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ABSTRACT 
This article will be an attempt to explain the earlier universal features of the shortening of 
single-bond distances on introducing multiple bond character (J. Am. Chem. Soc., 1995, 

115, 1776). The shortening depends on the number, nv, ofwhat we have 

termed“extra-bonding” (instead of the usual “unsaturated”) valence electrons on each 
atom. The interatomic distance, dM-X, between two atoms M and X (X being more 
electronegative) is given by dM-X = CR0

+(M)/FS(M)  + CR0 
–(X)/FS(X), where FS is an 

universal atom-independent function of nv, expressed by its spin, S (= nv/2). CR0
± are 

sizes associated with the more electropositive M and more electronegative X atoms when 
nv  = 0. We propose a general model, which accounts for this empirical and unexpected 
universality and yields values of FS close to that observed. This model simply extends the 
methodology (J. Phys. Chem., 2000, 104, 8432) for the hydrogen molecule based on the 
application of the Bohr model to hydrogen-atom-like bonding precursor states for an 

universal condition, µ = 0, for the chemical potential. The novelty in the present 
communication is to consider the magnetic analogue of the electrostatic Bohr model for 

hydrogen-like-atoms. We show that the term FS = 1 + (2/π2){S(S + 1)}1/3, where the term 

(2/π2) comes from  geometrical arguments.  We then show how the term FS may be used 
to obtain quantitative insights into recent debates including the gallyne bond order 
problem, fractional bond order, changes in atomic sizes with valence-states, spin-states 
and electronegativities especially of transition metal elements, bond-stretch isomerism. 
The bond order of oxygen molecule and its paramagnetism is discussed  in a new light. 



 
I. INTRODUCTION 

 
It has been realized from very early1, 2 that in the formation of a chemical bond between 
two atoms, each atom contributes one electron to the bonding electron pair to form a 
single bond.  The presence of additional “unsaturated” valence electrons increases the 
bond order. The way the single bond distance changes on increasing bond order forms the 
basis of much of the discussions in the literature even if a quantified, atom-independent, 
universal description of this correlation is very elusive. Theoretical approaches that relate 
bond order to bond distance are based on atomic-specific considerations of electronic 

degrees of freedom, especially those of π-electrons3, 4 or by bond order potential 
methods4, 5.   One of the more successful empirical approaches has been the bond valence 
model6-8 in which the valence of an atom is the sum of its bond valence, which in turn is 
correlated to the bond length through empirical relationships. The crucial feature is that 
one requires quantitative estimates of “single-bond” distances before one can correlate 
changes in bond length with changes in bond order.   
 
Fairly reliable estimates of single-bond distances have been obtained from transferable 
“core” atomic sizes9-12. Irrespective of how a bond is formed, there exists a free-atom-

like9, 12, 13 universal chemical potential, µuniv = 0 condition for an energy minimized, 
density optimized state. This helps to set a reference point for obtaining transferable 

parameters, such as a core atomic size, rcore, for the description of bond distances. This µ 
= 0 condition is a condition for free atoms so that one may expect12 an atomic property to 
contribute to an understanding of the property of the molecule to which it belongs. An 
atomic size, CR, contributing to interatomic distances has been found10to be linearly 
related to rcore as CR = Crcore  + D. The parameters C and D are independent of the “ionic 
character of the bond” even if bond-formation may be consolidated by the creation of 
charges10, 12 (Kosselian1). The interatomic distance, dMX, of a M-X bond of “single-bond” 
character is given in a “ball-and-stick” manner10, 12 by  
dMX = [CMrcore + CXrcore]“ball” + [DM + DX]“stick”                                             (1) 
where the atom-dependent “ball” dimensions and the “atom-independence” of the “stick” 
dimension is apparent. Changes in bond lengths due to changes in C and D would 
constitute a pristine example of the much sought after example of “bond stretch 
isomerism”14-16. This is not the primary topic for this communication. Instead, we focus 
on a new perspective9, 10 on bond-order/bond distance relationship that is based on atom-
independent expressions relating bond order to bond distance, when more than one 
(“extra-bonding”) valence electron is involved. Our first interest would be to find a 
simple, first principles, theoretical justification for the earlier observation9, 10 of universal 
atom-independent extent of reduction in bond length with bond order in “multiply 
bonded” systems. We then show how this model gives useful insights into some general 
and current physico-chemical problems involving bond distances. 
 
From an examination9, 10 of interatomic distances of transition metal elements as a 
function of the nominal number of electrons, nv, or their spin, S (= nv/2) due to electrons 
in the d shell (from their position in the periodic table) it has been noted that the extent of 
shortening of single bond distances due to an increase in bond order (= nv + 1) was best 



fitted by a term FS = 1, 1.16, 1.25, 1.32, 1.38 and 1.42 for nv = 0, 1, 2, 3, 4 and 5, 
respectively. The term FS is seemingly an atom-independent universal quantity that 
describes changes in atomic size when there are nv additional bonding (“extrabonding”) 
valence electron that is better recognized as “unsaturated” valence electrons. Because of 

such a shortening, eqn 1 becomes (for the general condition nv(M) ≠ nv(X))  
dMX = CR(M)/Fs(M) + CR(X)/FS(X)                                                                      (2a) 
       =  [CMrcore/Fs(M) + CXrcore/Fs(M)]“ball” + [DM/Fs(M) + DX/Fs(X)]“stick”         (2b) 
Current wave-function-based quantum chemical methodologies have not anticipated such 
an universality. The interpretation17 of the empirical quantity, FS, and the way it may be 
applied to obtaining, what is known as, “multiple bond” distances will be presented in 
this communication. We obtain changes in atomic sizes as a function of valence state or 
spin state especially for transition metal elements and find a straightforward estimate of 

bond distances with fractional bond orderas implied in eqn 2b when FS(M) ≠ FS(X). 
We also comment on a few important issues related to bond order including that of an 
important exception, the oxygen molecule.  
 

Earlier, we have accounted for the bond lengths of the hydrogen moleculeby applying 

the equation18 (εeff is an effective dielectric constant) 

Etot = (h/r)2/2m – e2/εeffr                                                                               (3) 
to hydrogen-atom-like bonding “charge-transfer” quasi-particles (see Section III. 2) for 

the µ = 0 condition for the chemical potential for an energy-minimized, density optimized 
stae. Such a quasi-particle approach effectively eliminates complications due to electron-
electron interactions in current quantum chemical methodologies which have the same 
difficulties as a straightforward extension of the Bohr model to the two-electron, two-
nucleii hydrogen molecule leads to the use of complex planetary orbits, which end up 
with singular, non-integrable and multidimensional Hamiltonians19, 20. It is sufficient to 
visualize21 eqn 2 as a one-dimensional equation (see eqn 3. 12 of Ref 22 and the 
discussions thereon) even if it is reminiscent of the electron in the hydrogen atom in its 
first Bohr orbit. In what follows, this approach is extended to systems with nv “extra-
bonding” valence electrons to obtain changes of bond distance with “bond order” (= nv + 
1). 
 

The interactions involving “charge” or “spin” degree of freedom may be viewed23as far 

as obtaining the first Bohr energy of the hydrogen atomin terms of a magnetic Bohr 
model. In this model a flux quantum is introduced into an area equivalent to that of the 
first Bohr orbit24, 25 (see Sec II. 2). The interaction between the magnetic field thus 
generated and the magnetic moment of the electron is taken as the equivalent of a 
potential energy e2

/r and application of the virial theorem reproduces the energy, EH, of 
the hydrogen atom. In this communication we have extended this “magnetochemical” 
Bohr-like model for hydrogen-atom-like bonding quasiparticles, to account for the 
universal changes in bond lengths with “bond order” in “multiple”-bonding systems. For 
this purpose we treat all atoms as pseudo hydrogen atoms, with the spins of the 
“extrabonding” valence electrons being located at their “nucleus”. 
 
We are well aware that the approach adopted by us may seem antiquated in the context of 
the more demanding, complex and well-established Schrödinger-equation-based 



methodologies. However, we insist (Section II) that we are providing, at worst, an 
analytical simplification26 of the methodology for obtaining bond distances without 
necessarily contradicting the Schrödinger-equation-based results on atoms. Of particular 
importance is the importance of emphasizing a 2+1 dimensional approach (Sections II. 2-
4) in the presence of an interaction and to use a concept of quasiparticles to describe 

interatomic distances in the context of a µ = 0 condition for the chemical potential 
(Section II. 5, 6). We introduce in the notion of “extrabonding” electrons (Section III.1, 
2) and the “magnetic” Bohr model24, 25 using planar orbits for the valence electron when 
we treat all atoms as pseudo hydrogen atoms (section III. 2). The “core” or “pseudo-

nuclear” electron spins contribute (Sec III. 3) an additional interaction term, ςςςς, such that 

the “ball” and “stick” sizes are scaled by (1 + ςςςς)-1 or FS = (1+ ςςςς). We find from a 

dimensionality argument (Sections III. 4-6) involving a flat 2D orbit that ςςςς = (2/π2){S(S + 

1)}1/3 such that FS = 1 + ςςςς which gives the values of FS very close to that empirically 
found earlier. This simple and “first principles” demonstration/explanation of an 
empirical relationship has demonstrable advantages for understanding chemical systems 
in a straightforward and “portable” manner27 (Section IV). This includes “fractional bond 
order”, valence- and spin-state- dependent sizes, electronegativity, spin-state transitions, 
impact on bond energies, “bond stretch isomerism” and find insights into the bond order 
of oxygen molecule and its paramagnetism.  
 
II. Magnetic Interactions and Atomic Sizes 
 
II. 1. Bohr Orbits and Magnetic Fields. Eqn 3 may be treated as an equation of motion in 
1D and may be obtained from the uncertainty principle itself22. The energy of the 
hydrogen atom, EH, is obtained from the size, aH, of the first Bohr radius. The Bohr 
radius may be looked upon as the quantum mechanical zero point motion perpendicular 
to a magnetic field line. An electron in a magnetic field B gyrates in a circular orbit 

perpendicular to the field with cyclotron radius l = h/eB1/2 and with quantized Landau 
energy levels. It has been recognized28, 29 that for high magnetic fields, magnetic 
confinement is perpendicular to the direction of the field that dominates the attractive 

binding to a proton. When l  = aH (~ 53 pm), the first Bohr radius, and one quantum of 
magnetic flux is present23 in an area of the first Bohr orbit, the magnetic field, B1

Bohr = 

me
2
e

3/h3 ≈ 2.4 x 105 T. For B > 2.5x105T ~ B1
Bohr, the Bohr radius becomes less than aH. 

There is an increase in binding energy as the magnetic field increases since the electron is 
more likely to be found near its nucleus. 
 
II. 2. 2D Nature of Bohr Orbit. This section is meant to serve as a justification for the use 
of the “Bohr model” as an accurate approximation to, say, the Schrödinger equation. This 
is in the spirit of Dirac’s statement31 that follows his more quoted phrase “… the 

mathematical theory of a large part of physics and the whole chemistry are thus 

completely known.” The so-called first Bohr radius, aH, in the Schrödinger wavefunction 
approach, represents the radius of a sphere whose surface is iso-energetic with the 
solution of eqn 3 in an isotropic medium for an energy-minimized state. The important 
feature is that any real current induced on this surface in response to an external 
perturbation (say, a fluctuation in electron charge/spin density) would be an induced ring 
current. Such a current is expected to be dissipationless or persistent as long as there is no 



inelesatic scattering and phase coherence is maintained. The surface of the sphere then 
represents a barrierless region for the transport of an electron. It is this ring current that 
can be identified with the “Bohr orbit” especially when the perturbation is small. The 
equations governing the quantization of angular momentum as in a circular Bohr orbital21 
is expressed in eqn 3.  
 

The use of a two-dimensional Bohr orbit30 in a modern context may be justified if only 

to allay more conservative apprehensionsif one considers a response to an external 
fluctuation or perturbation. The binding energy, EH, of the hydrogen atom, as in the 
Balmer series, appears experimentally as a consequence of external an excitation when 
the electron is taken apart from its ground state. Any fluctuation in electric charge in an 
atom will cause integral changes in charge or spin in its own microscopic environment, 
since an electron cannot be fractured.  By Faraday’s laws, a voltage is induced in a coil 
due to a change in its magnetic environment, say the appearance-disappearance of a spin 
or charge no matter how the change is produced. The induced voltage is such that, by 
Lenz’s law, it produces a current whose magnetic field (inside, say, a loop of wire) 
always acts to keep the magnetic flux in the loop constant. The ring current is expected to 
be perpendicular to the direction of perturbation in a (2+1)D system.  
 
II. 3. Magnitude of Spin-Orbit Interaction. The interaction of the magnetic moment of an 
electron due to its spatial motion and its spin orientation is usually described as the spin-
orbit interaction, which is considered to be small compared to electrostatic interaction 
energies. This is because the spin-orbit interaction is measured from the average of the 
orbital moment and gives thereby the deviation of the environment or the average orbital 
motion from spherical symmetry. The magnetic field arising from orbital motion is Borb = 

µoev/4πr
2 = µoeL/4πmr

3 where L is the orbital angular momentum. The magnetic field is 
vanishingly small for a hydrogen electron in the 1s state with L = 0. In such an 
approximation a change in the spin-state is not expected to affect the orbital motion. The 

orbital function, φ(r) and the spin function χ, are then treated as independent factors and 

the wave function, ψ is then written in the customary product form, ψ = φ(r)χ.  
 
In our case we take a flat Bohr-orbital motion, which is a limit of extreme anisotropy 
with each electron carrying a magnetic solenoid with it. The concept of an interaction 
between an orbiting charge and a magnetic flux in a tube giving rise to quantization is 
central to the ideas of the charge-flux-tube composite introduced by Wilczek32.  We 
borrow from Wilczek’s description in which the electron “orbits around, but does not 

penetrate, a solenoid”. The interaction energy (see Appendix), -mee
4/h2 of the magnetic 

moment (one Bohr magneton, eh/2me) of the electron with B1
Bohr the high magnetic field 

(> 105 T) may be taken23 as the magnetic equivalent of the potential energy. The energy 

h
2/2meaH

 2 is the kinetic energy, satisfying the virial theorem, and giving the total energy 

as -h2/2meaH
 2 = EH, the energy of the hydrogen atom. The expression for the energy is 

equivalent to the energy obtained from electrostatic interactions that stabilize the Bohr 
atom. It is not additional interaction energy.  
 
II. 4. Electron-Electron Interaction in 2DEG. This section is introduced for sake of 
completeness (hopefully). The effect of a magnetic field on a two-dimensional gas 



(2DEG) of electrons manifests itself most clearly in the Quantum Hall Effect33, 34 (QHE) 
and more startlingly in the fractional quantum Hall effect34c. According to the currently 
accepted theories33, 34 of QHE, the energy spectrum of a 2DEG in the presence of a strong 
perpendicular magnetic field, B, consists of highly degenerate Landau levels. The 
solution of the Schrödinger equation for a 2D gas of electrons in a strong perpendicular 
magnetic field, B, gives eigenvalues of an harmonic oscillator, 

εi = (n + ½)hωc  

where n = 0, 1, 2, 3 … correspond to the different Landau levels. ωc (= eB/m) is the 
cyclotron frequency which has no dependence on the size of the Landau levels. Since the 
electron’s trajectory in the 2DEG in the presence of an external magnetic field is in spiral 
orbits perpendicular to the direction of the field, Laughlin’s single particle wave 
functions34 are necessarily eigenfunctions of orbital angular momentum. In the localized 
electron limit, one obtains a real-space picture of Landau levels as two-dimensional rings 
with quantized energy levels. In the limit of the ground state (n = 0 in the above 
equation), the scheme for the Landau levels resembles the Bohr model26, 35 of two-
dimensional planetary orbit. Ganguly23 has examined some of these concepts in the 
context of the electron-electron interactions in the chemical bond. 
 
II. 5. Instant of Bond Formation. One of the crucial steps in the atom-bond transition is 
the “knitting” of two radicals into a spin-less chemical bond. Turro and coworkers36 have 
discussed how conservation of spin imposes “a complicated, coincidental, and 
coordinated choreography or hyperdynamics which integrates the spin, chemical, 
molecular and rotational motions of the pair within the overall restricted space available 
to it”. A “severe” constraint due to complications on “spin stereochemistry” is imposed 
due to the principle of conservation of angular momentum36. Being based on a 
fundamental principle, such choreography is expected to accompany all the dancing spins 
that form a spin-paired singlet bond, including that of the hydrogen molecule formed 
from two hydrogen atoms. The crucial aspect of the model is that the spins be aligned 
antiparallel to each other “at the instant of a bond formation”36, 37 (italics due to the 
author) between two doublet radicals (or electrons) on two atoms (M and X, for example)  

M(•) + X(•) (“biradical”) →  [e 
o(↑)M + e 

o (↓)X]S = 0                         (4) 
The probability of finding that instant when the two spins on different atoms have an 
antiparallel orientation will be then dictated by the spatial geometry in which the bond is 
being formed.  
 
II. 6. Bonding Spinless Quasiparticles. In the formation of hydrogen molecule itself the 

two radicals of eqn 4 are the two H• atoms. For the formation of the “ordinary” bond 
length (~ 74 pm) of the hydrogen molecule we have proposed that a spin-paired singlet 
state (eqn 5a) is transformed in charge-transfer step to bonding spin-less quasi-particles 
(eqn 5b) in the presence of a spin-less electron-positron pair, {e

-
h

+}, representing an 
interaction 

HA• + HB • ⇔ HAe
o(↑) + HBe

o(↓)  (at instant of bond formation)                               (5a) 

HAe
o(↑) + HBe

o(↓) + {e
-
h

+} ⇔ HA[•(h+)] + HB[•(e-)] ≡  HA[(eo
h

+)] + HB[(eo
e)- ]       (5b) 

We will use eqn 5 as a typical bond-forming interaction involving (Kosselian1) charge-
transfer before bond formation. We identify the bonding electron as that electron whose 



spin is located and annihilated by a spin-pairing process, such as to initiate the charge-
transfer process12.  
 
Once the bond is formed and an energy-minimized density-optimized states is reached, 
the bonding quasi-particle states, H+[(eo

h
+)] and H+[(eo

e)- ] are defined and written 
simply as (eo

e)- and (eo
h)+. These particles are different from the so called effective mass-

particle complexes (complexes A and B of Lampert38) or trions39. In general 
quasiparticles are created as part of an emergent phenomenon34 as a collective effect of a 
large number of particles and do not depend on the details of the causal equations of 

motion.  In this case, the bonding quasiparticles are defined for the µ = 0 condition12. 
These quasiparticles appear only as a consequence of the quantum phase transition that 
marks the atom-bond transition12, 40 and viewed as a “bound-unbound” transition similar 
to a metallization process40. 
 
The bonding quasiparticles H+[(eo

h
+)] or H+[(eo

e)- ] have been treated12 as Bohr like 
atoms with the composite charges e

o
h

+ and e
o
e

- being in Bohr-like orbits around a H+ 

nucleus to give “Bohr sizes” aee
H (= 2εeffaH ~ 111 pm where aH ~ 53 pm and εeff (~ 1.05) 

is an effective dielcteric constant ) and aeh
H (-4εeffaH/3 ~ -37 pm), masses mee

H (= mo/2, 
mo being the mass of the free electron) and meh

H (= 3mo/2) and energies, EH
ee = -EH/2 and 

EH
eh = -3EH/2 where –EH is the first Bohr energy of the hydrogen atom. The total energy 

Etot = EH
ee + EH

eh
 = -2EH satisfying thereby the µ = 0 condition12. The “stick” dimension 

is then given for “charge-transfer” interactions by 

D
+ + D- = 4εeffaH/3 = 74 pm ≈ dH-H                                                                              (5c) 

where dH-H is the “ordinary” bond length of the hydrogen molecule.  It is because of this 
that it has been suggested that all atoms may be treated as pseudo hydrogen atoms with 
atom-dependent “core” sizes, and a hydrogen-atom-like valence electron. Since the quasi-
particle states, (eo

e)- and (eo
h)+ lose their identity when they are taken apart34c, the sizes 

CR
±
 are also defined once a bonding interaction is defined at µ = 0. They may have no 

role in defining non-bonded distances between rare-gas atoms, for example.  
 

We may exploit the µ = 0 condition in a different way so as to get further insights 
especially regarding the way the spins of the “extra-bonding” valence electrons are 
coupled (or decoupled) from that of the bonding electron (see Section III. 5). We also use 

this opportunity to assert the importance of the “one-third effect”23 (D
+/D-= 1/3) that 

arises from the electron-electron interaction in a chemical bond. From considerations of 
conservation of total angular momentum, we must assume that the composite particles 
H+(eo

h
+) and H+(eo

e
-) are spin-less if the electron-hole pair {e

-
h

+} (representing the 
interaction) is also assumed to be spin-less with the electron and its hole having equal and 
opposite spins that add up to the original zero spin interaction. We consider the composite 
of the e

o neutral electrons (“chargeless spinon”) with spin ½ attached to solenoids of 
orbiting charges such as e- in H+(eo

e)- and h+ in H+(eo
h)+ that create magnetic fields, H0

e- 
and H0

h+. These fields are created by confining one flux quantum in an area equivalent to 
that of first Bohr orbits of e

- and h
+. The magnetic interaction energy of H0

e-
 with the 

magnetic moment, µ-  (= eh/2m
-
e), of eo in the quasiparticle (eo

e
-), is given by29  

- H0
e- ·µ- = -((m-)2

e
3/h3)·(eh/2m

-
e) = -(m-)2

e
4/h2)/2m

-
e = - moe

4/2h2                              (6) 



The mass of the eo
 electron is m-

e and m- is the mass of the orbiting electron charge, e-, in 
the composite particle (eo

e
-). We let m- = m-

e = mo, the mass of the free electron, such that 
(1/m- + 1/m-

e) = 2/mo = 1/mee
H where mee

H is the mass of the composite article (eo
e

-). We 
require  

E
ee

H + Eeh
H = -(H0

e-·µ- + H0
h+·µ+) = -moe

4/h2 = -2EH                                                   (7) 

In order to satisfy the µ = 0 condition for the quasiparticles. Because of this, the magnetic 

interaction energy of H0
h+

 with the magnetic moment, µ+  (= eh/2m
+

e), of e
o in the 

quasiparticle (eo
h

+), is required to be given by 

-H0
h+·µ+ = -((m+)2

e
3/h3)·(eh/2m

+
e) = -(m+)2

e
4/h2)/2m

+
e = - 3moe

4/2h2                         (8) 
where m

+
e is the mass of the e

o
 electron, and m

+ is the mass of the orbiting electron 
charge, h+, in the composite particle (eo

h
+). We let m+ = m+

e = 3mo, the mass of the free 
electron41, such that (1/m+ + 1/m+

e) = 2/3mo = 1/meh
H, where m

eh
H is the mass of the 

composite article (eo
h

+). Eqn 7 is then satisfied using the virial theorem and kinetic 
energies obtained from Bohr radii a

ee
H and a

eh
H with masses mo/2 and 3mo/2 of  the 

quasiparticles (eo
e

-) and (eo
h

+), respectively.  
 

II. Influence of Extra-bonding Valence Electrons.  
 
III. 1. Nature of “Extra-Bonding” Electrons. The choice of the term “extra-bonding” 
electrons implies that we have to distinguish them not only from the “bonding electron” 
but also from core “unpaired” electrons, which do not participate in the bonding. The 
“extra-bonding” electrons contribute to changes in bond distances in “multiple bonds” 
and also contribute to changes in atomic sizes due to change in spin- and oxidation-states 
as we shall see later. The “extra-bonding” valence electrons are not part of the spinless 
bonding quasi-particles, (eo

e)- or (eo
h)+ and consequently their spins may be de-coupled 

from that of the bonding valence electron. In an isolated atom, energy levels of the 
“extra-bonding” valence electrons and the bonding electron are degenerate. The 
degeneracy is lifted once the spin of the bonding electron is, say, converted to spinless 
charged precursor quasi-particle states, (eo

e)- and (eo
h)+ and any magnetic field due to 

their motion is not pinned to any bond axis or vice versa (see Section III. 6) and may be 
continuously changing even if the actual bond-axis is fixed. Such a distincition between 

bonding and “extrabonding: states resembles in some way the distinction between σ-

bonding (orbitals oriented along bonding axis) and π-electrons (orbitals oriented away 
from the bonding axis) that is used in conventional chemical terminology. The spin-
conserving constraints due to spin-charge conversion (eqn 5) are not necessarily 
applicable to the additional “extra-bonding” valence electrons42. In this sense they need 
not participate in the “bound-unbound” transition that characterizes the bonding electrons 
in bonded atoms.  
 

III. 2. On the Application of the Magnetic Bohr Model. The coupling of the spin of an 
electron with the magnetic field due to orbital motion (Sec II. 4) is important for this 
paper. Theoretically calculated values of core radius of an isolated atom, such as the 
Zunger-Cohen orbital radii, take into account the additional exchange and correlation 
effects in determining core atomic sizes when there are, nv, “unpaired” “extra-bonding” 
valence electrons with a spin S (= nv/2) in the “core”. However, these calculations do not 
account for changes in size in the presence of an external field, including the influence of 



a spin-pairing chemical reaction field. We propose that it is this external field accounts 
for the magnitude of FS. 
 
Just as one has the “magnetic equivalent” of the electrostatic binding energy of an 
electron in hydrogen atom, one may also consider the bonding electrostatic field to be 
represented by the equivalent of a magnetic field. When one quantum of flux is enclosed 
in one Bohr orbit, the interaction of the magnetic field, B

1
Bohr, thus generated with the 

magnetic moment of one Bohr magneton of the electron is the equivalent electrostatic 
attractive energy for an electron in a Bohr orbit23 (see Appendix). The magnetic 
interaction energy may therefore be set in e2/aH* units, for Bohr-like atoms with a Bohr 
radius, aH*. A novel feature appears when we consider the electron-electron interaction in 
a chemical bond (see Section II. 6). Some of these effects of electron-electron 
interactions in 2DEG due to a magnetic field mark the quantum phase transitions34 in the 
Fractional Quantum Hall Effect.  
 
In the way the “ball-and-stick” model has been used to describe interatomic bonded 
distances in eqn 5c all atoms may be treated as pseudo hydrogen atoms. One may 
consider the number, nv, of “extra-bonding” valence electrons with its spin S (= nv/2) to 
be associated with its parent atom but treated as extra valence electrons interacting 
through their spin with the bonding electrons. There are additional interactions present 
when there are additional magnetic moments involving the spin, S(nv), of nv “extra-
bonding” valence electrons. These “extra-bonding” valence electrons of an atom 
contribute to an internal magnetic field, Hint.  Thus if H0 is a magnetic field that is 
associated with the bonding electrons (see section III. 6) the total magnetic field, Htot, by 
the valence electron of an atom due to bond formation is given by 
Htot = H0 + Hint                                                                                                              (9) 
It is the additional internal “magnetic field”, Hint, due to the “extra-bonding” electrons 
that contributes to a decrease in the size of the bonding quasiparticles (see also sec II. 1). 
For convenience, and without loss of generality, we consider the nv “extrabonding” 
electrons to belong to the element, M, in the M-X bonds.   
 
III. 3. Magnetic Influence of “Extra-Bonding” Electrons.   
III. 3. a. Valence Electron. We consider the interactions due to the spin, S(nv), of the 

“extra-bonding” valence electrons as an additional term, ςςςς, that contributes to the 
attractive energy in units of e

2/r. We may therefore write the attractive energy as (1 + 

ςςςς)e2/r such that the total energy becomes 

Etot = (h/r)2/2m – (1 + ςςςς)e2/r                                                                                         (10) 
A stationary state is then reached in the Bohr model with req being given by 

req = h2/(1 + ςςςς)me
2 = aH/(1 + ςςςς)                                                                                    (11) 

Such a reduction in the Bohr radius by (1 + ςςςς) is expected for the hydrogen-atom-like 

quasi-particles, (eo
e)- and (eo

h)+, as well. The relation between FS and (1 + ςςςς) is expected 
to follow. It is known empirically from the way the correction FS has been applied in eqn 
3 that the reduction in lengths due to the “extra-bonding” valence electrons affects both 
the “ball” as well as the “stick” to the same extent. We may therefore use43 the identify FS 

= (1 + ςςςς).  
 



III. 3. b. Core Size. For a given atom, the nodal point serves to define a core size, rcore, 
such as the Zunger-Cohen orbital radii44 or the outer most nodal point45 of the valence 
electron wave function. This nodal point separates core regions from valence regions at a 
distance rh from the nucleus. Because of the vanishing probability of finding an electron 
at the nodal point, rh, serves as a location of a positive charge (or hole). This positive 
charge at rh attracts the valence electron and is repelled by an effective positive nuclear 
charge. We may take rcore as that point at which attractive and repulsive forces cancel 
each other, as in the Zunger-Cohen radii44. For a given atom-independent valence size, 

rval (say, the Bohr radius of the hydrogen-atom-like valence electron), the size rh (≡ rcore), 

is well defined relative to rval for the condition corresponding to µuniv = 0. Since the 
dimension of the “stick” is fixed and single charges are involved the ratio of the valence 
and core lengths is expected to characteristic of the atom. We assume it to be a constant 

for a µ = 0 condition such that  
rval/rh = constant                                                                                                           (13) 

for a given atom. A change by (1 + ςςςς) of the valence size will correspondingly lead to a 

reduction in the core size once the µ = 0 condition is maintained.  
 

III. 4. Relationship between ςςςς and S. The changes in the length scale becaue of the 

additional interaction term, ςςςς, due to the internal exchange field of the “extra-bonding” 

valence electron is expected17 to be a smooth function of S, with ςςςς = 0 when S = 0. 
Because of the two-dimensional orbit, the internal field should be proportional to the spin 
density in two-dimensions which we take to be proportional to nv

2/3 or proportional to 
<S

2>1/3. The expectation value of the total spin, <S2> should equal S(S+1) if there is no 
spin contamination and S  = nv/2. We thus obtain  

ςςςς ∝ Hint ∝ nv 
2/3 ∝ {S(S + 1)}1/3

                                                                                   (14a) 
or  

ςςςς = Cς{S(S + 1)}1/3.                                                                                                      (14b) 
The term FS is then given by                                               

FS = 1 + ςςςς = [1 + Cς{S(S + 1)}1/3].                                                                               (15) 

The extent of reduction is empirically given by the magnitude of FS. When we assume Cς  
= 0.2, we obtain the calculated value FS(calcd) = 1.18, 1.25, 1.31, 1.36 and  1.41 for or S 
= 0, ½, 1, 3/2, 2 and 5/2, respectively, which is within 2% of that observed9, 17 

empirically. It only remains to provide an estimate that justifies Cς ≈ 0.2. We examine 
one possible explanation. This internal field, Hint, is due to the coupling of the external 

exchange field, H0, with spin, S and magnitude (S(S + 1))1/2.  This exchange field is due 
primarily to opposite charges in essentially two-dimensional orbits. 
 
The dimensionality arguments above for obtaining eqn 14 is consistent with that used by 
us12 to account for the binding energy, DH-H,  of the (“ordinary”) hydrogen molecule 
using a Bohr model for the quasiparticles (eo

e)– and (eo
h)+ hydrogen-atom-like orbits 

around hydrogen nucleus. The µ = 0 stationary state of the bond in which the 
quasiparticles exist is obtained by the liberation of a binding energy due to attractive 
electrostatic interaction between electron-hole pair. The bond energy, DH-H, in this case 

should be close12 to the maximum electron-hole excitonic binding energy, Emax
exc ≈ 6.8 

eV instead of the observed DH-H  ≈ 4.45 ev ≈ 2E
max

exc/3. The difference of ∼E
max

exc /3 has 



been attributed46 to a loss of a translational degree of freedom at the instant of bond 
formation in the one-dimensional chemical bond in the hydrogen. 
 

III. 5. Value of Cς. Once the composite particles, (eo
e

-) and (eo
h

+), themselves are taken to 
be spinless, the orientation of the orbital magnetic47 fields, Hee and Heh

 (see Sec II. 6), are 
not necessarily correlated to the direction of the spin associated with the neutral spinon, 
e

o, within the two quasiparticles. The direction of the orbital magnetic fields, H0
e- and 

H0
h+, are also expected to be independent of each other. Because of this one may also 

consider the spins on the nv “extra-bonding” electrons to be de-phased or decoupled from 

that of Hee or Heh. If such a dephasing was complete one would expect that Cς = 0 while 

in the absence of any dephasing one could expect Cς = 1.  
 
Although, Hee and Heh are decoupled from S(nv) their mutual fields are expected to be 
oppose each other. One may expect the two bonded atoms to be immersed in a magnetic 
field of opposite orientations (reminiscent of the “staggered” magnetic field in 
antiferromagnets) and aligned along an axis parallel to H0 in eqn 9. At the same time the 
bonding quasiparticles have no separate existence by themselves and exist only in the 
context of bond formation. The consequence is that the dephasing is such that it allows 

(Fig. 1) a canting of S(nv) away from the spin-pairing axis over all angles from 0 to π 
with respect to the spin-axis (determined by H0, not shown) just as Hee

 or Heh can vary 

from 0 to π/2. Otherwise, the relative orientation of S(nv) with respect to that of Hee or Heh  
is random48 within the given hemisphere with oppositely polarized spin axes. 
 

 
Fig.  1. Illustrating the possible orientations of the magnetic field, Hee or Heh due to an 
orbiting charge (indicated by long arrows) and the spin S (nv) due to “extra-bonding” 
valence electrons (indicated by shorter or broader arrows) when the spin of the valence 
bonding electron is converted to charge at the instant of bond formation.  

 
In the best spirit of phenomenology, we shall try to use all available geometrical 

hindsight to justify the empirical observation that Cς ≈ 0.2 ≈ 2/π2 instead of, for example, 

Cς ≈ 0.2 ≈ 22/3/23. In obtaining the value of Cς we do not need to consider the magnitude 
of the spin S or that of the magnetic field due to the orbiting charge. One requires the 

probability, p(orient), that the magnetic moment, µ(nv), due to the nv “extra-bonding” 



valence electrons  is aligned antiparallel (just as the bonding valence electron) to H0 due 
to the orbiting charge (solenoid) as defined in Section III. 2.  
 

 
Fig. 2. (a) Illustrating the definition of L, the component of the vector D’ that is parallel to D, θ being the 

angle that D’ makes with D. (b) Line defining the shaded  area is the value of sinθ for various values of θ. 

The area under the line gives sinθ when integrated between 0 and π. 

 
We consider two unit vectors, D and D’ in the diagram shown (Fig. 2a) as in the Buffon 

needle problem49. The component of D’ aligned parallel to D is given by L = D’sinθ. The 

average value of L, <L>0,π, for 0 ≤ θ ≤ π, obtained by integrating sinθ between 0 and π, is 

given by <L>0,π = 2 (shaded area of Fig. 2b). As in the Buffon needle problem, the 

probability, p//, that L is parallel to D is then given by p// = 2/π. From this reasoning, we 
may obtain from Fig. 1b, the probability, p(orient),  that Hext is parallel to SM as p(orient) 

= (½)(p//)
2 = 2/π2. We thus obtain Cς = p(orient) = 2/π2. The value of the interaction term, 

ςςςς, due to the additional spin, S, of the “extra-bonding” valence electrons then satisfies the 
empirically observed relation41,  

FS = (1 + ςςςς) = 1 + (2/π2){S(S + 1)}1/3                                                     (14)  

 

IV. Some Consequences 
 

IV. 1. Bond Distances. The role of FS in the context of changes in interatomic distances 
with bond order has been discussed earlier9, 10 using calculated Zunger-Cohen orbital 
radii values44, rs, which are substantially larger than the empirical size, rG, obtained 
later10, expecially for the first main row elements such as C, N, O and F. For gas-phase 
MM’ compounds50 between atoms of insulating elements (at NTP), the M-M distance has 

been calculated (Table 1) using the relationship reported in Ref  10 and Ref 12 (where εeff 
= 1.05 in eqn 15) and written as  

dM-M’
 = εeff[{2.13rG(M) -35.3}/FS(M) +  {2.37rG(M’) +105.8}/FS(M’)]     (15) 

with rG being taken from Ref 10.  The plots of observed values of dM-M’ versus  that 

calculated using eqn 15 and εeff = 1.05 is shown in Fig 3, for fitted nv values as given in 
Table 1. These results are discussed in another communication. It is rather satisfying that 
the unexpected universal correlation between single-bond interatomic distance, dM-X, and 
multiple bond distances, dM-X(nv) = dM-X/FS (FS(M) = FS(X) in eqn 3) may be so simply 
explained in terms of a universal “magnetic model of the Bohr atom”. The universality of 



these relationship appears from the requirement of µ = 0 for the stationary state12. From 
the arguments in Sec III 3, the extent of changes in the “stick” and “ball” sizes is the 
same such that eqn 3 is justified.  There is an universal change in bond distances of atoms 
as a function of the number, nv, of “extra-bonding” valence electrons for a given bonding 
interaction (given values of CM, CX and [DM + DX] in eqn 3).  
 

 
Fig 3. Plots of observed M-M’ distance, dM-M’(obsvd), in gas-phase MM’ compounds 

(from Ref 50) versus calculated values of dM-M’(calcd) using eqn 15, with εeff = 1.05 and 
nv values of M and M’ as given in Table 1.The values of rG are taken from Ref 10. 
 
We note that in agreement with established notions, the bond order in heavy elements 
does not exceed 2 in these cases. There are significant differences regarding the 
calculated F-F and O=O (nv = 1) distances using eqn 15 and the observed distances. This 
feature will be disussed later (Section IV 7). In our method, there could be further small 
changes in bond distances due to environment-dependent changes (not taken into account 

here) in εeff (≥ 1)  for given nv. Instead of making correlations51 between bond reactivity 
through bond distance and bond order, we may, for example, associate greater reactivity 

with larger values of εeff.  Unusual bond orders have been recently proposed52 for S-S 
bonds (~ 2.4) and I-I bonds (~1.3) in S2I4(MF6)2 (M = As, Sb) using Pauling bond order. 
We find that the “double bond” (nv =1) character of the S-S bond and the “single-bond” 

character of the I-I bond is retained once changes in εeff is taken into account. The so-
called “triple-bond” Ga-Ga distance reported by Robinson’s group53 would in our 
analysis correspond to dGa-Ga =  231.911

1.067 (for rG = 0.78 a.u.) which indicates double-
bond character at best using eqn 15. A recent study by Hardman et al

54 of the dimeric 
Na2(Ar'GaGaAr') (Ar' = C6H3-2,6-(Dipp)2 , Dipp = C6H3-2,6-(i-Pr)2) with a trans-bent 
CGaGaC core had Ga-Ga bond length was found to be 234.7 pm, which is consistent 



with nv =1 and εeff = 1.081 (eqn 15). The Ga-Ga distance54 in (GaAr')2 of 262.7 pm is 

consistent with single-bond distances (FS = 1) using eqn 15 and εeff = 1.025. 
 
IV. 2. Fractional Bond Order. Another important advantage in the present approach is 
that changes in bond length due to the presence of “extra-bonding” valence electron may 
be obtained using various values of nv or FS for the two atoms forming a given bond. The 
concept of “fractional bond order” may now be rationalized without requiring resonance 
structures. Examples of such fractional bond order due to different values of nv are given 
in Table 1. Experimental validation of such conjectures is awaited. We note that there 
could be changes of nv only by integral numbers so that changes in the bond distance, 

dMX
n,n’

ε, (the superscripts n and n’ are values of nv on M and X, respectively, and the 

subscript, ε, being the value of εeff)  can only be due to changes in εeff for given n  and n’.  

 
Of special interest are the changes in π-electron bond order3. We speculate on some 
aspects below. For example, the average value of nv per carbon atom is unity in ethylene 
and benzene. The bond distance in ethylene is written as dC-C = 133.911

1.077, while in 
benzene it is an average of “single” bond and “ double” bond distances because of the 

involvement of resonance structures (I and II) which we write as dC-C = 139.9<00,11>
1.032 ≡ 

(151.500
1.032 + 128.411

1.032)/2). We introduce an alternative way to describe the structure 
of benzene that involves dynamic fluctuations involving structure III and IV (R– = R+ = 
H) in which there are alternation of nv = 2 and nv = 0 between the six carbons atoms. In 
this case the C-C bond distance of benzene is described as dC-C = 139.9<02,20>

1.06. The 

lower value of εeff calculated for these benzene structure is case as compared to ethylene 
indicates a lower reactivity of benzene. Among other possible virtues in this conjecture 
could be the following:   
i) the different reactivity of a simple double bond (nv = 1) and that in benzene (nv = 2 or 
0) is indicated. 
ii) The ortho- and para- positions are distinguished from the meta positions in III-IV once 
a susbstitution (electron donating R- (III) or electron withdrawing R+ (IV)) is made in 
the ring.  
iii) The structures III and IV have intra-site “spin-pairing” of the “extra-bonding” (nv = 2) 
electrons similar to lone-pair electrons which do not contribute to binding energies.  The 
small contribution to binding energy by the three “double” bonds in benzene in the 
valence bond structures I and II as compared to cyclohexene has been attributed to a 
“resonance energy” that accounts for aromaticity. 
 



IV. 3. Changes in Electronegativity. Since the value of the core radius, rcore, changes 
inversely with nv or FS one would expect the electronegativity of an atom to increase with 
increasing FS. This would account for the tendency of the electronegativity of transition 
metal elements in a series to show a maximum electronegativity in Pauling’s scale55/37 
(after normalizing with respect to the core radius such as the orbital radius, rs) in the 
middle of the series. These elements are likely to have the maximum number of unpaired 
valence electrons. It is also to be noted that in the context of the Principle of Maximum 
Mechanical Hardness10, the element with the smaller value of the core atomic size is that 
associated with a negative charge as far as interatomic distances are concerned (more 
“spatially electronegative”). The relevant core radius determining the direction of polarity 
of a bond now is rcore/FS. Transition metal elements of the same row are therefore 
expected to have the electronegativity enhanced by FS. The enhancement with respect to 
that expected for a given size is expected to be a maximum for elements such as Mn, Tc, 
Re, which are expected to have nominally half-filled d levels.  
 
 IV. 3. Bond Energies.  It is not expected that one would obtain changes in bond energies 
with nv in as straightforward a manner in our as one thinks one obtains12, for example, the 
bond energy of the hydrogen molecule or the heat of formation of M-X bonds in simple 
binary compounds. One would expect that the changes in bond-energy due to changes in 

bond length would also scale as FS or (1 + ςςςς). We have not found this to be true in most 
cases. Moreover, our model may not require it to be so. Our “size eigenvalue” approach 
gives the ground–state bond length and does not purport to give bond strengths in the 
conventional energy eigenvalue approaches (as yet). For example, we may obtain the Be-
Be bond length (~ 229 pm in basal plane of hcp structure56) in Be in a straightforward 
manner (rcore = rG = 0.59 a.u., dBe-Be = 221 pm from eqn 3, FS = 1) even if the energy 
eigenvalue of Be2 requires special quantum treatment57. In the case of carbon-carbon 
bonds, we find (empirically) that the bond energy scales roughly as FS

4.  
 

We draw attention to at least one theoretical calculation, which is consistent with the 
result that the energy should scale linearly as FS. Gunnarsson and Jones58 have estimated 

the change in the interelectronic exchange interaction, ∆Ex, int(n), when a 3d electron 

interacts with a 3d
n  configuration. They find that for the spin-polarised 3s↓3p↓

33d↓
n 

system (n < 5) in which the s ans p orbitals are half-filled, ∆Ex, int(n) is given by 

∆Ex, int(n) = Ex, int(3s↓3p
3

↓3d↓
n + 1) - Ex, int(3s↓3p

3
↓3d↓

n ) - Ex, int(3d↓) 

The relative changes in ∆Ex, int(n) for n = 1, 2, 3 and 4 relative to that for n = 0 is, 

respectively, 1.12, 1.23, 1.38 and 1.42 in the Xα approximation, and 1.14, 1.17, 1.29 and 
1.38, respectively, in the HF approximation. These values are close to the values of 1.18, 
1.25, 1.31 and 1.37 calculated for FS from Eqn. 14. These results do suggest that the 
changes incorporated in FS takes into account the changes in exchange energies due to the 
interaction between the unpaired valence s-electron and the other unpaired electrons. On 

the other hand, the relative changes in the interaction energy, ∆Ex
ds( = Ex(3d

n4s) - Ex(3d
n) 

- Ex(4s) for n = 1, 2, 3, 4 and 5) for the filled s and p shells, the changes40 in ∆Ex
ds as a 

function of the number of d electrons do not follow  the changes in FS.  
 
IV. 4. Changes in Atomic Sizes with Valence State. The Shannon-Prewitt radii59 of ionic 
sizes are complicated because of the coordination number dependence. There does not 



exist a truly reliable size for high valence states since there could be complications due to 
the problem of ligand-oxidation vs metal-oxidation60 

M(n + 1)+ (metal oxidation) + Xq-   ↔ Mn+ + X(q-1)- (ligand oxidation)                   (16) 
Some of these problems may be minimized in certain cases such as in Ti and V oxides in 
which the metal valence states are61 well above the valence band. Finally, the 
assignments of the actual valence state for which nv  = 0 (no “extra-bonding” electrons), 
is not always unambiguous. The conventional electronic configuration of these transition 
metal elements has the s

2 configuration (except for Cu, Ag, Au; one may consider the 
s

1
d

10 configuration for the S(nv) = 0 state for these atoms) for the outermost valence 
electrons. For the present purpose, we therefore consider the divalent state of the d-block 
elements to correspond to the nv = 0 state with a size CR0

+.  
 

Despite the above limitations, we find that FS becomes important in describing sizes of 
transition metal elements for various valence states. First of all, we find that for the (high-
spin) transition metal elements  

CR0
+ ≈ CRSP(VI)oct                                                                                                (17a) 

where CRSP(VI)oct is the Shannon Prewitt Crystal Radius59 for divalent transition metal 
atoms in six-fold coordination. When the valence state is increased to m (> 2), the value 
of nv = (m – 2) (or spin S = (m-2)/2) which contributes additionally to bonding to be 
treated as spin-less “extra-bonding” valence electrons. Thus, for the M

m+
 state the 

relevant atomic size is given by 
CR[S = (m- 2)/2]

+(M 
m+) = CR0

+(M)/F[S = (m- 2)/2                                                          (17b)                                                      

 
Fig. 4. Plot of the Shannon-Prewitt crystal radii (from Ref 59) in octahedral coordination, 
CRSP(VI)oct (M 

m+), for various oxidation states, m+, of transition metal atoms versus CR[S 

= (m- 2)/2]
+(M 

m+),  the atomic size calculated from eqn 1 (C+ = 2.24, nv = m- 2  and rcore = rG 

of Ref  10) of the transition metal elements. The circles correspond to that observed for 
the divalent state. The straight line is given as a guide to the eye. 

 



The Shannon-Prewitt size, CRSP(VI)oct (M 
m+), of the d-block elements, M

m+, in 
octahedral coordination decreases with valence, m, as shown in Fig 3 (see also Table 2). 

It can be seen that the relationship, CR[S = (m- 2)/2]
+(M 

m+) ≈ CRSP(VI)oct (M 
m+), holds fairly 

well in most cases those of Cu, Ag, Zn for which the S(nv) = 0 state is perhaps more 
difficult to define unambiguously. The trends in atomic sizes as a function of the 
oxidation state are satisfying given the empirical nature of the Shannon sizes and the 
consequent uncertainties. The other exceptions are the elements in high oxidation state 
such as Cr6+ and Mn7+. For these high oxidation states there may be complications due to 
ligand oxidation as in eqn 15.  
 
IV. 5. Spin-State Transitions. In the high-spin state the unpaired electrons may be treated 
as “core” electrons such as the f electrons and do not participate in bonding interactions 
and do not contribute to nv. When nv of these electrons are spin-paired into a low-spin 
state for the same valence state, we may treat them as “extra-bonding” electrons. This 
would be qualitatively consistent with stronger metal-ligand bonding. The high-spin to 
low-spin conversion would then lead to an increase in nv.  For example, in the conversion 
of high-spin Fe2+(HS) with four unpaired d electrons to diamagnetic low-spin FeII(LS), 
the spins of two electrons are effectively flipped. The value of nv = 2 in this case and 

S(nv) = 1 = ∆S/2, where ∆S is the change in the value of the spin in the conversion high-
spin states to low-spin states.   
 
We have shown in Table 2 the calculated ratio, FS(M)/FS(M’), of the changes in atomic 
size on going from a high-spin state, M, to the corresponding low-spin state, M’, and 
have compared it with the ratio of the corresponding Shannon sizes. The ratio of the 
Shannon radii59 (Table 1) of high-spin Fe2+  to low-spin FeII in six-fold coordination is 
1.22 which is close to the value of FS = 1.26 for S = 1 or nv = 2. The trivalent state of Fe 
is expected to be an nv = 1 state (m = 3 a S = 1/2 state (nv = 1). The transition from high-
spin Fe3+ to low-spin FeIII is then expected to be a transition from a nv = 1 state to an nv = 
3 state (two additional spins are flipped)    S = ½ state (FS = 1/2  = 1.18) to an S = 3/2 state 
(FS = 3/2  = 1.31). The ratio of the Shannon sizes (Table 2) of high-spin Fe3+ (nv = 1, FS = 
1.18) to that of low-spin  FeIII (nv = 3, FS = 1.31 ) in six-fold coordination is 1.14 as 
compared to the value of  1.11 expected from the ratio of the corresponding values of FS. 
The ratio of Shannon size on going from high-spin Co3+ to low-spin CoIII is nearly 1.10 
and is close to the expected value of 1.11. In the case of high-spin Mn2+ (nv = 0) to low-
spin Mn2+ (nv = 2) (Table 2) one expects the high-spin/low-spin radius ratio to be 1.25 as 

compared to the tabulated Shannon-Prewitt value59 of ∼ 1.20. The high-spin/low-spin 
radius ratios are decreased considerably from the expected values for the late transition 
metal elements such as trivalent Ni. This is not necessarily a refutation of the model and 
may reflect changes in sizes of ligand due to ligand oxidation60 (eqn 15).  
 
IV. 6. Bond-Stretch Isomerism.  
 
The above interpretation of multiple bond distances is useful in clarifying the extremely 
interesting concept14-16 of bond-stretch isomerism which is in which molecules may differ 
only in the length of one or several bonds between identical atoms. Changes in bond-
lengths due to changes in valence state (involving changes in FS) sre not bond dtretch 



isomers. By the same argument, changes in bond distance due to changes in spin-state are 

not strictly bond stretch isomersit loses the appealing “special intrigue” associated with 

the name of bond-stretch isomers15e/6eeven if it has been suggested that there can be no 
bond-stretch isomer without a spin-state isomer15b-15d. One requires demonstrating that 
there are changes in bond distance between two atoms without changes in spin-or 
valence-state or bond order. Such changes can be brought about solely by changes in C 

and D in eqn 1 or 3.  
 
A case of “bond-stretch isomerism” could be found for the example of the extremely 
short bond in the isolated Cr2 dimer16 as compared to that in the elemental metal. We find 
that the short bond-distance16, 62, 63 of ~ 168 pm in the Cr2 dimer and the longer Cr-Cr 
distance of ~ 250 pm in the solid56 could be attributed to changes in both C and D terms 
(eqn 1 or 3) for a fixed value of FS (= 1.37 for nv = 4 consistent with the position of Cr in 
the periodic table). The long Cr-Cr distance in crystals is consistent with FS = 1.37 (nv = 

4), rG(Cr) = 1.07 a.u. and εeff = 1.052 in eqn 15 which is what is normally expected.  The 
short Cr-Cr distance in the dimmer cannot be obtained from eqn 15 unless changes in C 
and D are made. This satisfies, in our opinion, the criterion for “bond-stretch isomerism”.  
 
The size of the “stick” has been taken as the “ordinary” bond length of hydrogen 
molecule in the “charge transfer” expression for interatomic distances (eqn 15). The 
hydrogen-hydrogen distances in dihydrogen complexes have an “elongated” hydrogen-
hydrogen bond distance64. Some of these have distances of ~ 105 pm which is close to 
2aH, the sum of the Bohr size of the hydrogen atom. The “ordinary” and “elongated” 
hydrogen-hydrogen distances may be taken as a fundamental example of “bond-stretch 
isomerism” even if they have not been mentioned as such in the literature. In the context 
of the “ball-and-stick” model of eqn 2 we find that we may write may write Cr-Cr 
distance of ~ 168 pm in the Cr2 dimer with C(M) = C(M’) = 1 and the “stick” dimension 
as 2aH such that 

dCr-Cr(dimer) = εeff(2rG(Cr) + 2aH)/FS(Cr)                                                 (18) 

                      = 168 pm (rG(Cr) = 1.07 a.u., nv = 4 and εeff = 1.08)                                    
Using a modified general valence bond method, which corrects one-center self Coulomb 
integrals to match experimental quantities, Goodgame and Goddard65 have found a 
double well for the potential energy curve of the ground state of the diatomic dimer of 
chromium, Cr2. There is a shallow outer minimum around 306 pm and a sharp inner 
minimum around around 160 pm. The longer bond is a single bond (in our methodology 
the single bond Cr-Cr distance would be ~ 340 pm when FS = 1 in eqn 15) involving 4s 
electrons with the electrons of the d shell being coupled antiferromagnetically. In the 
shorter bond the d electrons are involved in covalent bonding. The mechanism proposed 
by Goodgame and Goddard65 for changes in Cr-Cr distance62, 63 in Cr2 dimer would 
translate to changes in FS in our model. 
 
It is extremely satisfying that a non-trivial problem of the bond length contraction in Cr2 
dimer as compared to that in the crystal is obtained in such a facile and self-consistent 
manner without recourse to lengthy calculations65, 66 and despite considerable skepticism 
regarding the concept. Changes in bond distances due to changes in C  and D seems to be 
quite readily account for many unusual bond distances. The Mo-Mo distance of 193 pm 



(see Ref 65) in the Mo2 dimer may be obtained using the “ordinary” H-H bond distance 
with  

dMo-Mo(dimer) = εeff(2rG(Mo) + 4aH/3)/FS(Cr)                                                 (19) 

                      = 168 pm (rG(Mo) = 1.19 a.u., nv = 0 and εeff = 1.014)                                    
 
A very short Fe-Ga distance of 222.5 pm reported by Robinson’s group67/70 is also quite 
extraordinary. From eqn 15 the Fe-Ga single bond distance is expected to be 303. 5 pm 

(for εeff = 1.05). The observed shortening of the Fe-Ga distance would require, for 
example,  FS (Fe) = FS(Ga) ~1.37 which means that nv is close to three or four which is 
unlikely68. In the spirit of “bond stretch isomerism”14-16 we write   

dFe-Ga
 = εeff[{rG(Fe)/FS(Fe) + 2.37rG(Ga)/FS(Ga)}“ball”  +  

                                          {2aH/(FS(Fe) + FS(Ga)}“stick”]                        (20) 
The Fe-Ga bond length is given by FS(Fe) = FS(Ga) = 1.18 (nv = 1) for rG(Fe) = 1.07 a.u. 

and rG(Ga) = 0.78 a.u. and εeff = 1.01. Hardman et al
54

 had shown that certain 1,2-diiodo-
1,2-diaryldigallane compounds had planar ICGaGaCI core arrays with Ga-Ga distances 

of ~ 249 pm. This distance is too short for single bonds using eqn 15 (dGa-Ga ≈ 256 pm for 

εeff = 1 and nv= 0 or FS = 1). On the other hand a Ga-Ga distance of  249 pm is consistent 

with eqn 20 with FS(Fe) = FS(Ga) =1 and εeff = 1.021 which is another kind of “single 
bond” .  It is seen from the extensive experimental work of Power’s group that the Ga-Ga 

bond distance shows Ga-Ga distances of 2.63 ± 0.03 pm (“single bond” eqn 15), 2.52 ± 

0.04 pm (“single bond, eqn 20) and 2.35 ± 0.01 pm (“double bond” eqn 15) which shows 
an environment-independence of the bond length for the given bonding descriptions. A 
correlation beteen bon types and reactivity can now be made with more confidence.  

IV. 7.The Paramagnetism of Oxygen. As seen from Table 1, the fitting of the O-O 
distance in oxygen molecule to a double bond using eqn 15 (FS = 1.18, nv = 1) requires 

too high a value of εeff, which is inconsistent with the low reactivity of triplet oxygen. 
The question occurs whether we require a “double” bond character at all. For example, 

the O-O distance may be fitted quite close to a single bond distance with εeff being close 
to 1.00. This “single bond” description has an advantage in describing the paramagnetic 
properties of oxygen, self consistently within our model. We have described in Sections 
IV 4 and IV 5, the “extrabonding” electrons as contributing to chemical bonding and 
thereby requiring to be distinguished from “core” unpaired or paramagnetic electrons that 
do not contribute to bonding. In this case, the paramagnetism of oxygen would be 
inconsistent with the expected value nv = 1. Instead we may consider the nv = 1 
description to be valid for singlet oxygen. 
 
V. Conclusions 
 

The application of the Bohr model to chemical bonding is routinely viewed with 
considerable suspicion (perhaps justifiably in the way it has been applied so far). We 
have stressed that we use the Bohr model as a simple approximation to obtain useful 
insights. It is especially useful when we apply the model to hydrogen or pseudohydrogen 
atoms using bonding spinless quasiparticles, (eo

e
-) and (eo

h
+). These particles have been 

examined12 earlier in terms of the electrostatic Bohr model to obtain the interatomic 
distance of the hydrogen molecule in a simple manner. We emphasize the consequences 



of a two-dimensional Bohr orbit in Section II especially in the way magnetic fields 
influence Bohr orbits, and the magnitude of the spin-orbit interaction in 2D orbit. Since 
the composite particles are spinless, the Bohr orbits of these composite particles are not 
fixed to a spin axis.  
 
We next analyze (Section III) the influence of  the number nv of “extra-bonding” valence 
electrons, which do not participate in the spin-charge inter-conversion (eqn 5) at the 
instant of bond formation. We anlyze the spin orbit interaction in the composite particles 
due to the orbital magnetic field, H0

- and H0
+ (nv = 0), of the charges e- and h+ acting on 

the spin of the electron e
o. The interaction of the spin, S(nv), of these extra-bonding 

electrons with the orbital magnetic field generates an internal magnetic field Hint. We 

aregue that Hint ∝ nv
2/3 ∝ (S(S+1))1/3 when we consider the density of thenv “extrabondng 

valence electrons in a 2D orbit. The contribution of these internal field leads to an 

increased interaction energy and a reduction in the Bohr size by a term FS ≈ [1 + 0.2(S(S 
+ 1))1/3]. The value of FS obtained in this model fits well with that obtained earlier 
empirically17. This interpretation is based on a simple two-dimensional Bohr-like model, 
accurate, transparent, portable and internally consistent. This should overcome its major 
drawback, which is that it does not require the complicated mathematics of wave-
function-based approaches. 
 
In the last section (Section IV) we show how these values of FS may be used to interpret 
changes in atomic sizes with changes in valence- or spin-state of transition metals as well 
as their electronegativities. They also account for changes in bond distance with bond 
order including “fractional bond order”. The role of FS in systems exhibiting bond-stretch 
isomerism has been discussed and it is suggested that the pristine example of this 
phenomenon should not involve change in interatomic distances due to FS. Our analysis 
throw insights into recent debates on bond order and bond distances52, 53, 67, 68, bond-
stretch isomerism including the very short bond distance in the Cr2 dimer16, changes of 
atomic size  with valence state or spin-state of transition metal atoms, and finds a new 
explanation to account for the bond length nd paramagnetism of oxygen molecule.  
 
Our description of bond-distance changes due to the influence of nv “extrabonding” 
electrons per atom is different from the definition which states69, 70, for example, that “… 
a co-valent bond consists of an electron pair which is localized on only two atoms, and a 

triple bond is defined by three covalent bonds connecting two atoms. …”. Our approach 
does not require the “extra-bonding” valence electron to contribute to bonding in the 

above sense. The impact of “extra-bonding” electronsas quantified by FSis derived 
from an individual atom rather than a bonding pair of electrons. It is more in the spirit of 
the atom-in-molecule approach70, which uses atoms as proper open systems with 
transferable properties.  
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Appendix 

A.1. Magnetic Bohr Model. 

We consider a flat Bohr orbit containing one flux quantum and one electron. For a 

magnetic field, B, and a circular coil area, A, the total magnetic flux, Φ = BA. If the radius 

of the coil is l so that A = πl 2, and Φ = Sφo for a total number, nΦ = S, of flux quantum, 

φo = h/e, we obtain71  

B = nΦh/eπl 2 = 2 nΦ(h/el 2)                                                                      (A1) 

We identify the magnetic length72, l, with the first Bohr radius, aH, such that A = πaH
2, 

and the magnetic field corresponding to the first Bohr orbit, B1
Bohr = hS/eπaH

2. The 

interaction energy72, εo = B
1

Bohr
.µB, of the magnetic field B1

Bohr, aligned antiparallel with 

the magnetic moment of the electron of one Bohr magneton, µB, is given by 

εo =  B1
Bohr

.µB =  -h 2
S/maH

2 = -me
4
S/h 2 = EH                                           (A2) 

when S = 1/2 and EH is the total energy (potential + kinetic) of the hydrogen atom in the 

Bohr model. The energy h2/2moaH
 2 is the kinetic energy (= εT) of the electron  so that the 

potential energy (= ε V) may be equated to an energy -h2/moaH
 2 such that the energy 

B
1

BohrµB = -h 
2/2moaH

 2 (= εT + ε V) satisfies the virial theorem. The value of the Bohr 
radius, aH, used in Eqn. (A2) is obtained a priori from the Bohr model using an 
electrostatic Coulomb interaction potential energy term. The consequence of the above 

seems to be that the Bohr size, aH, is a fundamental magnetic length that can be 

associated with an electron orbit containing one flux quantum per unit area..  
 

The solution of the Schrödinger equation for a 2D gas of electrons in a strong 
perpendicular magnetic field, B, gives eigenvalues of an harmonic oscillator 

εi = (n + 1/2) ηωc                                                                                     (A3) 

where n = 0, 1, 2, 3….. correspond to the different Landau levels. ωc (= eB/m, e being the 
charge of an electron) is the cyclotron frequency which has no dependence on the size of 

the Landau levels. The energy εo = B1
Bohr.µB =  heB

1
Bohr/2me  is the energy for the n = 0 

level in eqn A3 and in this sense the Bohr energy, EH, for the hydrogen atom may be 
taken as a zero point energy. 
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by r = mv/eB. For a Bohr orbit the momentum from the uncertainty principle is h/r from 

which we obtain the magnetic length r = (h/eB)1/2.  
 
Table 1. Observed and Calculated#,* M-M bond distances between atoms of insulating 
elements in gas-phase MM’ compounds. 
 
  

 M-M’   dMM’ 
nn’

ε 
#
       rG(M)    rG(M’)     M-M’    dMM’ 

nn’
ε
#
    rG(M)    rG(M’) 

               (pm)           (a.u.)     (a.u.)                       (pm)           (a.u.)     (a.u.) 
 
 BrBr  228.100

1.05       0.62 0.62        PP     189.311
1.06        0.59    0.59 

 C-C  124.222
1.06       0.32 0.32        P4     221.100

1.05        0.59    0.59 
 C-P  156.211

1.04     0.59 0.32        SO     148.111
1.08        0.53    0.26 

 Cl-Cl  198.800
1.02       0.52 0.52        SS        188.920

0.98         0.53    0.53         
 F-F  141.900

1.25       0.18 0.18        S6     207.000
1.05        0.53    0.53    

 F-F*  141.900
1.03       0.18 0.18        SeSe     216.620

1.02        0.63    0.63   
 H-H    74.100

1.05       0.00 0.00        SiN     157.202
1.07        0.64    0.26  

 I-I  266.600
1.04       0.78 0.78        SiO     150.111

1.04        0.64    0.22   
 N-N  109.822

1.04       0.26 0.26        SiS     192.901
1.06        0.64    0.53   

 O-O  120.711
1.16       0.22 0.22        SiSe     205.801

1.07        0.64    0.63   
 O-O  120.700

0.98       0.22 0.22        SiSi     224.600
1.01        0.64    0.64 

 O-O*  127.211
1.04       0.22 0.22        TeTe     255.701

1.06       0.85    0.85 
 PN  149.111

1.04       0.59       0.26        S-S$      184.201
1.08        0.53      0.53 

                                                               I-I$        260.300
1.01       0.78      0.78 

 

# The M-M distance has been calculated using the relationship  

dM-M’
 = εeff[{2.13rG(M) -35.3}/FS(M) +  {2.37rG(M’) +105.8}/FS(M’)]  

reported in Ref  17 and Ref 4 (where εeff = 1.05). The superscripts n and n’ refer to the 
values of nv associated, respectively with M and M’ and the subscripts refer to the values 

of εeff required to match the observed distance. The respective values of FS has then been 
calculated using eqn 15. The values of rG has been taken from Ref 2. 
* The M-M distance has been calculated using the relationship  

dM-M’
 = εeff[{rG(M) +  {2.37rG(M’) +105.8}/FS(M’)]  

 



Table 2. 
Comparison of empirically observed changes in Shannon Radius of M and M’ atoms due 
to changes in Valence or Spin State. 
 

 Ma                 S(M)c  FS(M)   rS(M)d
         M’            S(M’)  FS(M’) rS(M’)d

 FS(M’)    rS(M) 
                                                (pm)                                                   (pm)    FS(M)     rS(M’) 
 

 Valence State Changes 

 Ti2+               0             1        100         Ti4+                 1         1.25   0.745    1.25      1.33 

 V2+                0             1          93         V5+                  1.5      1.31    0.68      1.31       1.37 

 Cr2+(HS)b      0             1          94        Cr3+                0.5      1.16    0.755    1.18       1.23 

 Mn2+(HS)b    0             1          97        Mn3+(HS)b      0.5      1.16    0.785    1.18       1.24 

 Cu1+              0             1          91        Cu2+                       0.5      1.16    0.87      1.18       1.05 

 Spin-State Changese 

 Mn2+ (HS)b    0         1              97        MnII (LS)b       1          1.25    0.81    1.25       1.20 

 Fe2+ (HS)b     0         1             92         FeII (LS)b        1          1.25    0.75    1.25       1.22 

 Fe3+ (HS)b     0.5      1.18        78.5      FeIII (LS)b       1.5       1.31    0.69    1.11       1.14 

 Co3+(HS)b     0.5      1.18        75         CoIII (LS)b       1.5       1.31   0.685   1.11       1.10 

a The choice of the M and M’ atoms in this case is based on the decision that  these states 
require to be well above the valence band of the ligand. We have chosen the band level 
diagrams of Mizushima et al (Ref.  36) for this purpose. 
b. HS and LS refers to high-spin andlow-spin states, respectively 
c The divalent state of the transition metal atom has been taken as the S = 0 state except 
for the case of Cu1+ where the monovalent state is taken as the S = 0 state  
d. The crystal radius of the Shannon Tables (Ref. 35) are used here since they are close to 
the values of CRS

+ calculated (ref 4) from rcore. 
e. The spin state changes considers the number nv to be the number of spins that have 
been flipped in the low-spin state relative to the high-spin state 
 
 


