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Atom—Bond Transition: Transferability of Atomic Length Scales
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The expression of equilibrium single-bond interatomic distadgex, of any M—X bond (homonuclear or
heteronuclear, ionic, covalent, or metallic) (GangulyAm. Chem. Sod.995 117, 2655) in terms of core-
atomic lengths is examined in terms of the constraints of an atwnd transition. These include the
following: (i) a description of bonding components of the hydrogen molecule that are applicable to all bonds;
(ii) the use of a universal equilibrium chemical potentiak, = O; (iii) spin-charge conversion and a justification

for the choice of valence s electron orbital radius as the core length; (iv) an examination of thebatuin
transition in terms of Thomas-ermi screening models applied to the insulatmetal transition; (v) bond
lengths and direction of polarity; (vi) bond energy of the hydrogen molecule and the maximum excitonic
binding energy as the limiting values of the standard heats of formation per X atom jcdpound in gas

and solid phase. The importance of valence s electron orbital radius a relevant core atomic length in
atom—bond transition and in determining ionicity is indicated.

I. Introduction eigenvalue-based, W = EW notion of seeking for every

Transferable atomic length$ continue to be used with ~ Moleculé?a know-all, complex-space wave function and relying
increasing confidence for estimating interatomic distances as©n an energy minimization principle to obtain stationary states.
well as obtaining coordination numbers ever since the beginning Once the stationary state is obtained, the evaluation of other
of the last century when interatomic distances could be measuredProperties is expected to follow. By this method, the eigenvalues
with some accuracy. Much of our early, eminently successful Obtained for simple molecules can eventually be so acctiféte
“chemical intuition”, involved in manipulating the properties that experiments have to be refinétio match theory sometimes
of molecules and solids, has been indeed based on the interinstead of the other way around, as in the case of the hydrogen
pretation of distances in equilibrium structures in terms of some Molecule®>?Modern refinements of the wave functiéhof
standard distances of model compounds, real or imagined. Anmolecular hydrogen aim at removing inaccuracies due to the
exposition of interatomic bond-distances in terms of simple adiabatic approximation! However, an “uncertainty” principle
transferable atomic lengths is eminently desirable, especially OPerates, with the more accurate wave function usually being
if, in doing so, additional insights are obtained on the direction €SS general. After all, the greater-than-50-term wave function
of polarity of a chemical bond as well as its bond order, bond for molecular hydrogen cannot be transferred to chemical bonds
energy, and chemical reactivity. However, there seems to existof hydrogen with other elements with equal accuracy. In
a fundamental problem in obtaining information about a chem- addition, there is the d|sponcert|ng disclosure that the accurate
ical bond formed between two atoms, by using core, isolated- ground-state wave function of the hydrogen molecule has little
atom properties. The atonbond transition involved in the  t0 do with pure hydrogen slatomic orbital and requires
chemical bonding between two atoms is quintessentially the Significantly large contributions from what would be highly
most fundamental extranuclear quantum phase transition with €xcited states. o o
the creation of an “energy gap” between the atomic and bonding The inclusion of “ionic” states for the description of
states. Because of this it may not be possible to obtain infor- “covalent” bonding further complicates any instantaneous real-
mation oninteratomicproperties by a renormalization of our ~SPace understanding of bonding, even if the dynamics of
understanding oihtra-atomicprocesse&We venture to report “resonant states” may be assumed to be understood. Such ionic
in this communication the conditions under which such a States are notionally important for the understanding of Pauling’s
description may be permitted. In doing so, we shall use already Persuasive argumentshat interatomic distances depend on the
available core atomic properties calculated using all of the rig- nature of the bonding between the atoms. In Pauling’s approach,
orous paraphernalia available to density-functional/quantum- the general wave functiod, of a heteronuclear MX bond is
chemical method%? The application of these core atomic
properties to describing intgrpatomic bond distances, however, P = PPy + AP+ My @
will re_Iy on simple semicla;sical concepts derive_d from early \with the values ofyp andr/p being such that the total energy
twentieth century Bohr raditi and Thomas Fermi method-  of the molecule is minimized. Nonzero values of the coefficients
ologies:Ot _ o g and/orr imply the introduction of ionicity or* partial ionic

So far, the theoretical treatment of bonding in model cnaracter”. Itis now becoming apparent that there is an inherent
compounds-covalent, ionic, metallicis based on an energy- itficulty in understanding suchpartial’ ionic character. Garcia
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Meister and Schwaté have stated, while analyzing the principal themselves with limiting behavior rather than details. They seem
components of ionicity, that although there is possibly such a to be appearing for the first time in the literature in the context
thing as ionicity,‘the projection of charge-density-distribution  of chemical bonding. Otherwise, they are borrowed from well-
into atomic point charges is not unique and that it is not possible known and well-established phenomena in other areas of
to define such a term in precise mathematical termig”this condensed matter science, even if diverse areas may be involved.
case, the understanding of the “ionicity” need not require a wave We find that the assumptions we make are accurate in principle
function for the bonds as in eq 1, but rather may require an and not, in any way, incompatible with the “new” S¢tiager
understanding of the rudimentary atoms themselves that con-equation based quantum mechanical approaches.

stitute a bond, in a “child-is-the-parent-of-a-marriage” sense.

This seems to be indicated when one considers transferablél. Interatomic Distance in Hydrogen Molecule

atomic quantities. , o , _ The hydrogen molecule has to be a prototype for the chemical
In a break from the conventional description of interatomic 444 since there are no core electrons and we may assge
distances, Gangulyfinds empirically that all (covalent, ionic,  — g eq 2. We will then be concerned with understanding the
metallic) interatomic single bond distancef-x, at standard  origin of the length®* andD~ in eq 2, remembering that these
conditions (atmospheric pressure and room temperature) ar§engih scales are to be transferable for all bonding situations.
given by the sum of two lengtftGR" andCR", associated with  Atom-specific wave functions will then require to be simplified
states arising from the charge-transfer of a hole and electron,j, orger to incorporate such a universality. However, what is
respectively CR™ andCR™ are given by universal functions of {16 for the description of bonding of hydrogen atoms in the
a single, core, atom-specific length-scai@re Thus hydrogen molecule will also be required to be true for the other
atoms in other bonds. The simplest of these, in the context of

dy_x = CR"+CR (2a) eq 2, is to consider the creation of charged states by the transfer
of a charge and its hole. We use the simplest model available,
CRt=C* Feore T D* ct<C (2b) the Bohr model, for this purpose. The Bohr model with its

planetary orbits is known to have failed for the hydrogen
molecule?22However, our approach is novel since we treat the
hydrogen molecule as being made up of two charge-transfer
states, each of which may be treated as Bohr-atom-like
guasiparticles associated with the transfer of an electron and a
hole. We find that a close approximation to the interatomic
distance of the hydrogen molecule is obtained thereby.

The Bohr model for the hydrogen atom begins by obtaining
a first Bohr radiusay, which is then crucial in obtaining the
energied?20Yet ay, a “size eigenvalue”, has little application
to the explanation of observables involving isolated hydrogen
atom itself, even if it remains crucial in defining length scales
in dielectric mediunt! On the other hand, the concept of a Bohr
radius is expected to be useful in the context of interatomic
distances. The critical aspect of the Bohr model is not the actual
existence of circular planetary orbitals, but the quantization of
momentum agp = hk = A/r, the law of conservation of energy,
E =T+ V, and the steady-state virial theorelfn= —T = V/2.
The model is therefore directly applicable to any Bohr-atom-
"like situation built up of charges and in a steady state, and in
which one requires the mags, of the particle for calculating
the kinetic energy termp?2m, as well as the charge on the
particle for obtaining the electrostatic Coulomb interaction term.

We consider two hydrogen atomsatand Hs* (Ha and Hs
being the positively charged nucleii) in the field of each other
such that there is a charge trandfgwirtual or otherwise) of
an electrong™, or a hole,h™. We postulate the formation of
quasiparticle charge-transfer stateg[*h™)] and Hs[*(e7)]

with C* and D* being universal constants (or nearly so), for
standard conditions. In this cas#—x is thus a sum of atom-
specific length derived from the core of an isolated atom and
an atom-independent bond-length of the hydrogen molecule in
a manner resembling closely the classical chemists’ “ball” and
“stick” model. The atom-independent bonding part, arising from
D+, is the “stick” and C* reore is the atom-specific “ball”
component. Such a development is important in understanding
the atom-bond transition, since it will be convenient if the
actual part of the interaction that contributes to interatomic
bonding, the “stick”, is universal and atom-independent, being
that in the hydrogen molecule. This is implied in eq 2. It will
then only remain to renormalize all atom-specific bonding
processes in terms of core atomic properties or lengths,
One could then anticipate the universality of the quantiti=s,

as well as the inequality* < C~, since these may not depend
on the details of the bond formation. This simple approach is
desirable to facilitate an ab initio understanding of large systems
which have their own computational-time paradd%é%em-
ploying the present quantum-computational methods.

In our efforts to obtain such an understanding, we make some
new proposals regarding interatomic interactions, which are
seemingly counterintuitive, at first. The more important of these
in the context of universality are (i) the description of the
interatomic distance of the hydrogen molecule using a simple
Bohr radius approach to charged states. (ii) the proposal of an
universal chemical potentiaduny = O, (iii) the conversion of
“spin” to “charge” and the consequent importance of purely . . ot of
electrostatic interactions; and (iv) the singular role of core atomic Ha™ + Hg" = HAL'(h )] + H['(e )] =
valence s electron lengths alone in determining the dimensions HA[(e°h")] + Hgl(e°9) ] (3)
of the “ball”.

Our aim is to propose, some simplifications to the approaches with conservation of total energy, mass and charge. Such charge-
of understanding chemical bonding and reactivity in terms of transfer states are precursors to bond formation. The interactions
atomic sizes and distances in a way that yields the direction of of the atom, I, with external charges take place in such a way
polarity or the “ionic character” of a bond without requiring an that the valence electron, of the neutral atom is treated as
evaluation of the wave function in eq 1. We present physical being effectively a charge-compensated neutral ele@tr&re?,
arguments which give quantifiable support for the model in with a massm,. The assumption of a “neutral” electroef, in
which the bond distances of elements seem to be describableeq 3 simply implies that all of the three-body interactions
simply by a ThomasFermi-like kernel and the bond in the involving a nucleus, its electron, and the external charge have
hydrogen molecule. These arguments are qualitative, concerningoeen effectively renormalized such that we are left with only
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the interactions between a single extranuclear charge and that
of the nucleus. In K[(e°h")], a positively charged hole is
similarly coupled to another “neutral” electron to form a spinless,
singly positively charged electrerihole pair €h)™. In Hg[(e°%e7)],
the transferred electrore™, is coupled to another “neutral”
electron, €?, to form a spinless, singly negatively charged
electron pair, €°e)~. Here, €°¢)~ and €°h)* of eq 3 constitute
the new Bohr-atom-like quasiparticles in the field of positively
charged nucleii, lg and Hs, respectively, to form Bohr orbits.
The quasiparticle stateg€)~ and €°h)* are then treated in
the Bohr model with massesy andmep, Bohr radii,a®$4 and
ahy, and energiesEes,, and Eehy,, respectively. hydrogen molecule

The massmee Of (€°€)~ (or [*(e7)]) is assumed to be given (0.74 4)
by 1/mee = (1/my + 1/my) or mee = My/2, neglecting contribu- Figure 1. Diagram illustrative of the lengths associated with charge-

tions from the nucleus. The “Bohr radiusi®sy, of (%)~ is transfer componentd)~ and D*. Negative size ofD" relative to
given by2.20 position of nucleus is schematically (and hopefully) shown by change
in sign of coordinates relative to that bf", as well as by the splitting
of the circle in the manner shown. The transferable s2¢é, D~) =

a%, =hIm, & =20 Ime =2a,=1.06 A  (4) (74 Ais shown.

" D -t
1114

when ¢ = 1. The Bohr radius,a®s, is expected to be a
characteristic radius of the H atom in the presence of a negative

charge. Because of the repulsive Coulomb interaction between 4
the positively chargedefh)™ and the nucleus, the energy for
the electror-hole pair, €°h)*, at a distancae", from the nucleus 'r{_'
is given by core "—&T' ;
’:'.'m'e C_rwrg
E*, = (Ireh2m,, + éreh (5)
From energy minimizatichat equilibrium we have the equiva- (a)
lent for the Bohr radiusae'y, of (e°h)* given by
— +
ay = —Himye ®) . HR K

The negative sign of the Bohr radius is obtained from the
Bohr model for a repulsive sign of the Coulomb interaction and
a positive massyen It emphasizes the positively charged hole-
like nature of €°h)™ with a potential for contracting or “punc-
turing” the electron cloud of the partner. Negative values are
routinely used from the Shannon Talsiés the size of protons.

The total energy=*y; of each of the charge-transfer particles
(e°e)~ and €°h)* can be similarly calculated from the Bohr
model?° We then obtain

41032 41432
Eeetotz —M£1/2h" = —me'/4h (7)
Figure 2. (a) Change of core lengthrcore 10 Ctreore @nd Creore
From energy conservation in eq 3, we requi&sy + Ehy = associated with positive and negative charges, respectively. (b) II-
2EH o = —mye?h2, or lustrating the interatomic distanagy—x, of an M—X bond (M= X in
this example) as a sum of two of two lengti@R" and CR", which
i = C=* +
EehtOt — _3moe4/ 412 = —mehe4/2h2 (8) (8) are themselves obtained from eq 2 (see texTBS = C* reore + D*.
such that atom and involving charge-transfer of electron or hole (see
Figure 1). The important point that will be addressed later is
m,, = 3my/2 (9) that these charge-transfer states, which are precursors to bond
formation, seem to define length scatgbe “stick"—even after
aehH = —2a,/3=-0.35 A (10) bond formation. They are also involved in defining the lengths,

duv-x, between M and X atoms (M may or may not be the same

The important feature of these quasiparticles is that the sum@S X) With a core length of the atom (the dimensions of the
a% + afy = 1.064 A — 0355 A~ 0.71 A gives the pall’) being added (Figure 2).
interatomic distancé dy—_, of the hydrogen molecule in terms

of fundamental constants to within 5% of the room-temperature lll. Universal Chemical Potential, gunv = 0

experimental valu® of ~0.74 A. From our novel application The chemical potential or electronegativity is constant
of the Bohr model to the charge-transfer components constitutingthroughout an atom or molecdfe® at equilbrium. If we
the hydrogen molecule, we may now identi#f§fi; with D* and consider an assembly consisting of a large number of systems

a*%; with D~. Now D andD~ may be treated as fundamental in equilibrium, we could then expect that the equilibrium
transferable length scales of states derived from the hydrogenchemical potential of the entire assembly is likely to have a
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universal valueyu,ny. = constant. Chemical reaction between
molecules or atoms then take place when the reactants are taken
out of equilibrium due to fluctuations or otherwise and have
the electronegativity-generating chemical potential condition,
u Z= uuniv; they take place to restore then, = constant
equilibrium condition. The magnitude of this universal constant
at equilibrium has yet to be determined.

Some insights may be obtained from the density functional
formalisms. If we use the arguments of Komorow&kiegarding
a neutral atom in equilbrium with a surface, then in the
Thomas-Fermi (TF) model®32 one could expectiyniy = u-
(TF) = 0. In density functional theory, the energyy Eor the
given one-particle external potentia),and the densityp’, with
p' = p, the true density, is obtained from the relatidg =
wdN + fpdvdr, and the stationary principt E,[p'] — uN[p']}
= 0. The chemical potential is then given3py?

reaction zone

pseudopotential or V' (7)

Figure 3. Schematic diagram for the variation with distance of
pseudopotential of an isolated atom with distance for the valence s
electron (dark thick line; after ref 6). The orbital radii, and the
minimum point,ryiS, are indicated. Possible changes in electrostatic
potential, V(r), of an M atom in the presence of an external more
electronegative X atom (dark gray dashed line), and of an X atom in
= [(5E[0]/dp),] the presence of an external less electronegative M atom (thin black
“ PIEOP)ulp = p(v) full line) showing minima corresponding Qi = 0= V(r), atC™rcore
. . . . andC- rqore respectively (see refs 40). The “reaction zone” is signaled
with the density,p, being used instead dfl, the number of  py 4 higher effective electrostatic potential relative to the equilbrium
electrons. In the case of a chemical bond between two atoms atwalue.
equilibrium separationieq, in the stationary steady state, We

may write*

(11)

Komorowski3® while the differential electronegativity of an
interacting atom in a molecular system requires the electrone-
gativities of the atoms in the molecules to be equal, this is not
required for, say, Mulliken’s electronegativity scale.

The energy of a chemical bond at equilibrium is a minimum A universal condition helps to set a reference point for all
for a given charge at the given internuclear separation so thatatoms in equilibrium, and all properties associated with the atom
we obtain QE/dr),eq = O for the correct equilibrium density,  may then be scaled in terms of that point. It has the following
p(eq). Because of the variational principle in the Hohenberg  consequences that are important from the point of view of this
Kohn formalism3> which requires the densipy(r) at the correct  communication: (i) It will now be possible to decompose the
equilibrium separatiorr(eq) to be such that the energy is bond into the “ball” and “stick” components, as long as each
minimum, we have d&/dp(r))req) = 0. We would then obtain  component hag = uyniy = 0. (ii) It will also be sufficient for
each chemical bonding interaction of a multivalent atom to be

(0E/9p(r)),, = (OE/9p(1))yeq T (E/D 1) eq/(Bp(r)/or), (12)

= (9E/3p(r)), = O pyniy (13) carried out single-bond-by-single-bond, in a univalent single-

. bond manner, in the direction of chemical bonding. (iii) Once

provided a bond is formed in one direction and the system “adjusts” itself
(dp(r)far), =0 (14) to restore the initial atom-like conditiop,niy = 0, a new bond

may be formed in another direction as if it is a neutral atom.
This will allow us to consider only the valenseelectron length

or each bond, even for a multivalent atom, as far as determining
lengths of each bond are concerned. (iv) A ground-state value
of u = uuniv = 0 also legitimizes the use of the lengtfass,
andathy, of precursor stategfe)~ and €°h)*, respectively, in
understanding the ground-state bond-distances. From eqs 7 and

at equilibrium. The density is expected to change with
validating eq 13. This need not be a surprise since the stationar
principle in the HohenbergKohn model is derived using
Thomas-Fermi equations.

Komorowsk?! (based on the radial extension of the wave
function of an atom to infinity) and Gangdfy(based on the

transferability of lengths) have suggestgdny = 0. The
important impact of a model with an universadyn, = O,
Thomas-Fermi-like chemical potentitl32is that one can retain
without undue alacrity the concept of the atom-in-mole®ule

for the ground equilibrium state. An important consequence of

a ground state witly = uyniv = 0, is that each chemical bond
formation takes place to restore the initial,y = 0, condition.

Bonding is imposed only when the atoms constituting the bond
at equilibrium are to be separated. The energy of bond formation

is a measure of this “ultraviolet freedom, infrared slavery”.

8 and eq 15, the chemical potential of the bond in the hydrogen
molecule is zero if we consideEes, and Eh; to be the
quantities corresponding, respectively, to the electron affinity,
A, and the ionization energy, for the hydrogen atoms in the
bond of the hydrogen molecule at equilbrium.

IV. Choice of Valence Orbital

The orbital angular momenturh,dependent orbital radir,,
defined-8 by the classical turning point (at which the attractive

In our interpretation, the electronegativity scale is a measure and repulsive terms cancel each other exactly), may have the
of the enhancement of the chemical potential prior to reaction. Property of being a core length which coincides with a pint

Mulliken’s electronegativity?/-38

wm=1+AR=—u (15)

is a finite difference approximation of the chemical potential,

and A being the ionization energy and electron affinity,
respectively. The electronegativity of atoms is empirically
known to be different from each other. As pointed out by

at whichu = 0 or the origin of an hydrogen-atom-like wave
function or both (Figure 3). The pseudopotential at this turning
point, r;, from the nucleus is identically zero. In this sense it is
equivalent to the chemical potential of an isolated at8fu

= 0 in the ThomasFermi model. The orbital radius,, thus
has the desired core propérty of being the classical quantity
which can be transferred, for the given background chemical
potential,uyni, = 0.
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a. Noninclusion of p or d Orbitals. Ganguly”’ finds that
the valence s electron orbital radius, is closest to the fitted
values ofreord= rg in ref 17). Zhang et al have also shown
empirically that the interatomic distances of heteronuclear bonds
may be described solely in terms of the s electron orbital radii,
rs, although their expression requires an additional term that
depends on the electronegativity. This neglect of p or d orbitals
is (even if it is convenient), of course, chemically counterin-
tuitive in the context of present understanding of chemical
bonding, with its emphasis on spybridization, for example.

On the other hand, the requirement of spherical symmetry has
been noted in spin-density functional formalisms. The exchange
correlation energy depends only on the spherical averagg of
although the exact hole in general may be “strongly aspherical”,
since the nonspherical components contribute nothing to the
energy*243 In the spin density functional formalisms, the
averaging is carried out after switching on the interatomic
interactions, so that contributions from p and other orbitals may
exist after the averaging. This may not account for the universal
value of the coefficientsC*.

It is preferable to look for arguments in which an averaging
exists that eliminate the choice bf= 0 orbitals before the
relevant interatomic interactions occur. This may be related to
the existence of spinorbit interactions in such orbitals. The
formation of the chemical bond from two neutral atoms may
be initiated by the formation of a singlet from two radicals

2() “piradical” — [€°(1), + € (Vglso (16)

Ganguly
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Figure 4. Plot of the orbital radiusts, vs the outermost nodal point,
{r.d} of the elements (data from ref 6 and 54). The straight line is
obtained from the best fit of the points to a straight line with 0 intercept,
yielding {rns} = 1.09s.

value of 0.00871, or the mean valence radius of Garcia and
Cohen® even if this calculated radius bears a surprisingly linear
relationship with the experimental polarizability radiug, as
tabulated by Naglé!

b. Valence s Electron Core LengthsBesides the orbital
radii, rs, there are other valence s electron lengths which have
a universal characteristic and which are linearly relateds.to

due to what has been termed as exchange interactions resulting s at larger values of the pseudopotentfagjoes through a

in a mutual exchange field between the two atomd8g.
Chemical bonding is then obtained, in our approach, by the
subsequent conversion to charged stéteg a spin-conserving
charge transfer of an electron from nucleus B to A, writtefidas

[€°(Na + € Wals—o— [(€7)a — (V) h+B]S=0 g
[(e%)g — (V) h"\lso (17)

A mixing of moments by spirrorbit coupling may compete
with the spin-pairing processé¥. Spin—orbit interactions
control the direction of the spin momenta, and, in the presence
of strong spir-orbit coupling (as in isolated atoms), the spin
moments may be strongly affected by this coupfifiyloreover,
the time scale for the intra-atomic spinrbit interaction (time-
scale of an orbital motion) is expected to be small compared to
the time scale of the interatomic spin-pairing interaction with
an external electron/hole (of the order of a Larmor precession
period of a Bohr magneton for the corresponding exchange
field). In this case, the strict conservation of spin in eq 17 is
best satisfied wheh= 0. We also know, for example, that in
the classical SternGerlach experiment$ the known spin
separations are obtained for electrons in ground dtate O
orbitals of the gas-phase atoms.

The above arguments justify the choice of atomic core length,
reore derived solely from valence s electron lengths. Because
of this, and even from an empirical point of view, we shall not
consider atomic lengths derived from all electrons, such as the
r, values (the value at which the chemical potential equals the
negative of the electrostatic potential) of Politzer et®alhich
correlate well with the WignefSeitz and covalent radius, or
the radiusry, for negatively charged ions of Sen and Polif2er
(at which the electrostatic potential of a mononegative ion
reaches a minimum), or the radius, of Deb et aR® obtained
from the radius where the electron density aquires the universal

minimum atr, ™n (Figure 3). This is also a suitable reference
point as dex(r)/dr = 0 at this point. For valence s electrons
rémn ~ 1.5, At the same time the nodal point itself has a
universal characteristic. As pointed out first by Zungfhere

is a nearly linear relation between the valence s electron orbital
radius,rs, and the outermost node of the s valence electron-
{rns}. There is also a scaling relati®P3 between the valence

s electron orbital radius;s, and the minimum in the radial
density function as well as the total electron density. It is
important, therefore, to distinguish between these lengths in
order to interpret the magnitudes of the coefficies,in eqs

2 and 18 (see later).

The definition of the orbital radius;, by a turning point
requires a finite density of electrons at the point so that attractive
and repulsive terms acting on the electrons cancel each other,
rendering the pseudopotential to be zero. On the other hand,
the total potential will also be identically zero if there was no
electron at the point. The nodal point may be taken as an
“alternative description of the orbital radi#*. The nodal point
serves the purpose of locating the fixed effective positive charge.
From this outermost nodal point, the valence electron, being
nodeless, behaves effectively as that in an hydrogen-like atom.
We may seek to distinguish between the orbital radiiand
{rnast.

The interatomic distancely—m, may be obtained from eq 2
as

dy_y=CR +CR =(C"+C)ry.+(D"+D7) (18)

core
In the earlier communicatidh it was found thatCt = 2.24
andC~ = 2.49 whenreoe = rg ~ 1.0Irs. We have shown in
Figure 4 the plot of rn} Vs s as tabulated by Zhang et

for all of the elements. Assuming a linear relationship, the slope
yields{r,¢} ~ 1.10's. The coefficient<C~ andC*™ become 2.28
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Figure 5. Plot of the homonuclear interatomic single-bond distance,
du-wm, (from ref 55) of non transition metal elements vs the orbital
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external particle or hole in the case of bond formation even if
it only involves two atoms$® In a sense, this is equivalent to
the delocalization of the electron away from its original
localizing potential as in the insulatemetal transition. The
relevant model for the insulatemetal transition corresponds

to bound excitons (electrons bound to its hole) in an insulator
being progressively screened to yield a metal. Mott first
examine®® this aspect of the MI transition in the Thomas
Fermi model’ 58 of screening. The electrons are treated as a
gas of free particles, neglecting exchange and correl&itit

The electron is always bound to its hole in the potentiat/

er, wheree is the dielectric constant, especially for largeind

in the absence of another external particle or field. In the
presence of another external electron or charge carrier, this is
not the case, as there is now a screening of the bound particle
by the other particle(s). Thus, when a point charge is introduced
in the electron gas with an impurity potentij(r) = + Z/r,

the charge density rearranges to scré&n The potential
becomes the screening potentid, given byVe = Zar exp-

radius,rs (ref 6, 54); alkali metals (squares), alkaline-earth elements (—qr), at which there is not a bound state (see Figure 2). For a

(triangles), elements with low melting point (filled circles) and other

nontransition metal elements (circles). The straight line shows the best

fit to the equatiordy—-w = Ars + 0.74 (in A), with A= 4.79.

6 T I

0 1 |
0 4 8

. 12
nodal point, {rndS} A)

Figure 6. Plot of the homonuclear interatomic single-bond distance,

dv-w, (from ref 55) of non transition metal elements vs the outermost

nodal point,{rns}, of valence s electron (from ref 54); alkali metals

certain critical concentration or a separation between the charge
carriers, the potential is reduced to a negligible size by the
exponential damping term and there is no bound state. For Bohr-
atom-like dopants in semiconductors, Edward and Sighko
showed from a compilation of the experimental results that the
critical concentrationp., at which there is an insulatemetal
transition of doped materials (obtained in the high-temperature
limit by a change in sign of the slope of the resistivity vs
temperature plot) is given by

n%a,* ~0.26+ 0.06 (20)

C
where ay* is obtained in most cases from experimental
measurements as compared to Mott's prediéfiof nt3ay =

0.25. We may consider this experimental criterion of Edwards
and Sienke’ (eq 20) as an unprejudiced and a “model-unbiased”
estimate for the critical concentration at which the screening is
effective such that there is no bound state so that delocalization
of charge from one site to another becomes possible.

b. Scaling of Lengths.The volume occupied by the Bohr
atoms with radiusay* is 4ngr(ay*)¥/3 = 0.074 from eq 20,
which is nearly one tenth of the close-packed volume. The effect
of screening is thus to effectively scale the Bohr radafsg, at

(squares), alkaline-earth elements (triangles), elements with low melting the insulatof-metal transition taes by a factorCrr such that

point (filled circles) and other nontransition metal elements (circles).
The straight line show the best fit to the equatthinm = A{r.} +
0.74 (in A), with A= 4.35.

and 2.06, respectively, wheigee = {rnd}~ 1.09¢ in eq 18.
We may thus write
dy_y ~ 4.73r,+ 0.74 (in A)~
4.34r.s} +0.74 (in A) (19)

We show in Figures 5 and 6, the plots of the interatomic
distance® of homonuclear bonds to core lengths fgrand
{rnd}, respectively. We obtain a marginally better fit with the
orbital radiusrs as compared to that with the nodal poit,q} .
V. Core Lengths and the Atom—Bond Transition

a. Thomas—Fermi Screening and Atom—Bond Transition.

Crran = aeff With a volume,Vesr. The definition ofVes has its
own problems. Thus we may hawgs = 1 if all space is
included oV = 0.74, the close-packed volume fractigmt

the critical concentratiom., we then have

Cre = agflay* ~ (0.74/0.074Y° ~
2.16+ 0.6 whenV,, = 0.74 (21a)

Cre = agifay* ~ (1/0.074)° ~
2.384+ 0.6 whenV,, =1 (21b)

The value ofCre in eq 21 may be taken as an experimental
estimate of the critical extension of the Bohr radius of an
excitonic atom at the point of the insulatemetal transition.

These values ofCir are close to those obtained for the

The essential feature for the formation of a chemical bond coefficientsC* of reore in €q 19, suggesting that the analogy

involves the transfer of an electron from the atom to which it

between atombond transition and the insulatemetal transi-

is originally bound to its bonding partner. One expects a change tion may be valid. An exact one-to-one correspondence is not
in the core-lengths due to interactions in the presence of andemonstrated.
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The difference between an isolated atom and an atomina 20 T B T
bond is that there is an influence of an external charge. Its effect
is then to increase an atomic lengtlymto a screened length,
I'screen giVEN by

._L
on
I
.
)

1

rscreenz CTFratom (22)

where we use the same scaling const&m¢, The uncertainties
involved in the theoretical models preclude the use of such
models to distinguish between the theoretically calculated values
of, say,rsand{rns} by examining the values of their respective
coefficients,C*. The values of the coefficients* (eq 19) of °
the nodal-point-distancérnq?}, are close t@rr obtained from %
the experimental condition for metallisation (eq 21) whé&p
= 0.74; the coefficient<C* (eq 19) of the orbital radiug, 0 l 1 1
obtained from the turning point are closerGg: when we use 0 20 40 60 80

Vet = 1 (eq 21b). _ , atomic number

e Core and Valence ReglonsThe separation O.f an atom Figure 7. Plot of the orbital radius;s (from refs 6 and 54) vs atomic
into a core and valence regions has been the subject of several,;mper of the elements: open circles, insulators at room tempertaure
earlier studies and the basis of several approximate mefthods, and atmospheric pressure; filled circles, nontransition elements and filled
including the pseudopotential method in which the valence wave squares: transition metal elements which are metallic at room tem-
function is constructed as a smooth nodeless hydrogen 1s-likeperature and atomospheric pressure. The horizontal full line corresponds
wave function. Politzéf has shown that, in the core region, 0 0.353 A (see text) and the dashed line corresponds to 0.37 A.

the relation between the electrostatic potential and the electron

density is that given by the Thomasermi model involving 2.5 T T I
independent particles. In this approach, the Thonkasmi

—
[w»]

e . ”. .. Te ~

o
T

orbital radius, rg (a.u.)
[ ]
’

20 F . B

d

nodal point

model is not applicabfé in the valence region of an atom. In ;
4
potential uyniv = 0, for the ground state of the chemical bond, %35
ensures that the semiclassical description is extended to the <, 15 ° _'.
RON ° . Y =
S »
allows the transferability of the atom-specific as well as atom- ] ‘\Hu
independent lengths of eq 2 to all bond distances at equilibrium. 10k . '."q\ .
N [ ]
b [}
at equilibrium, one requires the electrostatic potential to be zero 4
at the equilibrium distance. A possible plot of the electrostatic
atom vs the distance from the nucelus is shown in Figure 3. In
this plot, we have assumed= 0 = V(r) at equilibrium. The 0 . : ‘
with the minimum in the potential energy curve. atomic number
In the context of bonding between atoms, we may now Figure 8. Plot of the outermost nodal point of valence s electfops}
Fatom = Feore + val, Wherercore is the atom-specific core length ~ at room tempertaure and atmospheric pressure; filled circles, nontran-
of eqs 2 and 18, and,y is the valence length®* which are sition elements and filled squares: transition metal elements which are

our model, the condition of a universal equilibrium chemical

bonding pair of electrons as well. Such @y = 0 condition

If we impose the ThomasFermi condition thav/(r) = u = 0

potential of a valence electron in the presence of another reacting ' %

modified orbital radius ¢C*rg) at whichV(r) = 0, coincides 0 20 40 60 80
decompose the atom into core and valence regions such thatfrom ref 54) vs atomic number of the elements: open circles, insulators
are unchanged relative to hydrogen metallic at room temperature and atomospheric pressure.

Crrcore= Cre(leore T Tva)) (23) position of the exceptions from the separating line, is obtained
with rg rather than with{r,q%} .
The valence region in the chemical bond (the “stick’ D™ + The above discrimination between metallic and insulating

D7)) is seemingly un-“screened”, continuing to exist as a bound elements seems to us to be a strong case in favor of the validity
electron paff? as in the hydrogen molecule. Such a picture is of the core lengths such asor {r,¢}as a significant radius.
consistent with some of the modern approaches perhaps initiatedThis is schematically shown in Figure 9. Sirid¢ is negative,
by Julg and Jul§3 who first proposed to identify chemical bonds any element, M, in an MX bond with X being negatively

with the regions of the low fluctuation of the electron pair. charged (X may be the same as M) such that (M) < |D7|
d. Orbital Radius or Nodal Point? We have used another would have (.o dM) + DT) < 0. We may interpret this to
approach for examining the validity of the core lengthsor indicate that the nucleus of the concerned elenMnis exposed

{rns’}. This is to search for a length that separates the insulating to the electron cloud of the element X such that strongly bound
elements from the metallic elemetfsat atmospheric pressure  states are formed which cause localization. Whgp(M) >
and room temperature. We show in Figures 7 and 8, the plots |D*|, such bound states are not formed with the core electron

of the orbital radiusys, and the outermost nodal poidt; s}, cloud serving to screen the nuclear charge and prevent the
vs the atomic number of the element. Most of the insulators, formation of strongly bound states. The magnitude®bfas
except notably, Te and I, are in the regiqror {rns < |DF| well asrqoreare expected to change with boundary conditiéns

~ 0.37 A. All of the metals, except Be, haveor {r,{} > such as external pressure or polarizability and a true single-

ID*| ~ 0.37 A. The better separation, as measured by the atom criterion for metallization may finally still be derived from
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localised

itinerant

Figure 9. Schematic diagrams of homonuclear bonds illustrating (see
Figure 1) (a) the exposure of the nucleus directly to the electron cloud
of the bonding partner (the nucleus is inside the larger radiuBof (
whenrs < |D*| since (b) wherrs > |D*|, the nucleus is outside the
larger radius oD, so that the nucleus is not directly exposed to the
electron cloud of the bonding partner. Thom#&®rmi screening due
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The electron hole asymmetry also appears in the Themas
Fermi modeR” When a point-charge impurity potentigl 4
Z/r is introduced into the electron gas of a Thom&srmi atom
with Fermi energykg, one requires the adjusted Fermi energy
kmax to be given by’ (h = 1)

(112K e + Vo = (1122

Electrons are allowed to have higher kinetic energy when the
potential energy is lowered (attractive potential) and vice versa.
When Vp is repulsive (in the case of holes in the field of a
positive charge), the conservation of energy requikgs? to
decrease with an increase in the magnitud¥@funtil at very
small values ofr, kna? takes negative values. This is not the
case whel/p is an attractive potential (in the case of electrons
in the field of a positive charge). In this cade.,ax may be
allowed to increase continuously with decreasin@ne may
anticipate, therefore, an asymmetry in the magnitude of the
screening constant€re" and Crg~ for electrons and holes,

(25)

to the presence of the bonding atom acts such that the dimensions Ofrespectively. The condition

the core length scale are changed as in Figure 2.

considerations of dielectric function, such as the Herzfeld
criterion 59066
We conclude from the above discussions that it is difficult

to distinguish between the theoretically calculated values of the

orbital radiusys, and the nodal poin{r,s} as the core valence
s electron radius that may be associated with in egs 2, 18,

Cre' <Cre<Cre (26)
and, perhaps,
Cre  +Cre ~2C (27)

may follow from a conservation of energy such that there is a

and 19. If at all, there seems to be a better agreement with theyransfer of the forbidden kinetic energy of the hole (in the

orbital radius s

VI. Bond Lengths and Bond Polarity

The expressions fa&™ andC~ (egs 2 and 18) show electren
hole asymmetry. This inequality is essential to account for the
direction of polarity of heteronuclear bonds in terms of a
principal of maximum mechanical hardn&s¢PMMH), pos-
tulated by Ganguly?! PMMH requires that in heteronuclear
M—X bonds, the ground-state equilibrium interatomic separa-
tion, du—x, given by

dy_x = CR"(M) + CR (X) (24)

negative kinetic energy region) to the electron. Equation 26 is
consistent with the empirical observations of Ganddilif,we
relateCrr™ to CT™ andCrg~ to C™ in egs 2 and 18, respectively.
The universality condition is maintained whefi/rs = C*/Crr.

One expects a minimum in the screened potential as shown in
Figure 3. This aspect has not been investigated in the literature.
The inequalityC™ < C~ is crucial to the understanding of

polarity of a bond by PMMH, which asserts that there is only
one ground-state configuration corresponding to the charge-
transfer state, M—X~. In this sense, it implies that the
coefficients,p andr of eq 1, are zero in the ground state. The
distance (eq 26) corresponding to"MX~ is always less than
that corresponding to M-X" sinceC* < C~, of which dy—x

< (dw-m + dx—x)/2 for single bonds. Such a contraction in the

is the shortest possible distance, which in turn requires (from heteronuclear bond distance relative to that of homonuclear

the inequalityC* < C~ in egs 2 and 18) that the element with
the smaller value ofcoreis the more electronegative eleméht,
X. The PMMH principle is also consistent with some of the
findings in the models of Pearson and P&for the hard and

bonds had been noticed quite early by Solager and Steven-
son/2 who found that “the lengths of bonds are significantly
affected by even quite small amounts of ionic character”. These
authors have related the contractiédy-x of heteronuclear

soft acid base (HSAB) principle. Indeed, as far back as 1884 bond distance over that of homonuclear bond distances by

or earlier, Muller-Erzbacl "t expressed the law that “in any

chemical reaction the elements tend to arrange themselves in

those forms of combination which occupy the smallest volume
or that greater condensation is correlated with greater affinity”.
The inequality Ct* < C~ is expected to arise from the

asymmetry of the electron and the hole, with respect to a

positively charged nucleus. A simple qualitative argument is
that the inequalityC™ < C~ may appear as a consequence of

changes in the core length scale due to the field of an external

positive or negative charge. An external positive charge would

add to the attractive terms and postpone the classical turning

point to smaller distances, thereby decreasiggwhile an

external negative charge would add to the repulsive terms and

increasefs. The core length scales, is then changed tos*
and rs~ due to the external positive and negative charge,
respectively, withrs™ < rs < rg.

00y —x = (Teo(M) + 1o (X)) — dy—x (28)
ddu—x is in turn related to the difference in Pauling’s elec-
tronegativity® scale by

ltm — xx| = 0dy_x/Css (29)
whereyw and yx are the electronegativity in Pauling’s scale
and the Schmaker-Stevenson coefficierdss depends on the
row to which the elements belong. The important point is that
the Schionaker-Stevenson contractiondy-x, follows naturally
from PMMH and is given from egs 2, 18, 19, and 28 by

6dM7X = rcov(M) + rct:)\XX) - {CR+(M) +CR (X)} =
0.12r(M) — r(X)} (30)
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A relation between atomic lengths and electronegativity is
expected to follow once the extent of contraction is related to <0
changes in thermochemical quantities. 58
. S 3
VII. Bond Energies N
X~ 750
In homonuclear M-M bonds the charge-transfer states are °E
degenerate. Because of this there is likely to be a rapid g
fluctuation between the two possible configurations. = 100
9 -
CR"(M,) + CR (M,) = CR (M,) + CR"(M,) (31) =
where M, and M, correspond to different nucleii of the same T
) T 4 -150
species. As long as the fluctuation time is fast compared to the | . .

measurement time, the charge-difference on the two atoms will
average out to zero. This is the situation discussed in terms of
the homogeneous mixed valence systems in condensed matter r

studies?® In writing such a valence fluctuation, we are really Figure 10. Plot of standard heat of formatiomAHF)%(gas) &
exchanging the bonding pair of electrons. Because of the rapidextraionic energy per bond* of Pauling), of MX, compounds in the

fluctuations we may define a covalent radius gas-phase (see ref 78) (triangles) and the standard heat of formation,
(AHr°)%(solid) of the corresponding solids (squaresPyss) = (rs(X)*
Mooy (M) = (CT + C)r, dM)/2 + 0.37 A (32) — r(M)~2). The (AH°)* of some other compounds including alkaline-

earth oxides and chalcogenides (filled circles), as well as InSb, GaAs,
and AsOs are shown (open circles). The dashed and full lines

such that 2.y = 2dw—m and where the term 0.37 A is an correspond to eqgs 33 and 34 in the text witke 0.

expression of sharing of the bonding lengths of the hydrogen
molecule,dy—y (= 0.74 A).

For heteronuclear bonds, we may consider thermochemical
guantities via the electronegativity scale in terms of (what we
will term) the Schionaker-Stevenson contractiomdy-x, of
egs 29 and 30. In our approachdy—x is a measure of the
contraction of ground-state bond distances, with universal
chemical potentialyuniy = 0. The utility of the electronegativity
scale is in specifying the position of an element “in an ordinal
listing such that it would be negative with any element listed
below it". The thermochemical electronegativity scalef

(AHr)X(gas) is close to the bond-dissociation enermy, -+,
of the hydrogen molecule. Similarly, eq 34 sets an upper limit
for the heat of formation,AH;°)*maxsolid) ~ 160 kcal/mol of
the standard heat of formation in the condensed phase.

The limiting values of AH°)%(gas) and AH{)*maxsolid)
may arise from simple geometric conditions. In the gas phase,
the molecules are isolated with considerable edge effects and
cannot be treated as a three-dimensional dielectric continuum.
The same is true for molecular solids in which the molecules

. . L are packed by van der Waals’ interactions. The requirement of

Pauling, where chemical reactivity is really a measure of the the conservation of spin during charge transfer (eqs 16 and 17)

changes in the energy from an excited nonequilibrium state, could impose a constraint on the allowed orbital geometries in
has necessarily to be different from the “spatial” electronega- . P 9

tivity scale in which the atoms are “rank-ordered” by their sizes isolated bonds such as that in the hydrogen molecule. We treat
in the ground equilibrium state. This aspect will be dealt with the Spins classmglly. I_n an |deal' isotropic 3-D continuum
in another communication, especially since we have not yet medlum, every orientation (?f aspin on an elgctron (hole) is
discussed the observed relation between multiple-bond dis-“keIy to find a correspond|ng anUparaIIe_I spin on another
tance& and core lengths. _electron (hole). _Because of this, the three-dlmenslonal geometry
We may use eqs 29 and 30 as a first approximatitmset |tsgalf does not impose a constraint on the pairing of electron
up a relation between thermochemical quantities such as the>PINS- [n the case of the flxeq geometfy of an isolated bond,
standard heat of formationH°, of compounds and a “spatial” the_or_blt (V|rt_ual or real) qf the interatomic electrehole Bohr
electronegativity differencelys = {—(r<(X) 1 — r{M) 1)}, orb_lt is confined at any instant to a plane_(say, Kyeplane)
derived from atomic length®¥.We have used the values of the which mcludes the bonding axis (say, Ihaxs)._The plane of
standard heat of formationAH°Y<(gas) or AH°Y<(solid), of thg orb!t may be related to'the plane qf precession of the elgctron
MX, (n = 1) compounds per g at X. HereAK*)X(gas) is spin pnented along theaxis, as required from the uncertainty
identical to Pauling’s extraionic energy teffA. We find’>77 principle. Because of the confmement toa2-D p"'?‘”ea a degree
that Azxe = {—(r{X) "+ — r{M)-1)}, the difference in the of freedom is lost, in effect. Th|§ leads to a loss of kinetic energy
by one-third and, from the virial theorem, the total stabilizing
energy is also decreased by one-tifitd.
The universal relationship betweetH;°)*(gas) and AH°)*-
(AHC) (gas)~ —104 [1— exp-Aye)] + (solid) suggested by egs 33 and 34, is satisfying. To a first
. approximation, the core atomic lengths play an important role
bgeXp(A%r(s)) (in keal) (33) in determining not only lengths but also the bond energies in a
. simple transparent manner, in a manner that is consistent with
(AH)"(solid) ~ —160[1 — exp(~Ay,)] + PMMH.” The term [1/(X) — 1/r(M)] may be taken as a
bs expAy, ) (in keal) (34) measure of difference in energy between two negatively charged
states, X and M-, once 1/s is related to an energy scale.
The term due tob (which is small and positive) becomes Zungef has suggested that the theoretical can be used as
importan®! in solids at large size differences between M and an energy scalémuch like Mulliken’s electronegativity”.
X. Equation 33 sets an upper limit\(;°)*(gas), to the standard There are several issues arising from the observations in eqs
heat of formation per single bond 6f104 kcal/mol of alkali. 33 and 34. One of these, of immediate relevance to this

inversé® of the valence s electron lengths, is related to
thermochemical quantitiés 80 by the relation (see Figure 10)
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communication, is that the maximum values AH)*na{gas)

or (AH#)*naxsolid) are independent of the valenee,of the

X atom. The limiting value for the heat of formatiom;°)X-
(solid), in the solid alkali halides is'159 kcal/mol~ Egy, the
maximum excitonic binding enerf for e = 1. For example?
LiF, MgF,, and MgO have the same standard heat of formation
(AH#)X, per anion 140 + 7 kcal/X atom) at room temper-
ature. The excess interaction energy due to the ionic character (36)
is not related to the formal valence of the anion or the cation.

Instead, we may consider the solid medium as a continuum shifted to the left. The extent of admixture of the two states is
dielectric medium with the strength of the interaction between expected to decrease with an increase in the” Selker-
each heteronuclear bond being limited by the maximum Stevenson contraction or the spatial mismatety-€), in eqs
excitonic binding energ$? Eex, in an isotropic dielectric 35 and 36. The interatomic distance at a finite temperature,
medium. Discrete structural details or coordination numbers are du-x(7, is then changed by the extent of admixtuxegiven
seemingly unimportant since BeO with the zinc blende, ZnO by

CR (X) =
FooX) 4 (C = CH)roydX)/2 + 0.74 (in A) (35b)

From PMMH, the ground state is W-X~. At finite tempera-
tures, one may expect an admixture of the-NK~ and M~X*
' states at finite temperatures with the equilibrium

MF 4+ X oM +XT

structure and MgO, with the rock-salt structure, yield nearly
the same heat of formationAH;°)*.

One expects a universal relationship betwekp:s and
(AH®)X /v (or AX/v), theg equivalent thermochemical quantities.
This is the point made by Viff who found that the standard
state heat of formation per equivalert(AH)*/v ~ (Eq (£
20%))/2. Each unpaired electron state of an atom X of valence
v is stabilized by—(AH°)*/v so that the band gaf, is twice
this value. It seems to us that the heat of formation of X
bonds is better expressed in termggaif X, because the most
elementary excitonic excitation may be considered to be
localized on the anion since the anionic X atoms dominate the

properties of the valence band of the crystal. This emphasizes

the possible role of the smaller X atoms in attracting electrons
and initiating single charge separation between the multivalent
M and X atoms for each MX bond (see eq 17). This charge

separation has been traditionally related to the electronegativ-

ity214or the “power of an atom in a molecule to attract electrons

to itself . The important consequence then seems to be that

bonding between two atoms, M and X, is initiated by the
annihilation of spins to create a single negative charge on the
more electronegative atom, X.

The maximum heat of formation of a heteronuclear bond in
a solid is thus not expected to be greater than the maximum
value of Eexc ~ —159 kcal per X atom and is independent of
the formal valence state.

VIII. On the lonic Character of a Bond

Pauling attributed additional electrostatic stabilization of
heteronuclear bonds in the limit of large+s to ionic character
measured by the contribution of the so-callEshic resonance
energy to A, the extra-ionic stabilization energyThis term
was considered by Pauling to come from the inclusion of the
ionic terms,Wy+_x- andWy-—x+ in eq 1. Our model for the
homonuclear chemical bond (egs 2 and 10/18) involves only

oppositely (singly) charged species. In heteronuclear bonds the

charge fluctuations are slow relative to that of the homonuclear

bond. The different charged states may be distinguished during

some measurement times as in “heterogerfeciged valence

system. This additional charge separation contributes to the hea]l,
of formation of heteronuclear bonds. Such a charge separation.

is equivalent to a transfer of lengths associated with the bonding
pair of electrons£ D* + D~ = 0.74 A) fromM to X. We may
thus write

CR'(M) =
FeodM) — (C” — Crep,dM)/2 — 0.74 (in A) (35a)

and

dy_x” = (1 = X)dy_x (M= X7) +xd_y(M"X")

= (1 — 20)dy_x(M" = X7) + 2X[1 ;o (M) + 1o (X)]
(37)

In effect, there will be an admixture of “homogeneous mixed
valence” states into the “heterogeneous mixed valence” states,
with an increase in bond distance. Such an admixture is expected
to reduce the heat of formation. The relation exfi(r{(X) —
1/r(M))/KT) is now a measure of the probability of mixing-in

of the excited X—M~ state into the ground M-X~ state. As,
what we shall term, spatial electronegativity scalg{X) —
1/r(M)] increases, one could expect, the ground state to be purely
the M™—X~ configuration, for large difference in core lengths.

In this case, eqs 33 and 34 represent the maximum thermo-
chemical quantities, (wheb = 0) as indicated, respectively,

by the dashed and full lines, in Figure 10. Pauling’s interpreta-
tion of the heat of formation as an expression of “ionic
character” is therefore a valid description of the bonding.
However, the number and nature of terms in eq 1 require
modification in the light of our interpretation relating changes
in the atom-bond transition to changes in core atomic length
scales.

IX. Conclusions

The present manuscript deals with the atdmond transition,
concerning itself mainly with expressing the length of the single
bond between all M and X atoms and the heat of formation of
heteronuclear bonds in terms of universal functions of core
atomic lengths. The chemistry of elements seems to be describ-
able simply by a ThomasFermi-like kernel and the bond in
the hydrogen molecule. One recovers, by our approach, the
“ball” and “stick” model of the classical chemist that has been
so useful in understanding chemical reactions in real space. The
central requirement is the existence of a universal chemical
potential, uyniv = 0, at equilibrium. The main conclusions of
our model are reminiscent of another early idea of Pauling who
introduced the concept of univalent radiR;, of atoms, which
s the radii that the atoms (even if multivalent) would possess
if they were to retain their electron distribution but to enter
into Coulomb interaction as if they were univalentThe
approach of this communication has the following new features
that rationalizes the early observatiéwherein all single-bond
interatomic (covalent, ionic, or metallic) distancely,x, are
given by the sum of compone#tsassociated with positive and
negative charge;R"(M) and CR(X):

(i) The fundamental universal bonding length scales are those
of the hydrogen molecule for which the experimental interatomic
distancedy_y = DT 4+ D~ =~ 4ay/3, whereDt ~ —2ay/3 and
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D~ = 2ay, may be obtained in terms of the Bohr radius of the
hydrogen atomay, to a close approximation.

(i) The lengthsCR" andCR™ are defined in the context of
a universal chemical potentialyny = 0, which acts as a fixed
point of reference to which every atomic constituent of a system
adjusts itself when approaching/realizing equilibrium.

(iii) Arguments based on spirorbit interaction of electrons

in | = O orbitals are presented to show that the transferable

“core” length may be derived from valence s electrons alone.
(iv) The core lengthrcore is best obtained from the orbital

radii defined by the classical turning poing, or the outermost

nodal point{r.g%}, of the valence s electron. A novel criterion,

Ganguly
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manuscript.
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