, composite asymmetric
systems like those described in Section 5.1 may seem exotic. Fortunately, case (a) resembles systems very
common in chemistry: two ions interacting through Coulomb's law. An anion is like the composite particle, say
F and a cation the non-composite particle, shyAnions consist of three particles: one positive nucleon and

two negative valence electrons. Strictly spoken a division into a molecular ibarxiva lepton‘ds also

possible. But in that case the charge symmetry is spontaneously broken by the large mass difference, which
must be avoided. In fact, this essentially atom-like interaction will generate an atom-like spectrum.

The masses of the partners, anion and cation, can not be identical. The mass difference is at maximum, when
the nucleon masses are identical and small. For H it is 2/1836 or aBomihidifference leads to a small
perturbation and to symmetry breaking as required.

Selecting the case of ionic bonding would secure that the non-crossing rule applies on account of (12), if only
the signs of the terms in (12) were in agreement with those in (1b). But if all this can be rationalised, many
PECs would be available for testing. The interactions confined to the X-domain do not vary with R. Hence
€/Ry, €/Ry, and é/R,, arefrozenin first approximation, an 1IM (lons In Molecules) approach (Van Hooydonk,
1999).

But since the theoretical system (12a) gives different signs for the potential than that for the classical ion-pair
(1b), an ionic approximation seems to be forbidden on account of symmetry effects connected with charges,
which reduces to a switch problem. These were discussed in Section 3 and we will now show how to remedy

generically this symmetry- or parity-anomaly.

5.3. Confrontation with the Hamiltonian

The B-O approximation freezes nucleons and implies central force systems. Reduced masses appear. The eight
terms in an order related to a standard AIM (Atoms In Molecules) approach are

Hio = (¥ V- EIRatY2 oV - EIRy) - EIRyp - €IRsa + EIRp+ €/R,  (13a)

The first 4 are the (intra-) atomic terms, the last 4 form a perturbation of the atomic states leading to V(R) in
(1a). The inter-nuclear term is not dominant anemilsiveinstead ofattractive With an IIM (lons In

Molecules) approach the eight terms in (13a) are rearranged as

Hio =(Y% M +Y2 VP - EIR1a- €IRy + €IRap) + E/R12 - €/Roa - €/Ryp (13b)

The first 5 terms belong to the domain of the anidntbe latter 3 to the cation-anion interaction V’(R) in (1d).
Although the relative influence of the internuclear term in (13b) is more pronounced than in (13a), it remains
repulsive, not in agreement PECs either. To get an ionic interaction, dominatedRy (case b. of the

Section 5.1) the following identity could be artificially imposed

- €IR12 = €/Ry - €/Rza- €/Ryp

leading to

/R, = (1/2)( é/Ra + €/Ryyp) (13c)
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The consequence of trying to reproduce an ionic attractiRpén this way automatically rules out the

possibility of finding a small perturbation term, which vanishes due to (13c). A way out is considering one of
the nucleon-electron interactions in (13b), sa}/R#& to act as pseudo-ioniattraction or

- @IRoa+ (EIR12 - €/Ryp) (13d)

Rewriting the last 3 terms in (13b) accordingly givesalneostcorrect picture needed for the theoretical

scheme (12a) and the correct perturbation result (12b). In fact the two terms between brackets in (13d) can be
considered as a perturbation,sf the pseudo-ionic interaction ¥R, butit will only be small at large RThis

solution is artificial: we interchangedicleon-nucleon repulsicandnucleon-electron attractioto getpseudo-

ionic attraction. This artificial mechanism for going from cas (a) to case (b) in Section 5.1 does not give the
correct switch. The charge symmetry of the system is broken, which is not allowed. Nevertheless, this solution
would allow to apply the non-crossing rule as in (9b) or (12b), if only the internal consistency of the model was
not broken so drastically as in (13d). But all evidence of observed molecular PECs points out that attraction
depends naturally on 1{Rand not on a nucleon-electron potential as in (13d). In addition, the scheme must be

valid for all R, not only for R>> R

6. Intra-atomic charge inversion. A generic switch (parity operator) to apply gauge-symmetry to a

chemical bond

There is a relatively simple way to realise the transition from case (a) to case (b) in Section 5.1. This makes the
sign in thelonic potential(1b) correspond with that dfieoretical mode{12), restores the broken internal

symmetry in (13d) and secures at the same time thatiW remainsmall at all R-valuesBy definition, the

main interaction must be attractive and must depend,gm& on R, or Ry, For the perturbation to be small

and in order to retain the internal symmetry of all six interactions in (13a) and (13bhould be related to a
difference &R;, - €/Ry, instead of to an asymmetrical solution (13d). In this hypothesis

Vi ~ |8/Roa- /Ry << |E€/Ry| (13e)

the non-crossing rule could be applied correctly as in (12b) and the internal charge-symmetry of the four-
particle system is restored.

Although the geometry of the four-particle system and the reference axis are unknown, it is difficult to describe
exactly which interactions could switch sign generically. Yet, making the signs ajébjicallycongruent

with those in (12) has an unexpected consequence in connection with the principle of charge invariance,
discussed in Section 3. The difference in (13e) can only be obtained in any geometrical arrangement of the four
particles when the two electrons (leptons) in the anion have opposite charges, which is contrary to convention
and especially to the standard H-L bonding thediye next consequence of charge invarianteatthis

charge inversion also applies to the nucledrsis provides exactly the key for going from case (a) to case (b)
charge distributions, discussed in Section 5.1. We remind that the conventional case (a) has dominated
theoretical chemistry in the post H-L era (Pople, 1999). The possibility that case (b) might be involved in
theoretical chemistry has never been considered.

But due to the principle of charge invariance, case (b) would never have changed the energy of an atom, since

the strength of the intra-atomic interaction does not change when going from++ktiva-atomic charge
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inversion can onlghow when two ions interact according to Coulomb's then a ++ interaction can change

into a +- interaction of the same character, as discussed in Section 3. This intra-atomic charge inversion
provides us exactly with the generic switch, the single parity operator we wanted above. The effect of a charge
inversion in one of the two atoms is different for a parallel and an anti-parallel alignment of the wlithiges

the two atomsA simple example of this effect is the interaction of two magnets (dipoles). Attraction and
repulsion are immediately felt when turning one of the magnets upside down when bringing them together.

The effect of this generic switch, not available in the H-L theory, is not dependent on the shape or geometry of
the four-particle system: it is a generic chiral symmetry effect implied in gauge symmetry and only one
algebraic operator is needed to describe it, a parity operator, as expected. The mathematical symmetry
breaking effect, inherent to t - g = 1 Coulomb states has now become a real physical even generic effect.
(Footnote remark: The effect of this chiral symmetry has been brilliantly visualised by the Belgian surrealist Magritte in a
painting showing a man seeing his back when looking in a mirror).

The only way to make the Hamiltonian of the four-particle system in a chemical bond congruent with the recipe
provided with gauge-symmetry (see Fig. 3a and 5), is to adapt it for parity violation: a repulsive nucleon-
nucleon or lepton-lepton H-L state ++ (+C + LJfbecomes attractive + - (+C - 14R The opposite applies to

two of the four nucleon-lepton interactions. This is needed to get charged dissociation products at large R
(fermion behaviour), in agreement with the generic gauge-symmetry based Coulomb scheme, see conclusion of
Section 3.

All these preliminary considerations led us to very specific and clear benchmarks for an alternative way to
explain chemical bonding or the stability of 4-particle systems in general.

The first criterion to justify this rather drastic measure will be the agreement with experimental PECs

(published RKRs): the theory should result in a really universal function, whereby the ultimate challenge is to
reduce all 13 PECs in Fig. 1b to a single straight line.

The second is the character of this theoretical result, which depends upon the number of parameters required or
allowed to fit theory with experiment (Pople, 1999). If this number is zer@afthtio status applies.

The third is an objective quantitative criterion for the acceptanab ofitio methods and was clearly set by

Pople (1999) in his recent review about the evolution in quantum chemistry since 1927: heats of formation
should be reproduced with an accuracy of 1 kcal/mol or about 460mrcterms of molecular spectroscopy

this is a relatively wide margin when level energies are under discussion but it is a clear quantitative benchmark

for theoretical approaches.

7. Intra-atomic charge inversion in the Hamiltonian leads to symmetric 1/R potentials and shape

invariant PECs

Permutational symmetry requirements and their effect upon the wave function in the classical H-L theory
(antisymmetry for fermions and symmetry for bosons) are now taken over by charges and charge distributions.
Mirror symmetry for the two charges in a boson produces a switch which transforms an attraction into a

repulsion or vice versa. This gives fermion behaviour for a pair of bosons (see Fig. 5). As a result, 4 out of 6
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potential energies in Hamiltonian (13a) change sign (are switched), if charge inversion, atom handedness or
atomic chirality inoneatom or boson is introduced (Van Hooydonk, 1985). We get
Hay = (%2 &2 - @R+ oV - €IRyp) + (-1) (- €/Ryp - €/Roq + E/Rap + E1R1))

= Hy + Hy + (-1 V(R) = Hx + Hy £V(R) (14a)
with the switch t, as in (5), the type of interaction determined by charge inversion in X or Y. But (14a) can not
simply be generalised as in (9a) or (11). For writing down a system like (9a) or (11) the real asymptote C =
V( ) - V(Re is needed, see (8). This asymptote derives from the internal mechanics of the system. The
dissociation products of systems obeying Coulomb's law mugtdrgedparticles like ions, nateutral
species like atoms. The asymptote of a Coulomb system can therefore never be egqualésd) during the
long-range interaction, the 'ionic' interaction transforms smoothly into an atomic interaction. If so, the shape of
observed PECs and the curvatures must contain a (hidden) message that this conversion has taken place.
Evidence points out that the true asymptote can be more than 5 times as largesbarEBction 2.1. This
rather extra-ordinary scaling hypothesis, stating that only an ionic Coulomb asyriiRgte effective for
scaling has been detected recently (Van Hooydonk, 1999). Only
V(Re) = Hxy (Re) - Hxv () (14b)
can give the real value of the asymptote. Fomattractivebranch of a molecular PEC, the conventional value
for w (m) would be
W(R)De=w(m)=1-RR=1-1/m (14c)
which proves to be fallacious (see above and also Fig. 1b). But an intermediate (virial) asymptote, situated at
about half the well depth (in any case larger thagn dives
WR)IEx=w(m)=1-RR=1-1/m (14d)
This fits in a generic Coulomb scheme and leads to different prospects (see Section 2.1, middle PEC in Fig. 1).
Unfortunately, it is difficult to imagine, given the complexity of the H-L theory, that this extremely simple
static Coulomb picture (14d) could ever be applicable to the internal dynamics of real molecules and would be
the basis of chemical bonding. Nevertheless, it gives us a hint for a universal potential fitting in a Coulomb
model with gauge symmetry, in a form + (1-1/m) we wanted and roughly in accordance with observation, see
Fig. 6d.
When t = 1, the Hamiltonian (14a) can directly be rewritten, if the small perturbation is neglected, as
Hxy  =Hx. + Hy - €/R - (IEx + EA)+ 0 - €/Ry» (14e)
the simple one-terrgenericCoulomb solution, nearly conforming to (9a) or (11). We first discuss some

implications of (14e) and of intra atomic charge inversion in the Hamiltonian.

8. Reducing the 10 term four-particle Hamiltonian to a Kratzer potential, a Bohr-like equation and a

Coulomb potential
Formally in both AIM and IIM approaches, the singlet Hamiltonian with charge inversion t = 1 (14a) has a

generic advantage over (13a), since the 4 nucleon-lepton interactions pair-wise get opposite signs instead of

being attractive all four (Van Hooydonk, 1985). Unfortunately ircthalent(AIM) approach the 2 nucleon-
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lepton pairs refer to different domains. For large R,<R Ry and Ry << Ry, S0 they can not cancel for all R.
Cancelling these terms is only allowed at R& R
In theionic approximation(IlM), the switch t = 1 has a different effect
H=Hyy. = (Y2 &2+ % V2 - E/R1a+ Ry - €/Ryy) - €/Roa+ E/Ryp - /Ry,
= Hy. + Hy. - VI(R) (15a)

the basis of (14e). The advantage of using an ionic instead of a covalent model now shows, SiRgeaRd
Rop = Reafor all R. The 4 nucleon-lepton interactions cancel pair-fios@ny Rin an ionic model. This leads to
a first simplification of Hamiltonian (15a) four terms,applicable for all R
H=(% &*+% V- €/Ry) - €/R12 = -IEx - EAx - €/R1;  Hpos- €/Ry, (15b)
The 3 terms between brackets correspond with the anion, a positronium-like system with Hamilignidre H
last term is the nucleon attraction, a protonium-like system. This is the ionic Coulomb interaction, we needed to
construct shape invariant observed PECs. We get
H - Hyos = - €/R12= V(R)
exactly of the Coulomb form required in our generic model, see section 3, if the spialh¥glected.
In general, four-particle systems are supposed to be stable (Richard, 1992, 1993, 1994, Abdel-Raouf et al,
1998), although trying to solve these systems requires a number of hypotheses, one being the dissociation
products (the asymptote) of the system. A B-O approximation imitd charge inversion is simply a
positronium-protonium syste(t5b) or ahydrogen-antihydrogesystem. If our derivations are valid, we can
easily compute a PEC for this system, see below.
Depending on the (unknown) equilibrium geometry of the 4-particle system, diféa&inttases can be
distinguished one of which was already discussed by Luck (1957) without using charge inversion.
If Rapis perpendicular to f2 (15b) is in first order equal to -0,5/E €/Ry,, the f'term being the Bohr-
solution for a positronium-like system,dd(the reduced mass for positronium ig2j In any case, this a
species independent (universal) molecular 1/R potett#aling R = 21 if rg is the Bohr-length, the asymptote
being 0.5Ryd, about 54800 €niThis is of the correct order of magnitude for bonds between monovalent
atoms, see Section 2.1. In this model, the two leptons in the positronium part would act as a classical Watt-
regulator on the protonium system.
If Rapis parallel or antiparallel to,R we leave the B-O-approximation and get, under the conditions above,
that
H = (Yamy? +ampyv? - /Ry + (YamV? +%empv? - €/Ry,)
an explicitpositronium-protoniunsystem in the case of hydrogen.
If R, Rap We can substitute this 2-component system withhiyarogen-likesystems and get
H 2(%mv* + ¥%my - €/R) (15¢)
if me is the electron and nthe proton mass. Deviations occur from the value of 2 in (15c), if the static
alignment of B, and R; is parallel or anti-parallel. It is also different, for intermediate cases. Neverthalgss, R

Rapis a reasonable assumption and both will be equal to akpdttrsequencef the particles -alternating
or not- is important in a not perpendicular arrangement. These are all classical situations (Luck, 1957) but we
can never solve this 4-particle system exactly. For a positronium and a protonium (Kong and Ravndal, 1998)

system, the reduced mass equals m/2. This charge-mass symmetry will be broken in the two hydrogen-like
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systems, where a B-O approximation reappears. The leptons in (15c) are to be redistributed between the
nucleons. If applicable, (15c) reduces to only 2 terms

H 2@z V-é&/2r) (15d)

which, as in Bohr's theory, can be solved, if these would be central force systems. Since this is not certain at all,
hydrogen-like systems can be expected to obey the Planck-Bohr quantum condition, meaning’irat %2 v
(15d) varies as B/RInstead of (15d) we now get (Van Hooydonk, 1985)

H 2(-€/R+BIR) (15e)

nothing else than thempirical Kratzer potential (2b) in Section 2.2. The first derivative of (15e) at R = R

yields B = éR4/2. This leads to the reduced molecular form (2c) of the Kratzer potential for,Aam 2

extremely useful molecular potential (Van Hooydonk, 1999). The result is the Kratzer PEC

W(R) /€/R. = (1- R/IR)? = K (15f)

These derivations show why the Kratzer potential can be useful foatootiic andmolecular spectroscopy

see Section 2.2. In an ionic charge inverted model, the 2-term Hamiltonian (15d) is a good theoretical
approximation for the original classical 10-term four-particle Hamiltonian. The Kratzer potential (15f) can
safely be applied in the whole range 0 <R < . Its use is not restrictedvibdre an an-harmonic oscillator
results, see Fig. 3a. The strange thing is that a near Bohr solution (1&nfisproduces an ionic Coulomb
solution with asymptote?#R, for moleculesn (15f). We do not need perturbation for the Kratzer potential

which produces the required shape for a PEC, see above. These results were presented some time ago in a
different version (Van Hooydonk, 1985).

Reminding that R 21z (see above), the universal asymptote in this case obeys

C=-H -2(-0,582r) = €/2rz = IE; = 13,595 eV = 109600 cin (15g)

or 1Ryd, see (1d), which, as in the perpendicular case above, can never be egiairtd D, this is 116400

cm™. If this universal asymptote has any meaning, it must appear when scaling PECs.

Nevertheless, the m-dependence in a Kratzer potential is quadratic and different from that in a gauge-symmetry
based generic scheme, where it is linear. Using (14e) and (159), the generic solution from the total well depth
of bond XX is

Hyxx(Re) = -(IEx + EA + €/21) = - (2IE + Dg) = -(IEx + EA¢ + €/Ry)

and,without perturbation

Hxx(R) - Hix (Re) = €/R((1-RIR))M2 = IEx((1- 1mf) 2 =k (15h)
independent of [) as required and consistent with guess (14d) but different from (15f). Moreover
Vio = €/Rpa- €IRyp (<< €IRy) (16)

is the important perturbation term, exactly as required, see (13e) and this is in line with the ionic charge
inverted Hamiltonian. All conditions to apply (12b) are now satisfied. But it appears we found not one but two
generic solutions: (15h) a Coulomb solution varying as k = (1-1/m) for which perturbation is required, and
(15f) a Kratzer solution varying a$ (1-1/m¥ for which no perturbation is needed, except at the crossing with
the atomic dissociation limit.

The difference in the physics of the two model potentials has to do with the 'central force' character of a 4-

particle system. With?%two central force subsystems appear centred on each of the nucleons. With k, a central
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force system is assigned to only one nucleon, i.e. in the anion*Ploektial is closer to the H-L theory than

the k-potential, which relates to simple hyper-classical ionic bonding.

Charge inversion (a generic switch in the H-L Hamiltonian) leads to a straightforward introduction of
polarisation effects as the major contribution tg, ¥ince the leptons have opposite charges. Without charge
inversion polarisation occurs only between nuclei and leptons, since the leptons have equal charges.

This section shows that even a static Coulomb based generic model (15b) or (15e) can theoretically be relevant
for chemical bonding. It justifies part of the criticism given above on the H-L theory. This theory does not
contain any well behaving empirical 1/R potential out of the many available in the literature. The relatively
small but fundamental adaptation (charge inversion, chiral behaviour of a two-fermion atomic system) opens
the way for really getting first hand theoretical, generic, approximations from parity-adapted Hamiltonians in
perfect agreement with these earlier empirical findings about 1/R-potentials. This result is consistent with
spectroscopic evidence offered by the generalised Kratzer-Varshni potential (2c) and by 1/R potentials (Van
Hooydonk, 1999). Here the H-L theory does not give an explanation, on the contrary: it immediately led to the
total rejection of ionic bonding models, the very basis of the Coulomb k-potential. The last attempt to explain
chemical bonding with electrostatics was given by Luck (1957), more than 40 years ago.

But if the present theoretical derivations are confirmed by experimental RKR-curves, it seems that even an
hyper-classical static Coulomb law is theoretically capable of coping with PECs for the so-called dynamic
process of bond formation and if so, the scaling problem is automatically solved (see Fig. 6a-c).

Both solutions (15f) and (15h) even indicate that a zero molecular parameter function can exist: this means that,
theoretically, molecular PECs can be constructed just using atomic data. Then the BE@isf ave a

connection with the Rydberg, the connection being of universal form k = (1-1/rh¥dfKl/mf. When

confronting these derivations with experiment, the number of parameters required for fitting the data will

determine theb initio character of the final result.

9. Applying the non-crossing rule at the minimum for states governed by 1/R potentials. Perturbation.

Consequences for the asymptote

In order to perform the calculations, we first need to identify the perturbation for the k-potential. For Kratzer's
solution (15f), no perturbation is needed, unless for the crossing with the atomic dissociation limit. The generic
1/R solutions, (14e) or (15h) can now be used in combination with the generic perturbation (13e) or (16).
Reminding (1e), this is still a one-term solution for V(R). To avoid crossing, we need the sum and the

difference of two diabatic potentials

W; + W, = -é/Ry, + C +é/R;,- C =0 (17a)
Wy - W, = 2C(1 - RIRy) = 2C(1 - R/R) = 2C(1-1/m) (17b)
with Ri> = R. The classical result for the non-crossing rule gives two adiabatic potentials
W(R)/C = w (m) = +((1 - 1/m§ + (V1JC)?) 2 (17¢c)

with Vi, a small perturbation (13e) or (16) and used already above, see (9a), (12b) and Fig. 3a. The
perturbation in (17c¢) affects the asymptote. But the most important effect of perturbation around the minimum

is that it affects curvature at the minimum (the force constant) and the curvature of the branches, see Fig. 2 and
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3. In this respect, only perturbation would solve some of the difficulties met above, see Fig. 1 and Fig. 6a-c. In
any case, with Y small and constant, symmetry will always be broken. The perturbation must be confined to

the region where the two attractive t - g = 1 curves intersect, the minimum.

9.1. Symmetric 1/R potentials at the minimum

Around the minimum, a generic Coulomb solution 1-1/m can be expanded as

W(RY/C = |k| = |1 - 1/m| = [1-1/(1 P}k (18a)

if m = 1 + ¥ with x > or < 0. This secures that the PEC remains shape invariant and (quasi-) harmonic around
the minimum depending on the analytical form of x. By definitidmmust be small, when it remains coupled

to W(R)/C as a scaled unit of energy for the system. It must also be related to a scaled difference in a distance
away from the minimum |R-R see (1f) in Section 2.1. For scaling this distance, the variables (1g) or (1i) are
available, related as

k = d/(1+d) or d = k/(1-k) (18b)

since RIR =1/m = R/(R - R + R) = 1/(1 + d). The transition from variable k to d causes algebraic effects not

visible when using 1/m =JR but we do not discuss these here. In general

IR - Rl = RId| = RIK| (18c)
irrespective of the functional dependence bbb exponent p. Using k or d for x, expansion gives
WRIC=RIL+®)] | #(@-X..)]=[®-x+.] (18d)

This leads to the Dunham expansion if |x| = |d|, see also the general discussion in Section 2.1 and (1f). But the
[x|] = |k| solution is equally valid and probably even better, since it is asymmetric again and will respect the left-
right asymmetry at the minimum more explicitly. If (18a) is expanded in function of k, this leads to self-
replication (continued fractions) and to all consequences thereof (Fibonacci-like series, chaos/fractal behaviour,
Freeman et al., 1997). Continued fractions have been discussed recently by Molski (1999). Since an expansion
of W(R.)/C in (18d) must give positive values by definition, the minimum value of exponent p should be 2 in a
non algebraic context. This is always a quasi-harmonic dependence ohanasi)an-harmonic dependence

on (1-1/m¥, in both cases an oscillator presentation confined to m = 1, the only case where |x|= |d| = |k|. A
solution with k is valid for all R. A perturbation, confined to the minimum, can be supposed to vary in an
oscillator mode. With the exponent p = 2 and using (18d), we can write

Viz (R) = Vao(Re) (1 - X/(1 + X)) = VaoR/(L + X) (18e)
x=k=(R-R/R=1-1/m (18f)

This relation has the disadvantage of not converging to zero for large m. It gives(Bg af infinite

separation, and normalisation is required. Here, we use a simplified expression

V12 (R) = VilRe)(L - X)= Vaz(Re)(L - K) (189)

deriving from (18e) in first order, which vanishes at k = 1. The value of the exponent p in (18c) remains
somewhat arbitrary: maybe it is 2 but it could be any other integral.

We remark that both (18e) and (18g) for the perturbation are still closed form analytical functions.

In an algebraic contextas with a pair of generic Coulomb potentials, the p = 2 case is not the only one

possible. In the Landau-Zener formalism (Landau, 1932, Zener, 1932), the non-crossing rule leads to avoided
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crossings away from the minimum. Applying it at the minimum, where the intersecting states W(R) and
asymptote are almost perpendicular is allowed, see Fujikawa and Suzuki (1997).

The behaviour of k,%and d for the leading terms is illustratedfiig. 8. The H-RKR data points are included

(level energies scaled with the Dunham asymptote, 7858¢) cfihe leading term in the Dunham variabfe d

is completely wrong (see also Fig. 7) although this is exactly the oscillator representation used so frequently in
theoretical physics (Witten, 1981, 1982). TimperturbedCoulomb potential using |k| is not performing well

either (see Fig. 1 and 7). The Kratzer potential leads to an acceptable result. The perturbed Coulomb potential is
calculated with a perturbation of 0,35C (see below). In comparison with Fig. 1a, the progress is considerable,

qualitatively and even quantitatively

9.2. Intersecting states. The asymptote problem. Varshni’s fifth potential.
Theattractivebranch of W(R) operates between C and 0. A singlet Kratzer state C@=1@k) can never
cross a generic singlet state C(1-1/m) = Ck starting from the same asymptote. Their 'crossing' points are m =
and m = 1. The m-values for intersection pointsaith a fixedasymptotébelow C, say £= C/b, can easily be
calculated. With b > 1, i.e. lower lying asymptotes, suchasr® generated. Kratzer's potential give €k
C/b, with an intersection pointyw b/( b -1), a generic potential givesyw b/(b-1). Their ratio m/my =

b/( b+1) shows that the generic potential will intersect a lower asympiaieser to the minimum than g’
<m, for all b. Theoretically, it is possible that the generic asymptote is not identical with Kratzer's. Then,
crossing between the two states can occur away from the minimum. But this only applies when the generic
asymptote isower than Kratzer's. In this case, the intersection points are obtained ugirg(Clo)k, which is
equal to
Ck=C/b=G (19a)
and gives the same solutionya’s for the generic unperturbed potential crossing an asymptof@eéCother
case where intersection can occur is with a perturbed generic potential.
Let both generic and Kratzer potentials start at any asymptoh€n
W(R) = GIK| (19b)
The generic potential, q = 1, starting from the absolute well depth (see section 2.1) is generated with b = 1/2.
The original Kratzer potential (2c¢), q = 2, starts from the ionic dissociation limit would with b very close if not
identical to 1.
Next, applying aonstant perturbatio©/b for a generic potential starting from an asymptote C gives, using
(17¢c)
Wy(R) = C((K+ 1/)"1/b) (20a)
If b is large, 1/b can be subtracted to obtain zero at m = 1, to account for the asymptote shift@CY
1/b). Without perturbationtheattractivebranch obeys
WR) =C@-1m)-Clb=C(1-1/m-1/b)

= C(1 - f+b)/mb) (20Db)

a simplification of (20a), i.e. neglecting powers of b higher than 1, but this does not lead to the smooth
curvatures at the minimum needed (see Fig. 6a-c).

The Kratzer result (15f) can be factorised as
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W(R)/C = (1-1/m)(1-1/m) (20c)
Let a generic potential start at a reduced asymptote C(1 - 1/b) = £ealling, without perturbation, to
W(R) =C(1-1/b)1-1/m)

= C(1 - tn+b)/mb + 1/mb) (20d)
as illustrated in Fig. 6a-c. If the reduced asymptote C(1 - 1/kiuisréng asymptote, i.e. if b is a variable just
like m, the result is a potential bearing a striking resemblance with Kratzer's reduced potential (20c), whereby
the starting value of asymptote C remains unchanged. This is a similar picture as that obtained in (18d).
Nevertheless, (20b) and (20d) can both be of help in interpreting the Varshni exponent v in (2d). In the present
model, a running asymptote means it is not necessary to apply a perturbation due to lower asymptotes. The
result is
W(R) = C(((1-1/b)(1-1/m¥)* (21a)
No normalisation is required and this potential is a pseudo generalised Kratzer-Varshni potential. However, Fig.
6a-b show this does not lead to the correct curvatures around the minimum.
Allowing for an m-dependergerturbation ¥, (18g), means (20a) must be replaced by
W(R) = C((K + ((1/b)(1 - K))A)*™1/b) (21b)
with the exponent in (18a) p = 2.
Fig. 9 shows howperturbed generic potential@1b) behave with respect to theneralisedKratzer-Varshni
potential (2d), known to be consistent with the spectroscopic constants (Van Hooydonk, 1999). Three v-values,
equal to 0.7, 1.0 and 2.0 are used with an asymptote C/2 and these potentials are compared with a perturbed
generic scheme based upon the asymptote C, using (21b) with b-values: 1,5, 2, 3, 6, 10 and infinity. The case v
= 0.7 typically applies to homonuclear bonds, whereas v = 2.0 and larger applies to heteropolar bonds. For v =
0.7 (covalent bonds), the generalised Kratzer is almost identical with the generic state withThe 3/2.
original Kratzer state is exactly the same as the generic perturbed by its virial asymptote wited=also
below). For v = 2, the attractive side coincides with the generic b = 4 state up till m = 2. Large b-values will
give the generic potential almost the shape of a Born-Landé potential or, in the limit, the Coulomb potential
again. The greatest deviations are found at the repulsive branch, but these are difficult to show graphically. The
efficient generalisation of the Kratzer potential, suggested a long time ago by Varshni (1957) turns out to be an
elegant artefact to reproduce perturbed generic 1/R potehtia¢se would occur in practicgvhich remains to
be determined. Conversely, extrapolating these results to observed PECs, Fig. 6-7 and the closeness of the two
kinds of potentials show that generic 1/R Coulomb potentials can most probably cope with observed molecular
PECs. In fact, Varshni’'s potential (2d) leads to very consistent results for hundreds of bonds (Van Hooydonk,
1999).
The intersection of generic and Kratzer states with a Ifived asymptote, such as the atomic dissociation
limit D¢ is also of interest, given the developments in femto-chemistry in particular. The perturbation around
the critical distance being small and confined to that region, we get
WeedR) = %((W(R) + Q) - (W(R) — R)* + V'AR))"?) (22)
with W(R) given by (21b) for the generic function or by (20c) for Kratzer's.
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Even a crude approximation V'(R) = 0 for (22) will not influence the result drastically, provided W(R) is
accurate enough, especially at long range. If valid, this justifies our previous conclusion that the usual
constraint for a molecular function W( ) = Ban even be disregarded (Van Hooydonk, 1999).

Femto-chemistry could provide us with information about that specific region where an ionic potential crosses
the covalent asymptote. We consider this asymptote as fixed in a good first approximation since the Coulomb
interactions between neutral atoms are not based upon a stiRnavebut refer to smoother polarisation

terms (Aquilanti et al, 1997). Covalent interactions can be described as a function of atomic polarisabilities,
having a stabilising effect only between the long-range contours (higher turning points) of an ionic Coulomb
PEC (see for instance Aquilanti et al, 1997, especially their Fig. 1). We therefore expect femto-chemistry
applied to the critical distance of covalent bonds (crossing of ioP¢ ahd non-ionic XX curves) can provide
conclusive evidence for a generic static bonding scheme, see also below. The situation is not that simple
however: finding a universal potential is essential for understanding the behaviour of interacting particles at
short- and long-range. Accurate long-range potential energy curves are extremely important for studying ultra-
cold atoms and related phenomena (Zemke and Stwalley, 1999, Wang et al., 1997, Marinescu et al., 1994,
Stwalley and Wang, 1999). In this respect, the phenomena at the ‘critical' distance are themselves also critical.
We will show below that this critical region is almost perfectly scalable in the relatively small portion of the

total PEC, i.e. around 10 to 20 % from the crossing point.

10. Generic low parameter universal Coulomb function.

To finalise quantitatively the Coulomb scheme and to conserab itgtio character, non-empirical generic
perturbations or b-values in (21b) are required. Two such solutions are easily found.

(a) First (21b) may be rewritten as

W(R)b/C + 1 = (1 + Kb>2) + k)2 (22¢)

With b = 2 or \{5(Re) = C/2, the virial asymptote is the generic perturbation. The first generic result is

therefore, as expected, the Kratzer potential

2W(R)/IC = K (22d)

see (15f). This is consistent with the Hamiltonian, see section 8 and already illustrated in Fig. 9. Applying a
perturbation equal to the virial asymptote C/2 to a Coulomb 1/R potential leads to the (quadratic) Kratzer
potential. This is not really a surprise when looking at Fig. 3a and 5. The gap is equal to 2C and covers the two
worlds by definition. The Kratzer potential is confined to half the total gap or C, i.e. the positive world. For an
attractive Coulomb potential to stop at the zero energy in this picture, it is necessary that it be confined to C.
All this derives from classical gauge-symmetry.

Replacing W(R) in (22d) by Kkwhere K is the Kratzer asymptote, leads to

K=C/2 (22€)

suggesting that in this case C, the generic asymptote, is the absolute well depth of a bond, the total gap. This is
in agreement with an earlier guess (14d). Also, this result makes it quite acceptable that the most probable

value of the exponent p in (18c) is 2, see section 9.1.
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(b) A second generic b-value is obtained by equating the perturbed generic and Kratzer potentials. This
unusual procedure corresponds with a redistribution of the central force character within the different
subsystems of a four-particle system (see above). If a non-trivial solution can be found, this leads to generic b-
values in terms of K and C. If P is the perturbation, we get
Kk? = (CK?* + (P(L - R)A)¥ - P (22f)

This leads to P = C/b =|C - K] for k = 1 and to a trivial P = P for k = 0, irrespective of the value of the exponent

p in (18b). Working (22f) out analytically gives a relation between P and the asymptotes C and K. This implies

a generic value for the exponent p also. We rewrite (22f) as a quadratic relation in P

PPkP(KP - 2) - 2PKR -K%k* + Ck?= 0 (229)
After dividing by non-zero % the solutions
P = (K/(KAKP-2))(1 % (1 - (RHKP-2)((C/IK)? — K¥)?) (22h)

are obtained. For k = 1, one solution is like C — K above. But a generic non trivial solution also
resultswhen the exponent p 5 8ince then % = K = 1 for any k or

P = (KI(K-2)(1 + (1 - (R-2)((CIK)? = ID)*?H (22i)
When C = K, this gives the non trivial P (or b) solution
P = (K/2)(-1 + (1 + 2(C/KY)*?

=0,5K( 3-1)=0,366025 K (22j)

and solves the problem about truly generic perturbations or generic b-values, which are found to be equal to 2
and to 2,7321 (close to e). For k = 1, (22i) leads to

P = -K(1 + C/K) (22k)

orP=-K-CorP =C-Kas above. The second generic, i.e. Coulomb, solution is now found to be

w(k) = W(R)/C = (R + (0,366025(1-8)%)"? — 0,366025 = fen (221

if both the Kratzer and generic potential refer to the same asymptote C. The only variable in (22l) is a number
1/m = R/R and therefore the RHS of (22I) can be called a generic species independent universal yariable k
But W(R) in (22I) is always below the original Kratzer result and leads to a more stable system. With P(R) =
P/(1+K) instead of P(14%, section 9.1, the same value 0.366025 is obtained.

Reminding (1e) and (1f) and our choice for a single term in (1e), a simple Coulomb potential produces, unlike
the Dunham expansion, closed formulae for PECs: the Kratzer potéraial  more complicated ong.k

(221, still a closed formula. For larger b-values (small perturbations) no generic solutions are available. For
these ionic cases, empirical approximations will have to be used to account for the PECs, if they do not obey a
generic w (m) solution.

If the virial asymptote acts as a constant perturbation for W(R), a normalised asymptote 5/2 appears,
indicating a possible interference of Euclid's golden nhumber (Van Hooydonk, 1987) and, eventually
chaos/fractal behaviour, suggested by Freeman et al. (1997), see also above.

Finally, taking into account the -constant- atomic dissociation limé theoretical PEC obeys

PEGheo= 0,5(W(R) + ) - 0,5(W(R)-R)* + (V'(R)) )" (22m)

like (22), with W(R) either equal to the Kratzer (22d) or generic potential (22l). In this report we test (22m)
mainly in the hypothesis V”(R) = 0, see Section 9, a reasonable working hypothesis. Only experiment will

decide if these two generic functions, both depending solely on R in a closed analytical formula, correspond
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with observed PECs within reasonable limits. The constraints on PECs generated by functions (22d) and (221)
are stringent, since their analytical form is extremely simple. Both are, at this stage, one parameter (R)
functions. Just one molecular parametgisfeeded if this can not be computed from atomic data.

Smooth transitions from a two central force systerfist¢ka one central force systemdk approach in

function of k and (1-k) are easily made and can be written down using the equations above. Nevertheless, at
this stage we leave out computations based upon hybrid potentials, which will always give results very close to
the starting potentials. The benchmark, Morse's, is in Fig. 1c-d. Apart from reducing all 13 PECs to a single

straight line, the ultimate challenge is to calculate reasonable PECs with a zero molecular parameter function.
11. Results and discussion

The 13 PECs (RKR or IPA) used are for the bongartd } (RKR, Weismann et al., 1963), HF (RKRallon

et al., 1960, Di Leonardo and Douglas, 1973, IPA by Coxon and Hajigeorgiou, 1990), LiH (IPA, Chan et al.,
1986), KH (Hussein et al., 1986), AuH (PEC data by Le Roy's method, Seto et al., 19@RIKR, Kusch and

Hessel, 1977;RA, Hessel and Vidal, 1979), KLi (Bednarska et al., 1998), NaCs (Diemer et al., 1984), Rb

(Amiot et al., 1985), RbCs (Fellows et al., 1999), eickenmeier et al., 1985) and a theoretical PEC for LiF
(Padé approximant, Jordan et al., 1974, Kratzer-Varshni-type, Van Hooydonk, 1982). We will use here the
Morse PEC for LiF instead. Some of these data were used above for Fig. 1b-d. We did not always use all
published IPA data available, which are sometimes very detailed. The number of data-points is over 500,
including the 13 minimum values, or about 40 per bond. These date have been used in constructing (part of) the
Fig. 1c-d and 6d.

11.1. The asymptote problem
Seven asymptotes are available to interpret PECs using a universal function f(R). For a bond XX these are: 1.
the absolute asymptote (absolute well demhyalent approximatiofAIM): Cc(abs) = 21k + D, 2. the
absolute asymptoténic approximation(lIM): C,(abs) = Ik + EAx + €/R;; 3. the generic asymptote G =
€/R. (C in this text). For homonuclear bonds,iRRequal to 2r, where § is the covalent radius of atom X (see
above). If true, asymptotes 2 and 3 are available &twmic dataand would not be molecular parameters; 4.
the ionic asymptote | 24, = IEx — EA¢ + D,, nearly equal to G in a reasonable first approximation, although
this is not a priori certain (Van Hooydonk, 1999). The main difference between G and | is the dependence on
De, which is to be avoided for a generic solution. Asymptote 2 is equal to asymptote 3 only=flEzAvan
Hooydonk, 1982, 1999). In this case,rabblecular asymptotek-4 for a bond XX would be available from
atomic dataX, |IEx = €/R. and EA = D; 5. the atom (species independent) Coulomb asymptote in terms of
the internuclear separation (in A) and invariantly equal to 11643} tire basis of 4 and 5 and corresponds
with 1 Ryd; 6.the covalent asymptote, the atomic dissociation limi{apparently the first real molecular
parameter met unless kA& D) and finally 7. the Dunham-asymptote or the first Dunham-coefficient: A= a

2 /4B, = 0,5kR% deriving mathematically from the z&rorder spectroscopic constantsand B.
For the molecules HHF, Li,, LiH and LiF data collected earlier for asymptotes 3, 4 and 6 (Van Hooydonk,

1982) are now completed with asymptotes 1, 2, 5 and 7 and are given in Table 1. Only the Dunham asymptote
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is confined to the minimum in a specific mathematical way. Species dependent asymptotes show large
divergences. Dunham's asymptote values are strange: they are either bglahmbst equal to (kj LiH) or
above the generic/ionic one (HF, LiF). There is no regularity in asymptote ratio’s either. This species

dependence shows why it is so difficult to find a universal function f(R).

Table 1.Six species dependent asymptotes (if) dor five bonds

Bond R(A) G=IEx+IEx + D, C =IEx + EA +e2/Re G=C= é/Re | =|Ex - EAx + Covalent Q Dunham A

D
H, 0,7414 257584 272264 15645§ 141878 38283 79580
HF 0,9168 300041 295090 126526 131633 49406 204308
Li, 2,6729 95558 94991 43399 46909 8612 45902
LiF 1,5639 232580 242674 74175 64173 48122 154008
LiH 1,5957 173415 188404 72695 57681 20292 65747

The 7 asymptotes, all candidates for scaling RKRs, each have their own pros and cons. The data in Table 1
illustrate why the asymptote problem had to be discussed in detail, especially in connection with scaling semi-
empirically constructed RKRs. If lvould be the unique reference asymptote, w(m) should vary between 0

and 1 invariantly for all bonds. Using larger asymptotes X compresses the maximum value gkl to D

leading to different slopes and curvatures, as outlined above.

11.2. PECs for B Li, and Cs from a zero molecular parameter function

If the generic solution that the ionisation energy of an atom X generically determines the molecular PEC of the
X, molecule is true (see Section 8), it must be possible to calcydRER&s witha zero molecular parameter
functionjust using atomic X-data. If moreovet I3 equal to EA, the complete PEC becomes available,

including the dissociation limit. If the present scheme is really universal and of first principle's nature, it must
apply to the simplest bonds,H.iH and Lk in the first place. This sounds impossible, given the complex
procedure to get solutions for the 4-particle Hamiltonian in the H-L theory. The cagésaf standard

example, see above. The hiolecule has been studied extensively in the past as it is the lightest molecule in
the Periodic Table afterjHA review on theoretical and experimental studies gislgiven by Hessel and

Vidal (1978) of interest also because of the convergence problems with the Dunham expansion. The earliest
attempts for understanding bonding in this molecule go back to Delbriick (1930) using the H-L method. Bond
LiH is treated in the next Section 11.3.

The atomic data are JF13.595 eV and IE5.3917 eV, giving theoretically.fH,) = 1.0572 A and KLi,) =

2.6731 A. With these atomic values, the Kratzer potential predicts PECs obeying 13.595(1-12GBitR/R)
5.392(1-2.6731/R) The same asymptotes are used for the generic fungtipi lke theoretical PECs deriving

from these atomic data are presentelign 10afor H, andFig. 10bfor Li, and Cg with R/R. on the x-axis to

make the minima of theoretical PECs and RKRs coincide. The curve fQiEcs3,8939 eV) is included in

Fig. 10b, since, unlike the RKR forl.the turning points go near.Dr'he mean % deviation for all 108 turning
points is 11.4 %. In these very important 'simple’ cases, the agreement between the zero molecular parameter
and observed PECs is rather astonishing.

For H;, Fig. 10a, the largest deviations are found at the repulsive branch, where experiment shows that the

asymptote generated by the present method is close to the ionisation potential of H (s@@ablel®@), We
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wonder if these RKR turning points are not in need of revision. For the attractive branch, the agreement is

astonishingly good also at long-range close to the dissociation limit, which intersects the theoretical curve. This

simple first principles ‘atomic' PEC for,Hleriving from Kratzer's generalisation of Bohr's formula, is much

closer to the observed one than the PEC originally calculated by Heitler and London (1927). Exactly this poor

H-L PEC for H is at the origin of quantum chemistry, as we know it today, see also Introduction and Pople

(1999).

For Li, and Cs, Fig. 10b, the agreement is better at both branches. Here the 'atomic' PECs are available up to

infinity as alkali-metals have electron affinities very close to thgwdlues. Quantitative details for,lare

given below.

Before discussing the intermediate case of LiH, results of the same quality are obtained for all bonds between

elements of the first Column in the Periodic Table if we usgH|IE/)/2 as a first order approximation for the

asymptote of an XY bond. IRig. 10¢ observed level energies are plotted versus those obtained in this zero

molecular parameter approximation for 8 bonds ILiH, KH, KLi, NaCs, R, RbCs and GsThe differences

in cm* are also shown. Only the repulsive branch of KH deviates from the general trend. The slope is close to

unity and the goodness of fit is relatively high as indicated in Fig. 10c. The average deviation for the 310

turning points of 8 bonds is 9,42 % (for,d4,3, RbCs 10,8, R9,0, NaCs 12,2, KLi 9,3, KH 7,5 and LiH 6,3,

including long-range situations where applicable).

Table 2 gives the details of the results for LThe Kratzer results are collected in Columns 2-4. The accuracy

for the 30 turning points of the Kuch and Hessel (1977) RKR, calcutatbis zero molecular parameter

approximationis 2.5 %, impressive be it not of spectroscopic accuracy. The clearly visible inflection points are

consistent with an expected crossing with the atomic dissociation limit at larger R, a feature inherent to the

Kratzer potential (see above). Columns 2-4 represent moletuiaitio results acquired with atomic data only

(zero molecular parameter function). In this case, thg Efue is very close to Ias it is also for several other

alkali-metals. This assures the complete PEC is available from atomic data only using (22m)veitheEA

substitute for

We multiplied IE; with kgen for the ionic k-model and plotted the calculated levels versus the RKR. Fitting

gives a scaling constant of 0,935596. This leads to the results given in Columns 5-7 in Table 2. Deviations for

the zero parameter Coulomb k-function (0,6 %) are smaller than fof-fretential (2,5 %). The corresponding
G(v) curve (not shown) is within 1 % of the experimental value for the 14 levels. The balance between the

levels varies between 98,9 and 100,1 %, usually a problem for Morse's potential. This analysis is consistent

with the results of Hessel and Vidal (1978), who extended the range to v = 18 using the Inverted Perturbation

Approach. This IPA PEC is claimed to be more accurate than a RKR (differences vary frorit @150om*

for inner- and outermost turning points). The dependence of thioiRA, on theKratzer and generic

variables leads to a goodness of fit close almost equal to 1. The asymptote obtained by fitting the data by a

linear equation through the origin is 45246,2'cionly 1,42 % lower than the Dunham asymptote 45902 cm

in Table 1. Up till R = 4 A, the correlation between generic PEC and IPA data-points is y = 0,97993%with R

0,9999156, which makes our approach reliable.

Despite the fact the agreement is not exactly 100 %, the zero molecular parameter functiaib anitiots

character suggest that conventional inversion procedures do not imply absolute certainty about the real PEC. In
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the extreme case, we might even claim various available turning points are in error with the same absolute
deviations as given in Table 2. This is certainly a matter of further research.

The first hurdle for this theory and the Coulomb based functjgnderiving from gauge symmetry has been

taken: it is possible to calculate realistic PECs from atomic data only. Or, PECs show definite Coulomb
behaviour, dictated by atomic parameters, in agreement with our derivations above.

But this also implies that Coulomb based scaling (Fig. Gatdt apply to RKRs. If the present generic

function indeed leads to an acceptable scaling scheme for RKRs of different bonds into a single one, preferably
a single straight line, the Coulomb approach must be universally valid. This may ultimately lead to more

reliable PECs obtained by inverting observed level energies.

Table 2.Li, PEC calculated (cit) with a zero molecular parameter Kratzer potential (columns 2-4) and a
generic Coulomb potential (columns 5-7).

RKR Kratzer PEC Diff Abs % Generic PEC Diff Abs %
4525 4694.8 169.8 3.75 4514,81 -9,97 0,22
4252 4390.7 138.7 3.26 4246,58 -5,15 0,12
3972 4082.4 110.4 2.78 3971,81 -0,65 0,02
3687 3770.0 83.0 2.25 3690,43 3,32 0,09
3396 3454.3 58.3 1.72 3402,80 7,00 0,21
3099 3135.3 36.3 1.17 3108,87 10,22 0,33
2796 2813.4 17.4 0.62 2808,53 12,79 0,46
2487 2488.8 1.8 0.07 2501,86 14,67 0,59
2173 2161.8 -11.2 0.52 2188,84 15,77 0,73
1853 1832.7 -20.3 1.10 1869,46 16,00 0,86
1528 1501.8 -26.2 1.72 1543,69 15,28 1,00
1198 1169.4 -28.6 239 1211,54 13,54 1,13
862 835.7 -26.3 3.05 872,85 10,59 1,23
521 501.3 -19.7 3.78 527,91 6,65 1,27
175 166.7 -83 475 176,91 1,88 1,07
0 0.0 0.0 0.00 0,00 0,00 0,00
175 165.7 -9.3 5.32 176,70 1,66 0,95
521 494.2 -26.8 5.14 522,00 0,74 0,14
862 820.7 -41.3 4.79 859,37 -2,89 0,34
1198 1145.9 -52.1 4.35 1189,99 -8,00 0,67
1528 1470.2 -57.8 3.78 1514,78 -13,64 0,89
1853 1794.1 -58.9 3.18 1834,29 -19,17 1,03
2173 2117.9 -55.1 254 2149,25 -23,82 1,10
2487 2441.9 451 181 2460,17 -27,02 1,09
2796 2766.6 -29.4 1.05 2767,66 -28,08 1,00
3099 3092.3 -6.7 0.22 3072,15 -26,49 0,85
3396 3419.5 23.5 0.69 3374,22 -21,58 0,64
3687 3748.5 61.5 1.67 3674,34 12,77 0,35
3972 4079.9 107.9 2.72 3973,07 0,61 0,02
4252 4414.0 162.0 3.81 4270,87 19,13 0,45
4525 4751.6 226.6 5.01 4568,35 43,57 0,96
Mean % 2.549 0,639

Although all the above results are unprecedented, the zero molecular parameter solution delivers a continuous
PEC, not aware of turning points, related to vibrational levels, obeying quantum mechanics. However, Fues
(1926) pointed out a long time ago how to solve the wave equation exactly for the Kratzer potential, which

closes the circle. At this stage, it seems unavoidable that the nature of bonding in covalent molecules is
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basically ionic, conforming to gauge-symmetry and that PECs obey Coulomb's law, with an asymptote deriving
simply from atomic characteristics.

It seems all three criteria given at the end of Section 6 are met.

11.3. The procedure: LiH and the performance of the variable$ ¥, B and ke,

If the zero molecular parameter function works faradd Lb, it must also apply to LiH, the third member of

the critical series for aab initio approach. The global data for LiH were already incorporated in Fig. 10c but

we now use this bond as a test case for the general scaling procedure with various variables. The first 4

correspond roughly with the four potentia}&ain (3b) discussed above, the fifth is the generic variablg. (22l

Fig. 11agives an algebraic plot of all five variables versus the LiH-RKR, known almost to 100% of the atomic

dissociation limit. We use 23 levels (46 turning points). It is obvious from Fig. 11a that a linear fit through the

origin can never produce a smooth relation for d, k and éyéhedbasis of conventional oscillator models

(Morse, Dunham) and so widely used in theoretical models (Witten, 1981, 1982). For the variables of the

Coulomb approach?and kenlinear relations are detected, with slopes producing asymptote values close to the

Dunham, ionic and generic asymptote values. The goodness of fit is over 0,98 for Kratzer's variable and over

0,99 for the generic Coulomb variable. This proves the present procedure extends to this important bond also

(see Section 11.2).

In addition, we observe diverging points at long-range (about 5) probably symmetrically followed by 5 turn

over points at the short range but which are less visible. Turn over points are more clearly visible with the

Kratzer than with the generic Coulomb variable. Despite this, all 46 turning points are within 1,85 % (or 0,068
) of the RKR for the generic variable fit, which is close to but not of spectroscopic accuracy provided this

RKR is correct.

Fig. 11bgives the results for 18 levels and their 36 turning points leaving out extreme turning points. The

asymptote for the generic variable is within 0,086 % of the generic asymfiitdr this case, the accuracy

of the generic Coulomb potential model is simply impressive. Turning points are within 0,54 % of R

(corresponding with an average deviation of 0,012 ) the largest deviations still being found at the long-range

attractive branch. For the repulsive branch the deviation reduces to 0,0047 , even closer to spectroscopic

accuracy.

The quantitative possibilities of this simple non-empiraainitio model potential (22l) are obvious. We can

easily calculate the turning points from observed level energies. Due to the nature of the generic function, this

will always produce a perfect balance. Since no parameters are involved, this may form the basis of an

alternative inversion process. This example for LiH clearly shows that spectroscopic accuracy can be obtained

with Coulomb behaviour. Apart from the theoretical consequences these results have, they also have practical

implications for the determination of turning points by an inversion process.

In fact, we are now at a stage where we could even suggest to revise published turning points. Mainly for

practical reasons we will adhere to these published turning points and derive 'operational’ asymptotes in the

framework of a Coulomb based scaling scheme by using a similar analysis as the one illustrated in Fig. 11a and

11b. This means that any asymptote obeying Coulomb's law and its scaling power (see Fig. 6a-c) may be used.

Asymptotes not obeying 1/R behaviour must lead to deviations in the scaling procedure.
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11.4 Determining the asymptote for PECs: the universal functibsgdling procedure, classical view

The most direct way to find the asymptote for a universal PEC is to plot the observed energy of the levels

against the variable or the function and fit the data with a linear equation as exemplified in section 11.3.

This procedure is generalisedrig. 12afor 7 bonds with smaller Rvalues andrig. 12bfor 6 bonds with

large R-values. Here all RKR- or IPA-data are plotted agaigst Khe 99 long-range points (at > 50% @) D

are shown but have not been included in determining the fit. The remaining 409 turning points cover about 75%

of the total PEC. The asymptote values obtained are shown with the goodness of fit (typically 0.99 or better). In

general these operational asymptotes are close to but not equal to the Dunham asymptotes. This can be

interpreted in two ways as indicated above: either thealRes must be (slightly) adapted or the published

turning points would need revision. This is a general problem when discussing PECs constructed with inverting

model potentials. In the case of scaling, slight deviations are allowed provided the general trend of inversion

technique used is obeyed and physically or chemically meaningful. As indicated above, we choose, mainly for

practical reasons, to calculate operational asymptotes instead of recalculating all the turning points, which is

mathematically equivalent.

Table 3.Average operational asymptote values computed from B Rd RKR/kfor 407 points for 13
bonds in cnt (the 13 minima are not taken into account). Deviations (%) of theoretical level energies
calculated with }¢,and asymptotes (from graphical fit or pivot table) from observed ones.

Branch Data

attr #

Abs% level energy (fit)

RKR/K?
StdDev of RKR/R
RKR/K gen

StdDev of RKR/kyen
Abs% level energy (pivot)

rep #

Abs% level energy (fit)

RKR/K?
StdDev of RKR/R
RKR/K gen

StdDev of RKR/Kyen
Abs% level energy (pivot)

#

Asymptote from graphical fit
Average RKR/R

Average RKR/ken

Abs% level energies (fit)
Abs% level energies (pivot)

Ratio abs % energy levels

Bond

AuH*

58
10,31

156898

9684

159633

11295
5,86
36
14,73

204221

17234

206479

15942

5,67

94
175155
175021
177574
12,0
5,8

2,1

CSz
10
6,45
35997
4530
37010
3965
6,94
28
1,03
33542
1127
35888
1080
1,34
38
36038
34188
36183
2,5
2,8
0,9

H.  HF I,

5 2 9
13,86 2501 55,01
88920 186973 250894
2811 5521 22632
98872 199185 176613

8261 2151 132794
6,61 0,76 29,85
15 5 20
342 549 6,71
63727 215346 382163
4636 1192 23639

82117 243113 389978

2832 15868 28935
2,88 532 6,70
20 7 29

84673 248983 390257
70025 207240 341424
86306 230562 323761

60 111 217
38 40 139
1,6 2,8 1,6

KH

6
16,93
65543
3070
69352
432
0,47
14
3,72
71635
1379
80054
3647
3,83
20
81088
69807
76843
7.7
2,8
2,7

KLi

Li» LiH NaCs Rb RbCs LiF  Total
15 7 8 17 12 11 2 162
1,33 0,57 3,40 5,51 3,00 5,13 1,42 10,0
41121 44881 65662 39064 34967 35482 156433 99833
1590 1226 649 2081 2004 2956 379
42769 46723 70995 40276 35789 36378 162090 98162
684 272 2332 1257 1320 2255 3226
1,34 0,45 2,64 2,65 3,08 5,00 1,41 5,55
15 10 23 26 19 19 2 232
1,89 0,97 3,34 1,56 1,59 1,49 7,13 4,53
42142 43328 60441 40997 35548 35100 144335 103976
904 1564 2130 1266 1297 1297 6891
43794 46138 71436 43112 37123 37014 152224 109487
26 369 2773 440 139 593 915
005 069 327 087 033 1,14 043 2,73
30 17 31 43 31 30 4 394
42965 46552 73207 42457 36534 36736 163075 116580
41632 43968 61788 40233 35323 35240 150384 102273
43281 46379 71322 41991 36607 36781 157157 104831
1,6 0,8 3,4 3,1 2,1 2,8 4,3 6,8
0,7 0,6 3,1 1,6 1,4 2,6 0,9 3,9
2,3 1,4 1,1 2,0 1,5 1,1 4,7 1,7

* PEC computed by Le Roy's potential. Although this ‘empirical' PEC is reproduced qualitatively in an acceptable wayrethie pict
slightly distorted. Further work is needed. Without these AuH-data, the absolute % deviations at the attractive side aat th&8 %
repulsive side 2,19 %. For the global results on all remaining data points the errors are respectively 5,14 and 3,29 %.

To check the generic procedure further we calculated average ??PéRthKR/Igen-values for the same 395

data-points used in Fig. 12a and 12b. The results are given in Table 3 together with standard deviations for the

asymptote values and the resulting deviations for the level energies, calculated with asymptotes obtained from

the graphical fitting procedure and the pivot table results for RiKRhe average asymptote values are all
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close to Dunham's (see above). The major difference resides between asymptotes for repulsive and attractive
branches. Pertinent examples AtgH, HF, H, and }, the last three are older RKR-curves.

Absolute deviations for level energies returned by this method are given for each bond and for each branch.
Various published or computed turning points quite exactly match those predicted by our model potential (KH,
KLi, Li,, NaCs and RbCs) with an error of about 1 %, which justifies our decision not to recalculate the turning
points. If the published tutning points are exact, the only molecular parameter that could account for the
deviations in asymptote values ig Bince .and reduced masses are well known. ThedRue is decisive for
obtaining turning points. Even a very small shift in(R% or about 0,01 ) can have a drastic influence upon

the turning points calculated by semi-empirical approaches (RKR, IPA). This problem is discussed further
below. Overall deviations are collected in the last rows of Table 3, starting with the hidastértevel

energies (fittandAbs% level energies (pivofor five bonds, the average deviations are equal to or smaller

than 1,6 %. The worst results are obtained f¢as to be expected from Fig. 6d above) and AuH (see also
footnote of Table3). The ratio of absolute deviations by the two methods is given in the last row. On average
(last column), the pivot approximation (Table 3) returns level energies with an accuracy about 70 % greater
than with the graphical fitting procedure. The accuracy for the attractive side (deviation 5,55 %) is less than for
the repulsive side (deviation 2,73%) leading to an overall deviation of 3,9 % for the level energies in 75 % of
the complete PEC for 13 bonds.

In general, the differences between the averaged asymptotes in Table 3 are minor and are not of that order to
influence the basic scaling results we want. The final 'averaged' value for the asymptote at the repulsive side is
almost equal to the exact Coulomb asymptote (or 1 Ryd), see Table 3, last column. This is strange but conforms
to the general idea about the importance of Coulomb's law in molecular spectroscopy. We refer to Fig. 6d,
where this is the unique reference asymptote for all bonds at the repulsive side. For the attractive side, this
standard value is reached for about 80 %, meaning either that more turn over points are present or that the
turning points at this side are too large in general. These results seem to point out that, given the definition and
the correctness of the Dunham asymptote values, the published turning points of some RKRs may indeed be in
need of revision.

Finer details for the short range behaviour are observed, i.e. turn over points, in agreement with the analysis by
Zemke and Stwalley (1999) in the case of NaK at v=60 near the dissociation limit. Having at our disposal a
‘generic’ function, it is straightforward to detect turn over levels. The empirical function of Gordon and Von
Szentpaly (1999) claims a high accuracy for repulsive branches of PECs but it does not detect these important
turn over points at short-range. This is certainly a topic for further investigation as similar effects must also be
visible at the attractive branch, where long-range behaviour appears (see Fig. 11a for LiH). For the long-range,
deviations set in at a particular R-value, maybe around the critical distance or at the Le Roy radius, which we
could now only empirically estimate with reference to the goodness of fit in the asymptote finding process.

Fig. 13agives a graphical illustration of all the data points in Table 3. Quantitative details about the level
energy accuracy are given in Table 3. At the attractive side and in cases where the RKR/IPA géches D
appears that atomic asymptotes must be considered as 'deviations' from Coulomb scaling. In fact, at the
repulsive side Coulomb behaviour is respected throughout in a species independent way. We can not but

conclude that Bis indeed not an asymptote conforming to Coulomb scaling, as argued above.
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This is clearly visible irFig. 13bwhere 506 theoretical and observed level energies are plotted against k = 1-
R/Re. The atomic asymptotes appear as side branches of the general reduced PECs. We easily verify that
anharmonic oscillator behaviour is nicely obeyed, i.e. a near quadratic dependence on the Kratzer variable k. Of
all 13 bonds, only kiseems to obey Kratzef-kehaviour at long range with the asymptote deriving from the
graphical procedure. Using a higher value (closer to the atomic ionisation energy) will.ghvehlaviour at

this branch, see also Fig. 10a. Fig. 13b must be compared with the general scaled result in Fig. 1b to notice the
effect of our procedure.

The data-points for AuH (Seto et al., 1999) are hardly visible. The three coinage metal PECs AuH, AgH and
CuH (Hajigeorgiou and Le Roy, 1999, Seto et al., 1999) show a very similar behaviour in comparison with the
generic Coulomb variable, but are slightly distorted, especially at the minimum, where the largest % deviations
are found. Since these are unusually large deviations, we left out the 100 coinage metal PEC-data for AuH,
which reduces the absolute deviation to almost half of the total or 3,3 % for the 300 turning points for the
remaining 12 largely different bonds. The relative large number of turning points for one bond AuH in the data
range (about 100) would otherwise have distorted the whole picture for the remaining bonds (quantitative
results are given in footnote of Table 3).

Whether or not our theoretical conclusions given above that the atomic dissociation limit is not necessary to
reveal the nature of the universal function, must become more apparent when we scale PECgavitsD

D, for Coulomb scaling as in Fig. 6a-c. In essence, the results of this section are in support of the general theory
outlined above, in particular with the generic and completelinitio kye, variable in (221) leading to

acceptable results in the zero molecular parameter approach (see 11.2) even without using (or even knowing)

a. These results are in support of the intra-atomic charge inversion technique.

11.5. Effects of the firsf'lstep in scaling: V-shaped or linear reduced PECs coinciding at R

Up till now, scaling effects of RKRs are usually presented in the classical form RKR(R) or RQRRIR

Fig. 1b above. The algebraic linear approach is more illustrative and, to our knowledge, unprecedented. Using
the generi@b initio Coulomb function, it is a simple matter to present V-shaped PECs with perpendicular legs
or even linear PECs (see the Fig. 2a version of Fig. 3a). We reduce the levelgattilze y-axis and use the
generic Coulomb variablggds on the x-axis. For all 506 points for 13 bonds these V-shaped PECs are given in
Fig. 14a The agreement at the repulsive branch is again impressive, since all data collapse into a single line
(left branch of the V). At the attractive side, the same effect is noticed but the various atomic dissociation limits
are clearly visible, when the RKR extends to that region, as in Fig. 13b. This result must be compared with the
Morse equivalent in Fig. 1c above.

The consistency of our generic Coulomb function shows even better when, as in Fig. 2a, the results are
converted algebraically into a linear forfid. 14b). It is not difficult (now) to ascertain that the attractive

branch is simply an algebraic continuation of the repulsive branch, the essence of a Coulomb approach (see
above). It illustrates the perfect mathematical symmetry between attraction and repulsion, which proves our
point about Coulomb scaling for PECs and charge inversion in full detail. The reference point here is the
equilibrium distance, the origin of all V's. When compared with Fig. 1d, Fig. 14b is almost an astonishing result

as so many people during so many years have been trying to find a universal function. Atomic dissociation
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limits, looked from the Coulomb physics of a 4-particle system are misleadiog@e I'oeileffect (Van
Hooydonk, 1999). We must now try to find out if the complete curves are scalable, i.e. from origin to

asymptote (identical V's with scaled legs).

11.6. The ¥ step: scaling from asymptotes

The second step of the scaling process can not but deal with the ‘chemical’ asymphoes &lly, scaling

simply with D, gives rise to reduced PECs varying from 0 to 1 (all legs of the V's would then be equal). We
already noticed, see Fig. 6d, that for this processaRes (generic asymptotes) are unavoidable.

Unfortunately, the transition from ionic to covalent behaviour falls outside the range covered by our generic
approach (see Fig. 13b) and we must use an indirect method to zoom in on this part of PECs. A universal
function f(R) can be rescaled from any viewpoint, if the (Coulomb) scaling mechanism is not distorted. The
disadvantage of the classical view using (ajdd scaling RKRs and (b)Ror scaling R, as in Fig. 1b, is that it

is probably distorted. There is no simple smooth or scaling relation betwaen B (determining the

Coulomb asymptote), the main conclusion of this report. If we want to check the long-range forces for
Coulomb behaviour, we must rescale the PECs accordingly, i.e. use the generic Coulomb ptfeinistead

of the atomic asymptote as a starting point (see Fig. 6d on the general Coulomb behaviour of bonds). In
practice, this would correspond with setting the atomic limit equal to 1 and shifting the data for true Coulomb
behaviour, which we are now able to do.

In the scaled picture Fig. 14a, all V's coinciding at the origin, the picture is completely Coulombic, atomic
dissociation limits appear as disturbances. Therefore, it is of interest to see how the bonds behave when their
asymptotes are aligned. The asymptote values in Fig. 14 are equ&bhto D

Shifting the asymptotes by their differences (the maximuaf,) value is 0,46620 for }ifor the 15 turning
points at the attractive branch of e used the ionisation energy as asymptote) gives the results presented in
Fig. 15a The global picture hardly shows diverging behaviour near the atomic dissociation limit. This means
that, when local scaling at individual-Ralues is retained, no great anomalies seem to appear. However, the
insert in Fig. 15a shows that this is not so in reality. The upper clustering in this insert showis thetidving
abnormally, the two other bonds clustering here arartd LiH. The lower clustering set encompasses the
remaining bonds, for which the PEC extends ¢oTbe clustering of MM bonds (M alkali) seems real, KH is
slightly above the MM clustering line, HF and LiF are both slightly below. Nevertheless, the global picture in
Fig. 15a would suggest that the mechanism governing the transition from the ionic PEC to the atomic
dissociation limit is probably very similar, even scalable, for all bonds.

In this critical region, the only mechanism applicable is obvious and is the same for all bonds: it consists of
charge transfers from two ionic bonding partners to two (weakly interacting) atomic systems. However, the
good agreement in the global picture Fig. 15a is in part due to the fact that the legs of the V-shaped PECs are
not scaled yet for Coulomb behaviour, which we must also try to remedy.

Scaling RKRs directlyvith D, makes all legs of the V-s, regardless of the value,oédial to 1 if the RKR
extends to @ The question is whether or not this conforms with Coulomb behaviour as in Fig. 6a-d were the
effects of Coulomb scaling on PECs are illustrated. This is the most intriguing case, since scaling RKRs with

D. is the standard procedure (see the Sutherland parameter) and the basis of Morse's function, see Fig. 1d. No
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linear shifts have to be applied. The question whether or not Coulomb behaviour is respected wherfarsing D
scaling can now be answered in more detail. The result is shdvig. ib5b and this must be compared with

the benchmark Morse solution in Fig. 1d. We remark that in principle a perfect scaling procedure can not be
destroyed by the choice of any Coulomb asymptote (see above: any asymptote obeying the same 1/R law will
reproduce invariantly the same scaled results, see Fig. 6c, Fig. 14 and Fig. 15). However, the as@of D

scaling asymptote does not obey this principle. In fact, scaling wishd@wvs an expected duality: Coulomb

scaling is retained at short range, even wighvihich proves a unique Coulomb law is active at the repulsive

side, but at the attractive branch the situation gets distorted more than in Fig. 15a. The atomic dissociation limit
is not suited for scaling this branch of a PEC when speaking in terms of a Coulomb process. This may seem
trivial (as pointed out above, since fers to two neutral particles) but exactly this asymptote has -up till

now- invariantly been used for scaling RKRs in molecular spectroscepgnhot act as a scaling asymptote

for a process of interacting charged particles dissociatingn@utral particles, unless it would be itself a

scaled form (a projection) of the asymptote consisting of charged particles. This latter possibility can not be
excludeda priori but remains to be proven. Fig. 15b is nevertheless more consistent than the Morse benchmark
Fig. 1d. At long range, we observe roughly three clusters: HH.idhdHF, LiF and KH; all MM (M=alkali

metal); b is (again) a clear exception in all respects.

The only thing that is clear now is that, at long range, there is no simple 1/R dependence, govegrasddny D
asymptote. Only not too far from equilibrium, Coulomb behaviour towards the asymptote is retained lwith D
may be possible of course thaf®) may be a scaling function in some cases at attractive branches (Morse
behaviour), but this relation has not yet been found. In fact, we are convinced long range behaviour will have to
be explained by the interplay between long range forces of typ2 (See above) and Coulomb 1/R behaviour

and with the charge transfer process in the critical region.

We remind the basis of our approach is essentially

RKR = S(é/Re)Kgen = @Kgen

where s is a species dependent parameter.

After multiplying with R, we get

(RKR)Re = ReaoKgen

which should reflect more appropriately the Coulomb scaling process illustrated in Fig. 6d: it is an attempt to
scale the length of the V-legs according to the position of the bond in the global W(R) Coulomb field. The
asymptote is now IR, having a maximum for LiF at 75258 ¢nFig. 15cgives the corresponding results. As

in Fig. 15a, the first clustering of lines refers tpdtd LiH, the second to all other bonds excefan

exception also at the repulsive branch) and the Morse RKR for LiF. Leaving out these latter two cases, it
appears that scaling RKRs with a Coulomb asympféi indeed leads to more consistent results for the

complete PEC than scaling with,[also the essential conclusion of our previous analysis of the constants (Van
Hooydonk, 1999). This leads to the interesting prospect that the long-range situation in PECs may be derived in
an elementary way from their short-range behaviour, which is an unprecedented result alsd-igirly,

gives observed level energies in function of the theoretical ones, both shifted by (4Qtahere 49406 is

the largest Pvalue in the set for HF. The anomalopsét has been left out. Clustering now extends

throughout the complete data range, except near the asymptote. The few diverging points here belong to only
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two molecules HF and LiF. This scaling result from the asymptote is by far the best we could obtain up till now
and it does not usec[as a Coulomb scaling factor (Fig. 15b). Diverging points are now confined to the

relatively small triangle anchored to the intersection of ionic and covalent curves. It strengthens our idea that
scaling long-range behaviour must be possible, as it relies upon the same charge-transfer process, needed in all
cases to convert ionic states to atomic states.

If this is valid, we can 'safely’ put V"(R) = 0 in equation (22m) in first order. For all data points, we applied this
simple working hypothesis for the complete PECs. This effortless procedure gives an absolute deviation of
about 4% for all data points with the function (22m) in a zero perturbation approximation, which is almost the
same deviation as that found for all points below 50 %.ofhiBntioned in Table 3. The corresponding graph is
shown inFig. 16 whereby the values obtained with (22m) are easily retraced. We remark that these data refer
to 100% of the observed RKRs for 13 different bonds. On the whole, this absolute deviation for energy levels is
well within the criteria for a function to be universal when it comes to reproduce PECs (Van Hooydonk, 1999,
Varshni, 1998, private communication). The slope is very close to unity and the goodness of fit is almost 0,999.

When looking at previous scaling attempts, also this is an unprecedented result.

11.7. Turning points in RKRs and in PECs deriving from a Coulomb based scheme

The accuracy of the turning points depends solely on the accuracy of the model potential. This delicate matter
was recognised a long time ago. Using an RKR axbaarved PEGthe working hypothesis of our present
analysis- remains a matter of belief, faith or trust, as no real benchmark solution is available. In other words,
there is no alternative for checking the present theory. The dissatisfaction with conventional RKRs and the

Dunham expansion ultimately led to alternate inversion methods (IPA) to arrive at PECs.

Table 4 Agreement between 394 RKR and Coulomb turning points below 50% of D

Side Data Bond
AuH CsCs HH HF Il KH KLi LiLi LiH LIF NaCs RbRb RbCs Total
attr  # 58 10 5 2 9 6 15 7 8 2 17 12 11 162
abs dev in % 0,346 0,583 1,899 0,133 1,716 0,0813 0,164780,0464 0,514 0,1571 0,281 0,29 0,431 10,4432
in Angstrom 0,006 0,034 0,02 0,0017 0,0507 0,0026 0,00706,0016 0,012 0,003 0,014 0,0153 0,024 0,0134
rep # 36 28 15 5 20 14 15 10 23 2 26 19 19 232
abs dev in % 0,218 0,082 0,565_0,70090,3319 0,4472 0,00310 0,06716 0,497 0,0381 0,076 0,0244 0,079 0,2205
in Angstrom 0,003 0,003 0,003 0,0047_0,0078,0075 0,00009 0,00141 0,005 0,0005 0,002 0,0008 0,003 0,0034
# 94 38 20 7 29 20 30 17 31 4 43 31 30 394
Average abslev in % 0,297 0,214 _0,8980,5386 0,7615 0,3375 0,083940,0586 0,501 0,0976 0,157 10,1272 0,208 0,3121
Idem in Angstrom 0,005 0,011 0,007 0,0038 0,02110,006 0,00357 0,0015 0,007 0,0018 0,007 0,0064 0,011 0,0075

Especially here, the H-L theory is not very useful either, as the number of approximations to be made in
sophisticated quantum mechanical calculations to obtain a theoretical PEC is innumerable (Pople, 1999). We
remind the techniques underlying the computations for four-particle systems, studied by Richard and Abdel-
Raouf (cited above), where about 300 parameters are needed (Hylleraas type approximation) to get theoretical
results with a reliable CL.

For all these reasons, we adopted the same pragmatic procedure as above to cope with this important issue. We

calculated the turning points by our generic scheme for all data points below 5Qasirfigothe pivot @
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values and the observed level energies ift (3ee Table 3). The results are showRim 17and in Table 4,

where deviations in italics are minima and those underlined are maxima in their category. The average

‘deviation' in the turning points is 0,31 % and shows the over-all agreement is acceptable, although the present

Coulomb model potential is extremely simple. For the attractive branches, deviations are in general 'large’, i.e.

0,44 %. For the repulsive branches the global deviations are 2 times smaller in % (0,22 %) and much smaller in
in comparison with the attractive branches. This latter agreement brings us closer to spectroscopic accuracy,

as the 0,001 barrier or even lower can be reached.

11.8 Specific bonds and systematics

- AuH is one of the three coinage metal hydrides studies by Seto et al., 1999 using the Le Roy fitting technique
to extract the complete PEC from a number of observed levels. It is not difficult to obtain a complete PEC
using the generic model potential. The results are showigirl8 The agreement neat Bnly seems

satisfactory from the plot: in reality very large % deviations are found. At the short range a slight divergence (in
%) is noticed. At long range, the differences are more pronounced and are similar for all three coinage metal
PECs (not shown). We used (22m) to compute the long range PEC with the generic function only.

- HF is an intriguing molecule and its PEC has been studied extensively (see Coxon and Hajigeorgiou, 1990).
With its companions DF and TF, it is suited to study BOB (breaking of the Born Oppen heimer approximation).
As an illustration of our procedure, we used an hybrid potertig) kyenary and used a graphical fitting

technique to determine the asymptotes in each case. We get 216758 #8 tiva repulsive Kratzer branch

and 197861,72 crhfor the attractive generic branch, giving an average value of 202309 Witin 1 % of

the Dunham asymptote 204308 tisee Table 1). The resulting PEC, using (22m) is givéfign19. The

agreement is acceptable. The average deviation for all 40 turning points, including those at long range (the
triangle), is a modest 1,8 %.

- I, is a clear exception in this series of 13 bonds. Th&eRe compares with that of Libut the two PECs are
completely different, as easily verified in Fig. 6d. The PEC fpid.consistent with a Coulomb model but that

for 1, is not (the Dunham asymptote fglid exceptionally large). The atomic data are largely different; IE

10,45 eV whereas |Hs only 5,4 eV. This suggests the\Rilue for } is long by about &. In Fig. 6d, the PEC

for 1, should correspondingly be shifted towards lower R-values, where the shape of the reported RKR would
be in line the shape predicted by a Coulomb model. As a matter of fiadhe only case out of 13 where the

RKR does not fit into the gauge-symmetry based bonding model that led us to Fig. 6d. Analysing the PECs for
the other halogens can be of help.

- For LiF we used a Morse-curve (Van Hooydonk, 1982), since the two alternatives available, a Padé
approximant (Jordan et al., 1974) and a Kratzer PEC (Van Hooydonk, 1982) do not show asymptote behaviour

near Q. The Kratzer PEC would be too close to the generic scheme presented here.

11.9 Intermediate conclusion
At this stage (the usefulness of the zero molecular parameter function and the scaling results), the pertinent
guestion is about the agreement between our model potential and the available inversion techniques (depending

on iterative processes and higher order WKB terms). This is certainly a matter of further investigation. A
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correct scaling procedure can not but lead to the scaling of different PECs into a single straight line. To the best
of our knowledge, only the present Coulomb scheme can achieve this with reasonable success.

These two kinds of results provide us with ample evidence that our earlier conclusions (Van Hooydonk, 1982,
1983, 1985, 1999) are essentially correct. The hyper-classical Coulomb law and its inherent scaling capacity
are important for rationalising the abundant data in molecular spectroscopy. But the main conclusion of this
section with quantitative results about PECs from atomic data and about scaling is that intra-atomic charge
inversion (chirality, parity violation) at the Bohr-scale is a reality. A previous report on the same issue (Van
Hooydonk, 1985) lacked the generic Coulomb function for calculating PECs and the experimental confirmation
presented here. In fact, the only reaction on this first attempt to include the generic effect of intra-atomic charge
inversion in a theory for the chemical bond came from the late Pauling (1985), who wrote that 'charge-

symmetry is broken by the electron-proton mass difference’ (see further below).

12. Generic effects of intra-atomic charge inversion

Table 5aMatrix of 16 states for two interacting atoms (absolute charge distribjtions
Intra-atomic charge distributions in atomgatd X and the sign of interatomic interactions (nucleon charge between brackets) different
states for any molecule; X, (homonuclear bonds only)

World >0 World <0
X1 X1
(+)+ (- Ok ()-

World >0
X2
(+)+ D+ BB O+ ()-I(H)+
Total charge +4 +2 +2 0
(+)- (HHE)- B (- ()-1(+)-
Total charge +2 0 0 -2
World <0
X2
Ok HHEE OO+ OHEO ()-1G)+
Total charge +2 0 0 -2
()- ()+()- (+)-16)- ()*0)- ()-16)-
Total charge 0 -2 -2 -4

Heitler and London (1927) could not foresee the power of a direct internal (algebraic) correlation between
fermion-boson symmetry and potential energy in a four-particle Hamiltonian. This link shows at the Bohr-
scale, operates when going from atoms to molecules by means of a generalised Bohr-formula and is measurable
in eV. The scale invariance has interesting prospects. The energetic effects of a bonding process are easily
described by a static Coulomb law (with charge inversion in one atom or boson) and may provide us with a
simple alternative to the H-L theory, all other things remaining equal. The two approximations use the same
Pauli-matrices. Since the energetic effect of spin is small, not of order eV, spin symmetry effects must operate
on wave functions (H-L theory).

It is not difficult to apply the charge inversion technique to four-particle systems in general, giving 16
theoretically possible states, equally distributed over two symmetrical worlds, a chemical eight-fold
way. Allowing for the principle of charge inversion, the four particles, arranged in a pair of two
atoms, lead to a number of forbidden or allowed Hamiltonians, mainly on accountatbtteharge

of the four-particle systenfhese are not discussed here in full, since their characteristics can be
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derived from the formulae above. Table 5a gives the matrix for atom combinations. Only the neutral
states in the centre correspond with allowed states. Neutral statésamitiH-L states. For these

states to become bonding, the combined symmetry effects of electron-spin and of electron wave
functions must be invoked. Neutral states Witkad to a PEC deriving from parity-violation adapted
Hamiltonians, i.e. without needing spin and wave function symmetry effects but using charge
inversion instead.

Table 5b gives the matrix for ionic interactions in the generic Coulomb scheme for bonding. Singlet-
states in bold result from charge inversion. Doublets in Table 5b do not arise from charge inversion
but from lepton-rotation. At the real asymptote, a four-particle Coulomb system must not be divided
into two interacting boson pairs (two neutral atoms) but into two interacting fermion pairs. This
generates splitting within the Hamiltonian, which is then soluble classically, see Section 8. Each
world has one H-L state and two degenerate states with intra-atomic charge inversion (parity
violating states in the conventional way). These are shown with a total zero charge in bold in Table
5b.

Table 5b Matrix of 16 states for two interacting ions (absolute charge distributions)
Intra-ionic charge distributions in anion and cation and the signs in homonuclear bonds (nucleon charges between brackets)
Anion states +(+)- and -(+)+ do not imply charge inversion, only rotation is involved.

World World

<0 >0

anion anion

LG L G S O O R o & +)- 0

inversion  =rotation Inversion  =rotation
Total; mean +3;+1 +1; +1/3 +1; +1/3 +1;+1/3 -1;-1/3 -1;-1/3 -1;-1/3 -3,-1
charge*
World >0
Cation (+)
Bond HE)HEF)  HH)-(H) () O (D) () “(-)+(+) -(-)-()
Total charge +4 +2 +2 +2 0 0 0 -2
Remark HL state
World <0
Cation (-)
Bond ) H(H)-() -(+)+() +(-)+() -(+)-() +(-)-() -()+() -()-()
Total charge +2 0 0 0 -2 -2 -2 -4
HL state

* mean charges are discussed below

We have restricted the present analysis to bonds between mono-valent atoms but it is straightforward
to apply the principle of charge inversion to polyvalent atoms. Consider a bond between two divalent
atoms in the 2nd or 6th Column of the Periodic Table. The classical atom has a charge distribution -
(++)-, where the charges between brackets relate to the nucleon. Inverting charges in only one lepton-
nucleon pair gives -(+-)+ and in both gives +(--)+. Interactions between two divalent atoms can
proceed in two ways either as: a. -(+-)+/-(+-)+ in which one pair is inverted in each atom or as: b. -
(++)-/+(--)+, whereby two pairs are inverted in one atom. In terms of Coulomb's law, type b. bonding
will lead to strong nucleon-nucleon bonding, whereas type a. bonding will be (very) weak, since only
lepton-lepton interactions can generate a bond. Atoms of the 6th Colyr8g.(Pform strong

bonds indeed, whereas those of tffeCblumn (Be, Mg,, Ca,...) form weak bonds.
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13. Born-Oppenheimer (B-O) approximations

BOB, breaking of the B-O approximation, shows when applying a Dunham type expansion to isotopomers. The
B-O-approximation freezes nucleons and considers two central force systems (reduced masses). Temporarily
freezing leptons instead leads to an inverted B-O and gives
Hip = (amV? +¥5mv° - €/Ry,) - €/Rqp (23a)
using the charge inverted, parity violating Hamiltonian. The further treatment runs exactly as in section 8 in the
case of the B-O approximation. The minimal solutiog, flerpendicular to B) for vibrating nucleons leads to
the generic force constant and the harmonic frequency
R=m °RI2=8éIR}
taking into account that the reduced mass equghs With m © = k,, the force constant, we get
ke = 2€/RS (23b)
This expression has been used successfully for scaling the Dunham asymptote in the parameter t,

2

proposed by Varshni and Shuckla some time ago (1963) for ionic bonds and which leads to
acceptable results for all kinds of bonds (Van Hooydonk, 1982). Depending on the (unknown)
alignment of the particles, i.eqRelative to R,, different values are obtained fa; konforming to

the analysis in Section 8.

Instead of freezing nucleons or leptons, one can freeze nucleon and lepton motion temporarily at the
same time, which corresponds with mass annihilation and gives a static mass-less four-particle
system.

The charge inversion technique here leaves only two electrostatic terms in the Hamiltonian

H = - €/R:,- €/Ryp (23c)

which brings us directly at the top of the absolute well depth. Exactly as above, and depending whether or not
the 2 two-particle subsystems are perpendicular, starting at the top of the well depth, the Coulomb potential
(23c) is -2&/R,,. Starting half way, with one subsystem fixed at an intermediate asymptote, gives

Hxxs = -€/Rap

Exactly as for the chemical bonds studied here, it can be expected that these mass-less systems are stable. This
is also the essential and general conclusion of Richard (1994) and Abdel-Raouf et al. (1998), although the
charge inversion technique is not used in their works. But their conclusions are similar: insoluble four-particle
systems appear to be stalgen a particular charge-distribution

The experimental evidence collected above about charge inversion in molecules can be used in atoms too,
although it will not be detectable in two-particle systems. But, theoretically, an atomic Hamiltgndzm iHow

be generalised as in (9a) but, due to the large mass difference between an electron and a proton, charge
symmetry is broken almost by definition (Pauling's remark, cited above). Its effect can only be observed
through the interactions between two atoms (bonds). The atomic Hamiltonian

H=T+V=(1/2)mV-élr

would be, referring to (9a) or (11), at - g = 1 state (interaction and asymptote have opposite signs), just one of

the four states allowed by gauge symmetry. The 4 atomic Coulomb states are theoretically

24/01/00 14:26 GVan Hooydonk 43



W()  =(-1°C(L + (-1§9rdr) (23d)

of which two belong to a real, the other two to an imaginary world. But (23d) does not leaateon&@PEC,

it results in anolecularCoulomb PEC |IH{1-RJ/R)| with R, = 2r.. The classical equilibrium condition gives

the absolute gap, 2C Z/e = mv. and in the algebraic scheme used here, equilibrium is obtained half way this
gap (the virial theorem) or at C ¥2r, = mv;%/2 (see Fig. 3a and 5).

Using the charge inversion technique, boson-boson interactions can be rewritten as fermion-fermion
interactions. Due to the appearance of intra-atomic charge inversion, the analysis of PECs at the Bohr-scale is
ideally suited for examining the behaviour of (composite) particle-antiparticle systems. Then, the interaction of
a composite particle (atom, positronium, protonium) with its antiparticle (anti-atom, i.e. a charge inverted atom,
anti-positronium, anti-protonium), follows exactly the generic scheme proposed here. Reference systems are
the positronium molecule (Richard, 1994) and, of course, the much underestimated hydrogen molecule itself,
see IntroductionAt the molecular levethe mystery surrounding the absence or presence of anti-matter may be
solved, if our derivations are valid. Both kinds of matter are present in exactly the same amount in bonds since,
for example, H= (H, AH) where AH is an anti-hydrogen atom (a charge inverted hydrogen atom, Van
Hooydonk, 1985). This is the more intriguing since decisive experiments are planned to reveal the mechanism
of anti-hydrogen reactions, as relatively large amounts of anti-hydrogen can now be produced (Armour and
Zeman, 1999 and references therein). For a variety of reasons, the outcome of these future experiments is of
crucial interest.

If applying the charge inversion technique to atoms from the start is valid in chemistry and leads to Coulomb
scaling (as demonstrated here) it should apply at all scales in physics since it is scale-invariant. Compactifying
H, to smaller R-values must lead to a similar composite but smaller system, the atom D. Tibait, #eesion

of a deuterium atom would have as constituent particles a proton and an anti-proton, surrounded by two
oppositely charged leptons. This entity must be related.timkhe above, the ionic variant (XYand éwas

avoided above, since it would lead to an atomic spectrum.

Schemes deriving from classical gauge symmetry like those shown in Fig. 3a for a gap of 2C will have
repercussions when similar systems with larger or smaller gaps are considered. For large differences between
the gaps, fine structures could be generated generically, leading to double well PECs. Extrapolating these
results to nuclear physics and neglecting this possible generic fine structure, the so-called Z-instability of nuclei
can now be avoided. Only two types of stable nugdeaund statesvould remain: Z-even (singlets) and Z-

uneven (triplets). Singlets are stable with packings similar to those in crystals (solid-state physics). Triplets are
stable too whatever the value of Z. These consequences are as observed (Bohr and Mottelson, 1969). There
would be no need to consider a separate class of nuclear forces to hold nuclei together since intra-nuclear
repulsionsroughly of order (Z4) are replaced battractionsof the same order of magnitude. This makes

nuclei in their ground state naturaditableinstead of theoretically unstable. Here, the transition from repulsive
states in nuclei on account of positive Z-values to attractive states is similar to the situation met above for
bonds. Intra-atomic charge inversion secures that the intra-nuclear repulsion changes into an attraction (see
Sections 3 and 6). On the chemical level, uneven Z-nuclei would act as monovalent atoms, whereas even Z-
nuclei would behave as noble gases. This is confirmed by experiment: molecules ke B are very

unstable and have small dissociation energies (Van Hooydonk, 1999) just like noble gases (see also Section 12).
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To understand classically the stability of composite stable neutral systems in nature, they must be partitioned in
oppositely charged mass-asymmetric subsystems (or particles) if Coulomb's law applies universally. Neutral
mass-asymmetrical molecules in a dielectric medium such as water (reducing the power of Coulomb's law by a
factor of 80) dissociate in@arge-symmetribut mass-asymmetrion pair. The only concurrent 1/R law

available, Newton's, uses particle masses instead of charges in the coeffiofdRtdependent potentials such

as (3b).

14. Further consequences

14.1. Decisive experimental evidence

The results in Section 11.2 show that also covaleiitods have a critical region where there is interplay

between a bond ){atoms X and ions Xand X since Q is not a Coulomb asymptote. To determine the
intersection point of the ionic potential and a netixigd D, the classical result for the critical distance

|Ex + EA¢ + €/Rgi = 2IEx

leads to

€/Rerit = |Ex - EAx

In the case of Lj this gives a critical distance of about 3,3 A. We can calculate the perturbation in the right
branch between W(R) and the lower lying asymptote at BlE. D) provided EA; = D.. The complete PEC

can then be computed using (22m). Using our generic function we find different intersection pg)nsqiR

Li,, the intersection at the left branch occurs at 1,815 and at 5,069 for the attractive branch. On account of
atomic long-range interactions varying witf ', this critical distance at the attractive side can be different.

But these crossing points open the i@ya possible experimental proof of the generic scheme based upon
electrostaticsFemto-chemistry can help to find out (i) whether or not the atomic dissociation limit is a scaled
form of the ionic asymptote, which seems unlikely but can not be excluded or (ii) if crossing of ionic and
atomic states is really avoided. As in the case of Nal (Rose et al, 1988), femto-chemistry can be of assistance to
verify which species are present in this critical region of covalent molecplése)Xi,. If ions Li~and Li" are

found experimentally, this would be conclusive evidence in favour of an electrostatic approximation to

chemical bonding.

14.2. Universal Coulomb function as an ab initio model potential. Scaling the Dunham coefficients. Chaos and
fractal behaviour: an open question?

Coulomb's law in a zefborder approximation with } = 0 can never account for the (lower order)

spectroscopic constants as it leads to meaningless F and G Varshni-parameters, based upon Dunham's analysis.
This is not so for the ¥ 0 solution, the perturbed Coulomb function. The corresponding derivations were

not made. Maybe this is not even necessary, since the generalised Kratzer-Varshni potential can rationalise the
lower order spectroscopic constants quite easily (Van Hooydonk, 1999). Other generalisations are possible. The
shift from the generic variable R to R + r, accompanied by a similar shiftfartiere r is relatively small and

constant, can not be excluded (Van Hooydonk, 1983, 1999). The introduction of a small r might lead to a

consistent extension to a united atom model and even to high-energy (nuclear) physics for R close to zero (Van
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Hooydonk, 1983). On the other hand, Varshni-like generalisations (v 1) can not be excluded, suchk, as (1/m)
with x not too different from 1 (see below).

Dunham's expansion is a poor approximation to the reality of Coulomb based PECs. lonic asymptotes must be
used to scale Dunham-coefficients. The relation between the Dunham variable d and the Coulomb/Kratzer
variable k = d/(1+d) is at the origin of this process. An expansion of the Kratzer potential in function of the
Dunham variable leads to ideal Dunham coefficiepts @1)'n (Van Hooydonk, 1983), in agreement with
observation in a relatively large number of cases (Van Hooydonk, 1999). The fluctuations in the Dunham series
increase linearly with n and illustrate the convergence problems associated with Dunham's series. The Dunham
expansion must be abandoned as many people realised (Molski, 1999, Lemoine et al., 1988, Bahnmaier et al.,
1989, Urban et al., 1989, 1990, 1991, Maki et al., 1989, 1990).

Gauge symmetry leads to a very simple generic and effective model potential. It derives from first principles
and does not contain parameters. It can be expected that fitting observed levels with this scheme automatically
leads to a better inversion procedure to construct PECs, transferable from bond to bond, a vacuum in the now
available methods. Further work must reveal the universal character of this process.

If so, it can not be excluded that we would end with chaos and fractal behaviour. Given the results obtained
here and the possibility of functions varying as (1/mseems interesting to analyse the behaviour of power

laws with fractional exponents like n/3, with n an integer, especially in connection with the non Cou(Binb D
dependence. We already constructed Kratzer-Varshni type potentials of this type, some of which are very close
to the generic potential used here. Above, we remarked the self-replication of expansions in terms of k. Molski
(1999) recently reported on the interest of potentials with continued fractions and March et al. (1997) suggested
chaos or fractal behaviour of the lower order spectroscopic constants. They observed that G vafiésawith F
formula we already tested on a large scale (Van Hooydonk, 1999). Further research along these lines remains
interesting, reminding we suggested a long time ago that Euclid's golden number might interfere in the physics
of interacting charges (Van Hooydonk, 1987). Above, we mentioned an asymptote wherein this strange number
also appears. The generic perturbation depends on the square root of 3, which may point in the same direction.
Its (geometrical?) origin must be understood.

Fig. 20 gives the Coulomb asymptote angifunction of R for the 13 bonds with a power law fit. A

fractional exponent appears fog @lmost as expected. But our data about 400 bonds (Van Hooydonk, 1999) do
not allow a generalisation of the power law fariDFig. 20.

A new attempt to smoothly generalise Kratzer's potential was recently proposed by Hall and Saad (1998).

We did not yet investigate the possibility that Coulomb's law may be adapted (generalised) with a slowly

varying maybe exponential R-dependence, as in Yukawa's potential.

14.3. Charge inversion: a generic consequence of Coulomb’s law. Holes. Cooper pairs. Fractional charges

If the present scheme is scale invariant and if the charge inversion Coulomb mechanism is generic, there must
be examples in other domains where analogous effects might have been observed already.

- In solid state physics, the conceptofes bearing a positive unit of charge, has long been accepted and is

now an essential part of the theory. With the charge inversion technique, holes can be considered as positive

electronspositrons Also, ionic bonding models have an excellent reputation in solid state physics (we refer to
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the Born-Landé potential very close to a Coulomb potential). The hole-concept gives circumstantial evidence
for this scheme. A similar situation applies to Cooper pairs and to the absence of isotope effectsdn high-T
superconductors (Van Hooydonk, 1989).

- As suggested above, the present scheme must also be applicable to reactions between hydrogen and anti-
hydrogen, to be observed in the years to come. The outcome of this reaction, according to the present scheme,
should be a normal hydrogen molecule.

- Part of the mechanism leading to the quark concept and the quark-anti-quark interaction scheme to explain the
stability of (composite) elementary particles, in the first instance baryons, bears an analogy with the present
scheme. Quarks are elementary particles with +1/3 of the unit of charge. For the present approach to make
sense in the simplest possible case two singly charged ions of comparable masses are required, one of which
mustbe a composite particle, consistingtueecharged sub-units. A unit of charge te for 3 particles leads to

an average of +e/3, see Table 5b. At the Bohr- scale, the mass difference between the constituent fermions is of
the order of 18. Nevertheless, fractional charges equal to +e/3 in the present scheme do not exist in reality as

they areaveragedvalues.

14.4. Charge inversion and theoretical chemistry. Reactivity. Charge alternation

- Molecular wave functions consist of a linear combination of atomic orbitals (LCAQ) of Slater-type (ST)- or

of (quadratic) Gauss-type (GT) in a SCF-HF procedure to describe bonding with a atasgesity adapted

H-L Hamiltonian Using ST-AO's with an exponential 1/R dependence typical for Coulomb's law (implying a
central force system) is equivalent with thpriori assumption that the atomic dissociation limit is the natural
asymptote for the Hamiltonian. This convention is now proved to be incapable to get a scaling procedure for
PECs, see above. Coulomb's law and the generic or ionic asymptote are the necessary elements in achieving
universal scaling. Unfortunately, ionic wave functions and a parity adapted Hamiltonian, the better of choices
in the present analysis, have thus far never been used to our knowledge to construct molecular PECs below and
beyond the atomic dissociation limit. lonic contributions are commonly classified only as (very) small
perturbations of the H-L scheme (Weinbaum, 1933). But the present interpretation of symmetry effects in
bonding is a generic consequence of using a pair of symmetric Coulomb potentials and gauge symmetry.
Conversely, the H-L theory eveleems unnecessarily complicated when it comes to understand the mechanism
leading to bond formatiormhe complexity of standard quantum-chemical calculations (SCF, HF using atomic
STO or GTOs in a LCAO) is a natural consequence of the H-L theoHamiltonian and the conventions

about fermion charges (Pople, 1999). The H-L scheme can only produce theoretical PECs through a rather
cumbersome procedure. On the basis of the present results, we predict that very accurate theoretical PECs can
be obtained without too much effort in the quantum-chemical way by using a charge inversion adapted
Hamiltonian and ionic instead of atomic wave functions (one central force system approximation). The atomic
dissociation limit can be described by higher order Coulomb interactions in function of atom polarisability, a
standard practice in modern physics (Aquilanti et al., 1997, C6té and Dalgarno, 1999). These covalent
potentials, varying with ZR" with large n, were approximated in this work even by meangixéadlower

asymptote, R
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The apparatus of wave mechanics remains necessary in the present scheme. If the bonding procedure were
really electrostatic, homonuclear bonds in an ionic approximation would show a dipole moment, which is not
s0. Hence, a homonuclear bong<X has the wave mechanical hybrid ionic counterpastXX + X;X,"), a
straightforward effect of permutational symmetry. For bonds of intermediate polarity, the weights of the two
possible ionic structures are different from 1/2 (Van Hooydonk, 1999).

- lonic bonding implies a smooth picture for chemical reactivity. For common displacement reactions
AB+CD - AD +CB

a simple electrostatic model has advantages. Electrostatic approximations in the field of chemical reactivity are
numerous (see for instance Van Hooydonk, 1975, 1976).

- A challenging example is aromatic reactivity with its many empirical rules, believed to be a purely covalent
problem, soluble only in an approximation of the H-L model such as Huickel's MO theory (1930). These rules
are easily accounted for by Coulomb electrostaticschate alternatior(VanHooydonk and Dekeukeleire,

1983).

- If the present Coulomb approach is valid, an ionic approximation implicitly contains the important Coulomb
principle ofcharge alternationan additional consequence of Coulomb’s law, not yet discussed. Charge
alternation can account for a number of details in organic reactivity (Van Hooydonk and Dekeukeleire, 1991,
Klein, 1983, 1989).

14.5. Kratzer-Bohr: a consistency or a dilemma

The peculiarities of Kratzer's potential with respect to Bohr's were discussed above (see also Van Hooydonk,
1983, 1984). Kratzer's function is more general than Bohr's as it opens the way to the molecular level. Some of
the continuousR/Rs-, m-, or I- dependences (with | = m - 1) in Kratzer's potential, rewritten in function of m

and d, are remarkably similar mathematically with the dependendis@etequantum numbers in Bohr's

theory (Van Hooydonk, 1984). This can hardly be a coincidence.

14.6. Possible consequences for the other 1/R potential: Newton's

The scale and shape invariance of the present scheme implies that it stands irrespective of thefiature of a

(1e) or (3b). The most typical consequence of algebraic 1/R potentials is that they remain valid whatever the
scale (Newton, Bohr, Fermi or Planck, see Fig. 6a-b). If gauge symmetry is universal, gravitational forces can
be considered as attractive and repulsive too. This can not yet be proven with gravitational PECs, because these
are not available. Compactifying systems towantaller (Planck-) or blowing them up targer (Newton-)

scales should have no impact whatsoever on the general features of 1/R potential governed systems and their
PECs (see Fig. 6a-c). This aspect of shape- and scale invariance is a challenge in physics and in SUSY,
especially forsuper-unification If a gravitational PEC can be found with a shape like the one generated by a
Coulomb 1/R potential, systems with positive and negative masses will have to be allowed in exactly the same
way as for positive and negative charges. Newton's law has the right structure alegattyym, unlike tqe,

states seem to be forbidden. But, if atoms can be annihilated in a molecule, this can not be done properly, if
negative masses are not allowed for algebraically. What a negative mass really means is a different question. It

could be a mathematical artefact related to another intrinsic property of mattergsy similar to the
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mathematical distinction between worlds, between variables like x and 1/x or between gaps, as discussed
above.

Qualifying gravitation as weak by a factor of4lgd to the exploration of physics at the Plank-scale, where the
effect of interacting masses would compare with that of interacting charges (the definition of the Planck-mass).
At comparable distances it of chargehas a mass about®@mes aunit of massThe charge/mass ratio for

the electron is about 1D The centre of a system of particles withand m, each with a unit of charge e and

in equilibrium, must be governed by charges, as these have the larger mass. The centre must be in the middle of
the distance, separating the two charges, sineg(¢e + &)| = e/2. This corresponds with/ig = e/r, if ry + 1,

=r. If masses determine the centrerire ny/r, applies. If charges are equal but masses differ by a factor of
2000, the centre should be displaced in favour of the heavier particle. The total metsargédparticle with

mass m is m(#8 + 1) = e(1 + 1/18), with mass 2000m it is m(¥D+ 2000) = e(1+2000/%f). The particles’
distances;rand g from the centre then obey(&+1/13°r, = e(1+2000/18%r,. The difference with respect to

the centre of charges is negligible, as 1 part i isbeyond the accuracy of any experiment. But the opposite

is observed: the centre of the H-atom is not determined by charges, it is determined by masses. Charge
symmetry is apparently broken by particle mass (the essence of Pauling's remark, 1985) but this leads to
question marks about the meaning of the factdt. 10

This huge factor does not respect two-dimensional scaling either. Only asymptgtBs-aalaes can be used

for scaling, the main conclusion of our results. The factor x*%r#8ults from comparingoefficientsa, as

appearing in (1e) or (3b), i.e.

xGmm, = & (24)

This does not take into account the different scalesdRies or asymptotes) the two differept@ght refer to.

If so, the scale ratio itself might be at the origin of this large scaling factor. Therefore (24) is meaningless, as
long as the exact form of the complete potentials leading to (24) is not known. The hypothesis that these
different g values apply to the same scale is in clear contradiction with experiment as the centre of mass of a
simple H-atom clearly shows. A generalised form of (24) is

Gmumy/Ry = E/rgonr (25)

How the scaling potential Gm/Rnust be determined is another problem. But the factrak(it stands now

can certainlynot be used as such to determine the hierarchy of forces (Van Hooydonk, 1999a).

16. Conclusion

If the 13 bonds used here are a representative sample for observed PECs, intriguing conclusions can be made.
Gauge symmetry and the discrete (symmetry) aspects of a first principle's electrostatic Coulomb scaling power
law in real particle systems have not been fully exploited in the past. Solutions for molecular PECs based on
this law are in agreement with experiment with a more than reasonable confidence level. The universal

function, theHoly Grail of Spectroscopyseems to be very close, if not identical with, a derivative of a scaling
Coulomb law, characterised by a dependence on (1-1/m), where m is a number. The shape and scale invariance
of PECs and especially the observed left-right asymmetry around the minimum seen in this context indicate

that intra-atomic charge inversion must be allowed in the Hamiltonian. Coulomb's law, simple electrostatics, is
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much more powerful than hitherto believed and, if true, we have been wrong-footed by nature (Van Hooydonk
1999). Cancelling the nucleon-lepton interactions in the Hamiltonian of four-particle systems (bonds), a generic
consequence of intra-atomic charge inversion, is confirmed by experiment. A Coulomb functiah isitio

scaling model potential and can probably be used as a first principle's guide line for inverting energy levels.
One important aspect of quantum behaviour, i.e. the appearance of integral numbers, is not discussed in this
report: these solutions are all known and are obtained by standard wave mechanics.

But the shape of a PEC for N-particle systems (N > 2) belongs to the Coulomb domain and some points can
now be clarified. The first concerns the H-L theory and its interpretation of chemical bonding by means of
‘exchange forces': this exotic exchange process reduces to intra-atomic charge inversion in one of the two atoms
and to resonance between two (degenerate) ionic structures. The underlying static central force system is an
acceptable working model and is nothing else than classical 'ionic' bonding, applying to covalent bonds as well.
Despite the historical evolution, ionic bonding schemes remain of fundamental physical importance in the
context of N-particle systems. It is a pity it took so long to show that the contributions of D&we(itry)

and Berzelius (1835, f&entury), almost 200 years old, are essentially correct. With us, only Kossel (1916)

and Luck (1957) found enough evidence to defend ionic or electrostatic approximations to bonding in this
century, although these contributions are all against the establishment in the post H-L era. The charge inversion
technique (Van Hooydonk, 1985), based upon atom chirality can play a role in the future because of its generic
character, its simplicity (the magnet metaphor) and the scale- and shape-invariant PECs it leads to. With respect
to symmetry and parity breaking, many efforts in SUSY are based on the mathematical harmonic oscillator, a
poor physical model.

With Bouchiat and Bouchiat (1997), we hope that a feedback with the Standard Model is possible. Cosmology
and super-unification are at stake. The question about anti-matter may even be a false one. Whether physical
processeare continuous or discrets still uncertain and this is a long-standing discussion. When we try to
measure aontinuousl/R-dependence we uséliacretemeasure, light. But a continuous physical 1/R process

can be described with a static mass-less Coulomb law and its irdgaitteelements (power law, gauge-

symmetry, species independent charge) and its perfect scaling ability.
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Fig. 1a General effect of Coulomb potential on
standard asymptotes and RKR for. H
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Fig 1b Observed PECs (RKR/De) for 13 bonds versug R/R
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Fig 1c Observed PECs (RKRJ/Oor the same 13 bonds (V-
shape) versus Morse function
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Fig 1d Benchmark: observed PECs (RKR/for the same bonds
(straight line) versus Morse function
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Fig. 2a Potentialn = 1

W(R)/C

1: +1+R; 2: +1-R; 3: -1+R; 4: -1-R; 5: Kratzer; 6: perturbed Coulomb
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W(R)/C

-2

-4

Fig. 2b Potential n = 2

1:+1+R; 2:+1-R; 3: -1+R; 4: -1-R; 5: Kratzer; 6: perturbed Coulomb
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Fig. 3a Potential n = -1

2l 6 1(triplet)

W(R)/C

RIR,

1: +1+1/R; 2: +1-1/R; 3: -1+1/R; 4: -1-1/R; 5: Kratzer; 6:perturbed Coulomb
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Fig. 3b Potential n = -2
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Fig. 4 Coulomb's law
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Fig. 5 Gauge symmetry and Coulomb's law
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Fig. 6a.Coulomb PECs for various asymptotes versus R

24/01/00 14:26 GVan Hooydonk

63



Fig. 6b. Coulomd PECs for several asymptotes versus reduced R
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Fig. 6¢. Scaled Coulomb asymptotes at asymptote 10 versus
reduced R: generic result of universal Coulomb scaling
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Fig. 6d Coulomb scheme/gauge symmetry (-) and observed PECs
(o) versus R (13 bonds)(log-scale)
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Fig. 7 Dunham, Born-Landé, Kratzer and
Generic variables
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Fig. 8 Comparison of Dunham, Kratzer and generic
functions w(m) with experimental data fog H

1,0
0,8-
0,6 -
E
= 3
0,4 - °
4
0,2
0 RKR H,
0,0 3
0 1 2 3
RIR,

1: Dunham, 2: Coulomb (unperturbed), 3: Kratzer, 4. Coulomb
(perturbation 0,35)

14:26 GVan Hooydonk

68



Fig. 9 Perturbed generic and generalised Kratzer-
Varshni functions
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Fig. 10c Observed versus level energies computed
from atomic data for 8 bonds (300 data points)
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Variable or w(m)
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Fig. 11a. Variables versus level energies, IPA for LiH
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Variable or w(m)
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Fig. 11b Kratzer and Generic functions versus IPA for
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Fig. 12a General fitting procedure for 6 bonds (smgllaRd }, to determine th

asymptote
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Fig. 12b General fitting procedure for 6 bonds (larget®determine the asymptote
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Fig. 13b Reduced RKRs, Kratzer and Generic variables versus k

(all data)
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Reduced RKRs,
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Fig 14a. Reduced RKRs, V-shape
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Reduced RKRs,
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Fig. 14b Rduced RKRs versugk linear form
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0,6

Fig. 15a RKR/A(piv) versusg, both shifted with 0,46620-0A(piv) for 13 bonds
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Fig. 15b Observed RKR/Drersus theoretical,kA/D
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Fig. 15c Observed RKR*R75258-0)R, versus theoretical
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Fig. 15d Observed versus theoretical level energies +4946%-D2 bonds (not)
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Fig. 16 Theoretical level energies (-) versus observed using (22m) for all 13 bonds,

complete range
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Fig. 17 Theoretical turning points (394 at <50 % of
D,) versus observed (published) in Angstrom
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Fig. 18 Complete PEC for AuH: Generic (22m)
and Le Roy functions
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Fig. 19 Observed and theoretical RKRs for HF
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Fig. 20 Power law for asymptotes Coulomb and D
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