
PHYSICAL REVIEW D VOLUME 28, NUMBER 7 1 OCTOBER 1983

Introduction to the chemistry of fractionally charged atoms: Electronegativity
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The behavior of massive fractionally charged particles in matter is governed by the laws of chem-
istry if electromagnetic interactions dominate at atomic distances. Chemical properties of such
"quark atoms" can be predicted by interpolating isoelectronic sequences. The properties of quark
atoms lie between those of a neutral atom and an ion. Electronegativity helps in the qualitative
understanding of quark chemistry. Electronegativities, together with ionization potentials and elec-
tron affinities, are computed for the quark elements. The concepts of chemical analogy and isomor-
phism are introduced. Analogies based on shell structure and electronegativity are established.
Many quark elements cannot be compared to a single ordinary element. They are chemical chimeras.
An understanding of quark chemistry is essential for the design and interpretation of quark-search
experiments. The impact of chemical reactions on quark impurities in matter can be monitored by
observing the behavior of more abundant isomorphic control elements. Contrary to common belief,
the chemical differences between a quark element and its ordinary counterpart are substantial.

I. INTRODUCTION

It is generally recognized that quarks form the basis for
the theory of hadrons where the unit of electric charge is

3 e Therefore the existence of some kind of free parti-
cle with fractional charge should not be too surprising. In
fact, recent experiments present evidence for the existence
of free fractionally charged particles. '

An effective search in matter for free quarks or other
fractionally charged particles requires an understanding of
the chemistry of atoms with fractionally charged nuclei,
here referred to as "quark atoms. " A better understanding
of this chemistry suggests where quark atoms might be
found, how their content in ordinary matter can be en-
riched, and ultimately how they can be isolated from their
more conventional neighbors. Knowledge of this chemis-
try also makes a critique of previous quark-search experi-
ments possible.

The "big bang" provides a potential source of fraction-
ally charged particles, for example, free quarks. s

Presumably there was a time very early in the history of
the universe when the mean separation between quarks
was much less than their mean separation in hadrons. As
the universe expanded and cooled, quarks eventually
clustered in groups of three, forming protons and neu-
trons. In a universe with free quarks, not all quarks found
partners. These isolated quarks (or their fractionally
charged decay products) interacted with nucleons and the
helium and lithium nuclei present, possibly forming com-
plex systems of relatively small fractional charge. Subse-
quently a substantial fraction of the matter from the early
universe entered stars, enabling quarks or other fractional-
ly charged particles to interact with heavier nuclei.

Fractionally charged particles might be found in isola-
tion or in association with particular nuclei. It is current-
ly not possible to predict which nuclei these might be.
The search for fractionally charged particles must there-

fore be extensive, covering many possible cases. There are,
however, two relatively simple possibilities. First, since
the solar system contains a significant quantity of material
that has never been in stars, a search for quark atoms with
small nuclear charge is appropriate. Second, heavy ele-
ments appear to be formed by successive neutron cap-
ture. ' If this process is not disrupted by the presence of a
fractionally charged particle, it may be sufficient in the
search for quark atoms with large nuclear charge to look
only for a small number of representative heavy quark ele-
ments.

Under reasonable assumption one can show that a
quark atom consists of a fractionally charged nucleus sur-
rounded by an electron cloud of ordinary atomic dimen-
sions. The center of a quark atom consists of either a sin-
gle particle of positive fractional charge, or a fractionally
charged particle bound to strongly interacting particles,
such that the net center charge is positive. For the case of
a free quark bound to nucleons by electromagnetic or
strong forces, the length scale I, defined by the elec-
tromagnetic interaction is given by the Bohr radius of the
quark-nucleon system

g2
I, (I)

ZqZn m

Zq and Z„are the absolute values of the quark charge and
the total nucleonic charge. The reduced mass is mz.
When the reduced mass is much greater than the electron
mass, the electromagnetic length scale I, is much smaller
than the Bohr radius a, of the electron,
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For example, if the quark mass is greater than one third of
the proton mass,

+e
l,

150

Qf course, Z~Z& has been taken greater than or equal to
1

3 0

Although the nature of the strong interaction between
free quarks and nucleons is essentially unknown, its asso-
ciated length scale l„„„g is presumably significantly less
than the Bohr radius of the electron,

lstrong « +e

The maximum of the two length scales l„„and l„„„ggives
an approximate upper limit to the size of the quark-
nucleon system. This size is therefore expected to be
much less than the Bohr radius of the electron. Conse-
quently, such a quark atom consists of a relatively small
positively charged nuclear center surrounded by an elec-
tron cloud of ordinary atomic dimensions. Its interactions
with ordinary atoms are therefore governed by the fami-
liar laws of chemistry.

Note that this conclusion only depends on two assump-
tions: the mass of a free quark is much greater than that
of an electron [Eq. (2)], and the nonelectromagnetic in-
teraction of a free quark with nuclear matter is negligible
at atomic distances [Eq. (5)].

The following discussion applies, in fact, to any massive
fractionally charged particle whose long-range interactions
are dominated by electromagnetism. (Of course, we do
not discuss the case where quarks have a magnetic
charge. ) No further assumptions concerning the nature of
fractionally charged particles will be made in this paper.
Such particles could be quarks, diquarks, or more exotic
objects such as hadronic color singlets, leptons, or even
quark constituents. ' '

Since the interactions between quark atoms and ordi-
nary atoms are governed solely by the laws of chemistry,
these interactions are in principle predictable. The chemi-
cal properties of a quark atom depend only on the frac-
tional charge Z of its nucleus and the number X of its
electrons. In practice, however, it is difficult to start from
first principles and predict the chemical properties of ordi-
nary atoms, let alone those containing quarks.

This work suggests an approach to quark chemistry.
(Certain aspects of quark chemistry have been described in
Refs. 26—36.) Chemical properties of atoms with fraction-
al nuclear charges Z=X+ —, and Z=X+ —', are found by
interpolating these properties within isoelectronic se-
quences of states, that is, states with the same number of
electrons but different nuclear charge. Thus the chemistry
of a quark atom is described in terms of the known chern-
istry of the neutral atom, Z =N, and the known chemistry
of the ions, Z=X+1. By comparing the chemical proper-
ties of quark atoms with those of ordinary atoms, much of
the chemical behavior of quark atoms can be predicted.
Such qualitative considerations may be supplemented in
specific cases by more detailed calculations following from
first principles.

This first paper of a series outlines principles of quark

chemistry and determines the electronegativities of quark
atoms. Subsequent papers establish their ionic crystal ra-
dii, list the ordinary elements which can be replaced by
them in minerals, and discuss their molecular and crystal
chemistry. The geochemistry of quark atoms will be con-
sidered and minerals which can act as hosts for quarks
will be identified. The implications of this work for past
and future quark searches in matter will be discussed.

II. ELECTRONEGATIVITY OF ORDINARY ATOMS

One of the early triumphs of chemistry was the
discovery that many properties of molecules could be sim-

. ply related to a single number 7, called the electronegativi-
ty, assigned to each element. ' The electronegativity of
an atom is an intrinsic property that is independent of the
other atoms to which it may be bound. Roughly speaking,
electronegativity is the po~er of an atom in a molecule to
attract electrons to itself.

The nature of the chemical bond between atoms 3 and
B is characterized by their difference in electronegativity,
X„—Xii. Small values of this difference indicate a co-
valent bond, large values an ionic bond. If Xz is signifi-
cantly greater than X~, the bond is ionic due to atom 3's
greater power to attract electrons.

The concept of electronegativity has led to the correla-
tion of a vast number of atomic and molecular properties.
Some quantities that have been related to the electronega-
tivities of the elements are ' the screened nuclear charge
seen by outer electrons, the radius of electron clouds, the
work function of metals, the electrode potential of ele-
ments, the bond energy of molecules, the dipole moment
of rnolecules, and the force constants of rnolecules. In ad-
dition, the electronegativity together with the shell struc-
ture determines the possible oxidation states of an atom.

We shall use the widely accepted definition of electrone-
gativity given by Mulliken. It can easily be generalized
to fractionally charged atoms. He averaged the ionization
potential (IP), the energy required for the removal of an
electron from an isolated atom, and the electron' affinity
(EA), the energy released by the addition of an electron to
the atom, to define its electronegativity 7,

IP+EA
2

(6)

To motivate this definition consider a molecule A8,
where A and 8 are both univalent. If A and 8 bind ioni-
cally as A 8+ the other configuration 3+8 has much
higher energy. In this case,

IP~ —EAg &)IPg —EAg .
Since electron affinities are much smaller than ionization
potentials,

IP~+EAg ~~IPg+EAg .

This suggests that the electronegativity of an atom can be
defined as some function of the sum of the ionization po-
tential and electron affinity. Mulliken's simple choice is
given in Eq. (6).
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Another interpretation of the electronegativity is found
by considering the ground-state energy FN of an atom
with X electrons and fixed center charge. In terms of E&,
the ionization potential, electron affinity, and electronega-
tivity of a netural atom are
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Therefore the electronegativity is the negative rate of
change of the energy of an atom with respect to the num-
ber of electrons in that atom. Since this energy is not a
smooth function of the number of electrons, the rate of
change is defined by finite differences as in Eq. (10).

A quantity which is occasionally of interest is the rate
of change of the electronegativity 7 with respect to the
number of electrons X. This is related to

IP —EA
2

(EN 1 2EN ++N —1)

If an atom has a large 7', then its power to attract elec-
trons diminishes rapidly as the probability of finding an
additional electron around it increases.

Table I gives 7, 7', IP, and EA for ordinary atoms.
and X' are computed from measurements of IP and
FA. (Estimates of the electron affinities are given in a few
cases where measured values are not available. Details are
contained in the Appendix. ) Figure 1 is a scatter plot of X
versus FA for all elements.

An inspection of this table and figure reveals systematic
trends for these numbers. The strength with which an
electron is bound to an atom depends both on its mean
distance from the nucleus and the effective nuclear charge
it feels. While moving up a column in the periodic table,
the atomic radius decreases for nontransition elements
leading to an increase in ionization potential and elec-
tronegativity. While moving across a rom in the periodic
table, filling the s, p, or d shells, the ionization potential
and electronegativity grow because the increasing nuclear
charge is not completely screened by the additional elec-
trons. The discontinuities in IP and 7 at completed or
half completed shells are at least partially explained by the
more effective screening in these spherically symmetric
configurations. EA is particularly sensitive to screening
effects and therefore strongly reflects the shell structure of
the elements. Spherically symmetric electron configura-
tions have very low or even negative electron affinities.
(In the latter case, the atoms can form resonances. )

From the preceding discussion it follows that the small-
est values of X and IP are found in the left-hand column
of the periodic table; the rninirna are at the bottom of the

l.5

column. The largest values are found diagonally across
the table in the upper right-hand corner. A similar pat-
tern is exhibited by X'.

Empirically, the elements in the first row of the period-
ic table have a relatively large P'. This is connected with
their small size. Their tendency to be negatively ionized is
less than would be expected from their electronegativities.

Although Mulliken s definition of electronegativity pro-
vides a good approximation to the power of an atom in a
molecule to attract electrons, a better approximation takes
the hybridization of the atomic electron orbitals into ac-
count. ' For example, the carbon atom in a molecule
usually is not in its ground state (s p ) but rather in an ex-
cited state, where the electron orbitals are linear combina-
tions of the s and p states. There exist several such hy-
brids for carbon. (The carbon-hydrogen bond can involve
three different hybrids: sp as in ethane H, C—CH3, sp as
in ethylene H2C=CH2, sp' as in acetylene HC=CH. The
electron-attracting ability of an sp" hybrid centered on
carbon increases as the percentage of s character in the or-
bital increases. ) In Eq. (6), IP and EA should be taken to
be the ionization potential and electron affinity of the hy-
brid state, rather than the ground state. In general, several
electronegativities are assigned to an atom, one for each
hybrid state. The energies of hybrid states are calculated
from experimental data.

Alka li Metals ( I A)
Co inaqe M et a Is ( I B )

~ HalIdes (VI1 A)
~ Noble Gases (SEIA)

LLj All Other Elements
—Q5 I I I I l I I I I l I I I I

0.0 0.5 l .0
Eiectronegativity X (MJ/moIe)

FIG. 1. Scatter plot of electronegativity versus electron affini-
ty illustrating the variation of these quantities for the elements
within the periodic table. Moving across the periodic table from
left to right increases P and EA as shown here for the sequence
of columns IA (alkali metals), IB (coinage metals), and VIIA
(hahdes). The noble gases (VIIIA) are exceptions in that their
closed shells are responsible for particularly small electron affin-
ities. In fact, a negative electron affinity indicates a closed shell,
and vice versa; the only exception is nitrogen whose shell is half
filled. Hydrogen with an electron shell half-way between closed
and empty appears centered in the scatter plot. Generally, mov-

ing up a column for the nontransition elements in the periodic
table increases g, as exemplified here for the IA, VIIA, and
VIIIA columns. Note that the variation of g within a column
also increases across the periodic table. A convenient conversion
factor is 1 MJ/mole=10. 4 eV per atom. Pauling's electronega-
tivity scale is related to the one used here by gp, „~;„g-3.5+—0.2.
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III. ISOELECTKONIC SEQUENCES

The chemical properties of a quark atom lie between
those of a neutral atom and an ion. They may be found
by interpolation. This interpolation should involve an
isoelectronic sequence of states, that is, states with the
same number of electrons but different nuclear charge.
This guarantees that the quantities interpolated vary
smoothly. In contrast, quantities associated with a se-
quence of states having different electron number change
discontinuously. Isoelectronic sequences have been used
extensively in spectroscopy to organize atomic energy lev-
els. These data have been used to predict spectral
lines, ' ionization potentials, and electron affinities of
some quark atoms.

The ionization potential serves to illustrate the use of
isoelectronic sequences. Figure 2 shows the extraordinary
smoothness of II' within such a sequence. The ionization
potential as a function of both center charge Z and elec-
tron number X is displayed in Fig. 3. The irregular
behavior as N varies is evident. It reflects the electron
shell structure. Changes in the electron shell structure
may also occur within an isoelectronic sequence, as illus-
trated in Fig. 4. Although the ionization energy of a given
electron configuration is a smooth function of center
charge, the ground state of the atom may change its elec-
tron configuration, thereby giving rise to discontinuities in
the slope of the ionization potential. In spite of this com-
plication, Fig. 4 demonstrates that accurate interpolation
is still possible.

Interpolation along isoelectronic sequences may be used
to establish many chemical properties of quark atoms.

200

Ioni

Ionic radii, partition coefficients for crystals and chelat-
ing compounds, and hydration energies may all be ob-
tained by interpolation. Isoelectronic sequences also exist
for molecules; for example, PO„, SO„, C10„with
n=2, 3, or 4. Binding energies, spectra, and dissociation

(D
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E
3
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CL I.5
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0.5

FIG. 3. A collection of isoelectronic sequences of the ioniza-
tion potential IP&(Z). On each sequence the number of elec-
trons X is fixed while the net charge Z —X varies between —1

and 1. Element names are used to label isoelectronic sequences,
indicating the electron numbers.
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FIG. 2. The ionization potential as a function of the charge Z
at the center of an atom with 10 electrons. The inset is a graph
of the difference in ionization potential between states whose
center charge differs by one. This difference approximates the
slope of the ionization potential curve. The measured values of
the ionization potential at integral charge Z have been connected

by a sequence of quadratic interpolations discussed in the Ap-
pendix. The electron shell structure is always 1s 2s 2p . The
overall shape of the curve is very close to that of a parabola, as
can be seen from the nearly linear rise of the first differences
shown in the inset. Note the wealth of experimental data. 1

MJ/mole= 10.4 eV per atom.
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FIG. 4. The ionization potential as a function of the charge
at the center of an atom with 25 electrons. The solid circles are
measured values, the line segments quadratic interpolations (dis-
cussed in the Appendix), and the asterisks predicted values for
quark atoms. The outer electron shell structure for certain states
is also given. The inset is a graph of the difference in ionization
potential between states whose center charge differs by one.
This difference approximates the slope of the ionization poten-
tial curve. The large discontinuity in slope is a reflection of the
change in the outer shell structure with changing center charge.
The dashed part of the curve in the inset is an extrapolation for
states whose electrons have the 3d' outer shell structure. Note
that with increasing center charge the relative importance of the
mutual electron interactions decreases and the energy levels of
the same principal quantum number (3s, 3p, and 3d) come to-
gether. Therefore as the 3d level approaches the 3s, its energy
must fall below that of the 4s level. This occurs here for an ion-
ic charge between one and two. 1 MJ/mole=10. 4 eV per atom.
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constants for molecules containing one quark atom can be
found by interpolation in such molecular isoelectronic se-
quences.

IV. ELECTRONEGATIVITY OF FRACTIONALLY
CHARGED ATOMS

Electronegativity is an example of a concept whose defi-
nition and applications can be extended to include quark
elements. Such extensions make a comparison of quark
elements with ordinary elements possible. Chemical
analogies may be established, leading to a qualitative pic-
ture of quark chemistry.

The electronegativity of a quark atom is computed by
averaging its ionization potential and electron affinity.
These, in turn, are determined by interpolating isoelectron-
ic sequences as has been exemplified in Figs. 2—4. Figure
5 shows isoelectronic curves of ionization potential and
electron affinity for an entire row of the periodic table.
Since we will be considering quark atoms with net charge
between + —', e, only restricted portions of the isoelectronic
curves are shown. Similar curves have been found for all
the elements, but are not displayed here. From these
curves the ionization potential and electron affinity of all
quark atoms with nuclear charge less than 93 have been
determined, and are listed in Tables II through V. 7 and
g' are also given.

Note that a given center charge Z occurs twice in
Tables II through V. It is listed once as an atom with pos-
itive net charge and again as another atom, having one
more electron, with negative net charge. For example, C6
with a net charge of —', e (Table II) has the same center
charge as N7 with a net charge of ——,e (Table V). The
electron affinity of the positively charged quark atom is
identical to the ionization potential of the negatively
charged atom with the same center charge.

A quark atom does not have chemical properties be-
tween those of its neutral neighbors in the periodic table.
For example, although the electronegativities of the ordi-
nary lanthanides are nearly equal, as are those of the
quark lanthanides, these two sets of electronegativities are
quite different from each other. The quark atom, howev-
er, does have chemical properties between those of two
isoelectronic neighbors, a neutral atom and an ion.

The same systematic trends found in Table I (Sec. II)
for the ordinary atoms are found for quark atoms in
Tables II through V.

For a fixed number of electrons, the dectronegativity
increases with increasing center charge. Quark atoms
with a net positive charge may have electronegativities
corresponding to those of atoms to the right, or higher up
in the same column of the periodic table. For example,
the alkalis with a net charge of —,

'
e (column IA, Table II)

have electronegativities similar. to those of ordinary ele-
ments found in the center of the periodic table. Adding a
second —,e to the center charge (Table III) leads to elec-
tronegativities like those of ordinary halides.

Increasing the center charge of the halides, column
VIIA, leads to electronegativities greater than those of
any ordinary element. Such quark atoms will be referred
to as "superhalides. "
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Decreasing the center charge reverses the trend.
Halides with a net charge ——,e have electronegativities as
are found in the center of the periodic table. Removing a
second —,e from the center charge (Table V) gives quark
halides with electronegativities lower than any in the ordi-
nary periodic table. Decreasing the center charge of the
alkalis transforms them into "superalkalis. "

With a few notable exceptions, the variation of elec-
tronegativities within a column of the ordinary periodic
table is too small to permit matches in electronegativity of
quark atoms and ordinary atoms of the same column.
These exceptions, which will be discussed later, occur in
the right-hand columns of the periodic table.

The effect of changing the center charge on the elec-

20 25 50
Center- Charge

FIG. 5. Organization of ionization potentials and electron af-
finities into isoelectronic sequences for the first long row of the
periodic table. The solid circles are measured values, the lines
quadratic interpolations of both plotted and unplotted data. The
outer electron shell structure for the neutral atom in each
isoelectronic sequence is given at the top of the corresponding
line. The positive ions have a simpler shell structure, first filling
the 3d shell completely before filling the 4s. The filling or half
filling of every outer electron shell is evident from a reduction in
ionization potential after a shell is completed. Measurements of
the electron affinity of Sc and Mn are not available; interpolated
values from their neighbors in the periodic table are used togeth-
er with estimates of the errors in this interpolation to determine
the three lines given for these elements. Since electron affinities
are always much smaller than ionization potentials, such uncer-
tainties are not important in computing electronegativities. 1

MJ/mole=10. 4 eV per atom.
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tronegativity and electron affinity is illustrated in Fig. 6
for the elements in the I A and VII A columns.

If necessary, hybridization of atomic orbitals may be
taken into account by isoelectronic interpolation of ioniza-
tion potentials and electron affinities of hybrid states.
Data for such interpolations are available.

In summary, the electronegativity of an element is sub-
stantially altered when its center charge is changed by as
little as —,e. The change in electronegativity is of the same
order as typical electronegativity differences between the
ordinary elements, and signals drastic changes in chemis-
try.

V. ANALOGIES AND ISOMORPHISMS

1.5

(D
O
E

1.0—

o Al

~ Ha

Qu—Iso

0.5—

-2/

-0.5-05 0.0 2.00.5 1.0 I .5 2.5
Electronegativity X (MJ/mole)

FIG. 6. The electronegativity and electron affinity of the al-
kalis and halides as functions of the net charge. The ordinary
alkalis and halides are represented by open and full circles. The
range of electronegativity of the ordinary elements is spanned by
those of francium and fluorine (Fig. 1). Elements within the
same column of the periodic table are connected by a light line.
Quark atoms (small dots) within the same column of a periodic
table are also connected by a light line labeled by their net charge
in units of e. The heavy lines connect isoelectronic atoms. 1

Mi/mole=10. 4 eV per atom. +p,„i;„g-3.5+—0.2.

The easiest way to understand the chemistry of quark
atoms is to compare them with ordinary atoms. In many
instances exploiting analogies between ordinary atoms and
quark atoms is the only way to predict their chemical
properties. Direct theoretical computation is often un-
feasible. Analogies are established by comparing quanti-
ties, like electronegativities or crystal radii, which are usu-
ally obtained by interpolation.

Quark atoms are always ions independent of their elec-
tron number. However, the behavior of a quark atom in-
side a molecule is not unlike that of an ordinary atom.
The distinction between charged and neutral atoms be-
comes important only at distances larger than the size of
their electron clouds. Therefore, the nonzero net charge of
a quark atom does not preclude its comparison with ordi-
nary atoms.

In order to draw analogies with ordinary chemistry we
assign to each quark atom of nuclear charge Z two elec-
tron numbers X and X + 1, with Z between them:
N (Z (N + l. Each of these two states may play the role

of the neutral atom in ordinary chemistry. For example,
the nucleus with Z=6 —,

'
may have six electrons, as for

C( —,'), or seven electrons, as for N( ——', ). One is free to
choose between these two different physical states as ana-
logs of a neutral atom in ordinary chemistry. If C( —,) is
taken as the analog, the system with seven electrons is un-
derstood as the first negative ionization state C( —, )

Similarly, the six-electron system may be viewed as
N( ——, )+. Which of the two assignments is preferable de-

pends on the kind of analogy to be drawn with ordinary
elements. In forming molecules the assignment is made so
that the sum of all oxidation numbers is zero.

Analogies are always drawn with respect to a particular
chemical reaction or class of reactions. Different reac-
tions will, in general, require different analogies. The
behavior of an element participating in a reaction usually
depends on several factors. An ordinary element match-
ing a quark element in one or more of these factors is said
to behave analogously with respect to them. If all factors
match, the ordinary element is said to be isomorphic to
the quark element.

In molecular chemistry the electronegativity and shell
structure are major factors affecting chemical reactions.
Isomorphisms and analogies can be established on this
basis. Analogies should preferably be drawn between ele-
ments with the same shell structure. These elements are
found in the same column of the periodic table. Because
of the similarity in shell structure between nontransition
elements in the A columns and transition elements in the
B columns of the periodic table, it is sometimes possible to
compare elements in these corresponding columns, provid-
ed that their oxidation numbers are the same. When these
kinds of analogies do not exist, analogies may still be
drawn between elements in the same oxidation state, even
if they come from entirely different columns of the
periodic table.

Analogies with respect to reactions controlled by elec-
tronegativity and shell structure are listed in Tables VI
and VII. Table VI gives the closest analogs of the quark
elements. In order to understand the significance of such
analogs, Table VII gives the closest analogs of the ordi-
nary elements.

Note that a quark element A(+n/3) never has its ordi-
nary counterpart A as an analog. Therefore, for example,
pyrolytic graphite, a substance used in quark-search exper-
iments, could not contain significant quantities of quark
carbon, but may contain a quark element which behaves
like carbon.

A good example of analogous elements is Pb( —, ) and

carbon, both lying in column IVA. As can be seen in
Table VI, their electronegativity difference is only 0.02
MJ/mole (0,2 eV per atom). Like carbon, Pb( —,) is expect-
ed to form covalent tetrahedral bonds with hydrogen.
Similarly the electronegativity of Bi(—,) in column V A lies
between that of phosphorus and nitrogen. Since both PH3
and NH3 exist, Bi(—,

'
)H3 can be formed and is expected to

have properties lying between those of PH3 and NH3. The
electronegativity of Bi(—,

'
) is closer to that of nitrogen, but

its ability to involve d electrons in its bonds makes it more
like phosphorus.
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Ordinary elements
Corresponding column
Ag) 0 hg &0

Same column
Ag) 0 Ag (0

Quark
element

Net
charge Column

2
3 Fr —0.14IA

IB
II B

H

Au
Hg

Fr —0.10
Sr —0.11

1

3 IA H

Li
Na
K
Rb
Cs
Fr
Ra
Y
Mo
Co
Ir
Pd
Pt
Cu
Ag
Au
Z11

Cd
Hg
B
T1
C
Si
Sn
Pb
N
p
F
C1
He
Ne
Ar
Kr
Xe

K 0.00 Na —0.04
—0.11
—0.11
—0.14
—0.14
—0.14
—0.14
—0.13
—0.14
—0.14
—0.14
—0.09
—0.15
—0.08

Fr
Fr
Fr
Fr
Fr
Fr
Sr
Ac
Cr
Ru
Ru
Ru
Ru

II A
III B
VI B
VIII B

IB Fr 0.00
Fr 0.00
Li 0.03

Cs —0.00
Cs —0.00

Ag —0.11
II B Sr —0.01

Ca —0.02
Be —0.06
Ac —0.15
Ac —0.14
Hf —0.09
Hf —0.15
Hf —0.15
Hf —0.13

Sr 000
Mg 0.02Cd —0.13

III A

IV A

Bi —0.13
Bi —0.14
At —0,09
At —0.14
Kr —0.02
Kr —0.00
Rn —0.02
Rn —0.08
Rn —0.14
Lan. —0.14
Lan. —0.14

VII A

VIII A Xe 0.07
Xe 0.09

Lanthanides
Actinides

1

3 LiIA H Au 0.00
Na
K
Rb
Cs
Fr

Au —0.03
Au —0.12
Ag —0.03
AR —0.05
Ag —0.06

CU 0 09
Cu 0.00Li 0.15

Li 0, 11
Li 0.09
Li 0.07

TABLE VI. Quark elements and their ordinary analogs as determined by their shell structure and
electronegativity difference. AP given in MJ/mole (1 MJ/mole=10. 4 eV per atom). Analogs are
chosen from the same column and corresponding column of the periodic table. Whenever possible, the
closest analogs with electronegativities just above and below that of the quark element are given. The
electronegativity difference must be less than 0.15 MJ/mole for an analog to be listed. Analogs in cor-
responding columns have been looked for only in columns I through IV. The quark elements are listed
according to their net charge. For a given net charge they are ordered in the columns of the periodic
table. Hydrogen is assigned both to the I A and VII A columns.
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Net
charge Column

Quark
element

TABLE VI. (Continued ).

Same column
&X &0 4g &0

Ordinary elements
Corresponding column

~X&0 Ag &0

1

3

II A

II A

III 8

IV 8

VIII 8

IB

III A

IV A

VA

VI A

VII A

VIII A

Lanthanides

Mg
Ca
Sr
Ba
Ra
Sc
Y
La
Ac
T1
Zr
Hf
Fe
Ru
Co
Ni
Cu
Ag
Au
Ga
In
Tl
Si
Ge
Sn
Pb
As
Sb
Bi
Te
Po
Br
I
At
Ar
Kr
Xe
Rn

Be
Be

Be

Y
Y

Pt
Pt
Pt
Pt

Au

8
8
8
C
C
C
C
N
N
P
0
0
F
Cl
Cl
Ne

Ar
Kr
Lan.

0.13
0.10

0.09

0.10

0.12
0.12

0.12
0.08
0.13
0.14

0.13

0.15
0.12
0.15
0.15
0.13
0.05
0.02
0.13
0.07
0.11
0.07
0.01
0.07
0.15
0.04
0.01

0.5
0.04
0.14

N —0.02

F —0.05

Ar —0.05

He —0.14
Ne —0.11

Hg 0.05
Zn 005
Zn 0.02
Zn 001
Zn 002
8 0.13
8 0.13
8 0.04
8 0.04
Si 0.11
Si 0.12
Si 0.14

H 0.02

H 0.13

Hg —0.03
Hg —0.05

Hg —0.07

Hg —0.06

C —0.04
C —0.04
C —0.02

H —0.00

2
3 IA

II A

VII A
VIII A

Na

K
Rb
Cs
Fr
Ba
Ra
At
Kr
Xe
Rn

H

F
He
Ne

0.11

0.11
0.03
0.01

H
H
H
H

—0.04
—0.10
—0.14
—0.15

He —0.14
Ne —0.12

Au 0.09
Au 0.04
CU 0.12
CU 0.11
Hg 0.13
Hg 0.14

Au —0.00
AU —0.01

Cd( ——,
'

) in column II 8 is an example of a quark ele-
ment whose analogs are in the corresponding IIA column
of the periodic table. The properties of Cd( ——,

'
), as far as

they are determined by the electronegativity, are between

those of strontium and calcium.
Tables VIII and IX aid in understanding the signifi-

cance of a given electronegativity difference. They list
representative pairs of analogous ordinary elements classi-
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TABLE VII. Ordinary elements and their analogs as determined by their shell structure and elec-
tronegativity difference, AP given in MJ/mole (1 MJ/mole=10. 4 eV per atom). Entries are organized
as in Table VI, with the quark atom replaced by an ordinary atom of zero net charge. The elements in
the three columns labeled VIII B are divided into the iron group Fe, Co, and Ni, and the platinum group
containing the remaining six elements. Whenever possible, elements in the same group have been put in
correspondence.

Column Element
Same column

Ordinary elements
Corresponding column

hX) 0 ~X &0

IA

II A

III B

IVB

VB

VI B

VII 9

VIII B

IB

II B

III A

IV A

H
Li
Na
K
Rb
Cs
Fr
Be
Mg
Ca
Sr
Ba
Ra
Sc
Y
La
Ac
Tl
Zr
Hf
V
Nb
Ta
Cr
Mo
W
Mn
Tc
Re
Fe
Ru
Os
Co
Rh
Ir
Ni
Pd
Pt
Cu
Ag
Au
Zn
Cd
Hg
B
Al
Ga
In
Tl
Si
Ge
Sn
Pb

Na
K
Rb
Cs
Fr

Mg
Ra
Sr

Ca
Ba
La
Sc
Ac

Hf
T1

V
Nb

Cr
Mo
Tc

Mn
Ru

Rh
Ni
Ru
Pd
Fe
Os
Ir
Ag

Zn
Tl
Ga
In

Al
Ge
Sn
Pb

0.02
0.04
0.01
0.01
0.00

0.08
0.02
0.03

0.01
0.00
0.04
0.01
0.02

0.00
0.02

0.02
0.03

0.03
0.02
0.02

0.02
0.02

0.05
0.00
0.02
0.06
0.02
0.00
0.02
0.01

0.12
0.00

0.08
0.09
0.00
0.01

0.01
0.01
0.02
0.01

Li —0.02
Na —O.O4

K —0.01
Rb —0.01
Cs —0.00

Be
Ba
Ca
Ra
Mg
Y

—0.08
—0.01
—0.03
—0.00
—0.02
—0.01

Sc —0.04
La —0.02
Zr —0.02

Mo —0.03
W —0.02

Re —0.02
Mn —0.02

Ni
Rh
Pd
Os
Os
Pt
Co
Ir

—0.02
—0.02
—0.00
—0.03
—0.05
—0.02
—0.00
—0.06

Au —0.12
Cu —0.01

Hg —0.08
Zn —0.00

Tl —0.01
Al —0.00
Ga —0.01
B —0.09

Si —0.01
Ge —0.02
Sn —0.01

Ti —0.00
Nb —0.02
Ta —0.03

Au 0.14

Tl 0.01
Tl 0.01

Li 0.14
Li 0.14

Be 0.08
Be 0 08

Y 008
La 0.03
La 0.02
La 0.01
La 0.04
Zr 0.09
Zr 0.07
Zr 0.05
Zr 0.04

Cd —0.08

B
B
In
In
Pb
Pb
Pb

—0.09
—0.08
—0.01
—0.04
—0.06
—0.04
—0.06

H —0.14

Sc
Sc
Sc
Sc

—0.01
—0.02
—0.03
—0.01

Ag —0.14
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Column Element

TABLE VII. (Continued ).

Same column
Ag&0 AX (0

Ordinary elements
Corresponding column

Ag&0 ~X &0

VI A

VII A

VIII A

Lanthanides
Actinides

N
P
As
Sb
Bi
0
S
Se
Te
Po
H
Cl
Br
I
At
He
Ne
Ar
Kr
Xe
Rn

P 0.13
As 0.03
Sb 0.04
Bi 0.06

S 0.13
Se 0 03
Te 0.04
Po 0 03

I 0.04
Br 0.07
H 0.04
At 0.07

Ne 0.15

Kr 0.09
Xe 0.09
Rn 0.07

Lan. 0.00
Act. 0.00

N
P
As
Sb

—0.13
—0.03
—0.04
—0.06

0
S
Se
Te
Br

—0.13
—0.03

—0.03
—0.04

Cl
H
I

—0.07
—0.04
—0.07

He —0.15

Ar —0.09
Kr —0.09
Xe —0.07
Lan. —0.00
Act. —0.00

fied according to electronegativity difference. As is evi-
dent, chemical resemblances deteriorate when the elec-
tronegativity difference increases, and when analogs are
not taken from the same column of the periodic table.

Figure 1 is a scatter plot of electronegativity versus elec-
tron affinity for all ordinary elements. In order to illus-
trate the variation of these quantities with the center

TABLE VIII. Ordinary elements and their analogs within the
same column of the periodic table classified according to their
difference in electronegativity, AP given in MJ/mole (1
MJ/mole= 10.4 eV per atom). The more electronegative element
of a pair is written first.

0.00(hg (0.15
Column 0.00—0.03 0.03—0.06 0.06—0.09 0.09—0.12 0.12—0.15

charge, the isoelectronic lines for hydrogen, helium, and
lithium have been drawn into the scatter plot, as shown in
Fig. 7. This also facilitates a comparison of quark atoms
with ordinary elements.

Moving up the isoelectronic line of lithium in Fig. 7,
the striking closeness of Li( —,

'
) to both gold (~) and asta-

tine (0) becomes apparent. Li( —,') is expected to behave
like these elements when its oxidation number is matched
by theirs. Gold and Li( —,') are in corresponding columns
I B and I A of the periodic table and are analogs in oxida-
tion state + 1. Although they are not in corresponding
columns, astatine and Li( —,') have two oxidation states +1
in common. When interacting with electropositive ele-
ments, both come in oxidation state —1. Analogies be-
tween Li(—,) and these two elements must be drawn with

IA
II A
III B
IVB
VB
VI B
VII B
VIII B

IB
II B
III A
IV A
VA
VI A
VII A
VIII A

K-Cs
Ca-Sr
Y-Sc
Zr- Ti
Nb-V
W-Mo
Re-Mn
Co-Fe
Cu-Ag
Zn-Cd
Al-(jra
Si-Ge

Na-K
Mg-Ca
Sc-La

Ta-Nb
Mo-Cr
Re-Tc
Ir-Pd

Si-Sn
P-As
S-Se
H-I

Na-Cs
Mg-Sr
Y-Ac

Pt-Os

Hg-Cd

P-Sb
S-Te
Cl-Br
Ar-Kr

Ir-Rh

B-Al

As-Bi
S-Po
Cl-H

Kr-Xe

Be-Sr

Ir-Ru
Au-Ag

N-P
O-S
Cl-I

He-Ne IV

Al-La
Sc-Al

In-Ac
Y-In
Sn-Zr

Zn-Be

B-Sc

Si-Zr SiTi

TABLE IX. Ordinary elements and their analogs in corre-
sponding columns classified according to their difference in elec-
tronegativity, bP given in MJ/mole (1 MJ/mole=10. 4 eV per
atom). The more electronegative element of a pair is written
first.

0.00(bg (0.15
Column 0.00—0.03 0.03—0.06 0.06—0.09 0.09—0.12 0.12—0.15

H-Au
Cu-Li
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FIG. 7. The isoelectronic lines of hydrogen, helium, and lithi-
um drawn into the scatter plot of electronegativity versus elec-
tron affinity shown in Fig. I. The net charge of the states on the
isoelectronic lines varies between —

3 e and 3 e. The lines are la-

beled by their electron number X. I MJ/mole=10. 4 eV per
atom. gp, „);„g-3.5+—0.2.

care. Gold with its d-shell electrons usually occurs in oxi-
dation state + 3, astatine sometimes in oxidation states,
35, and 7.

Although there is a relatively large electronegativity
difference between hydrogen and Li( —,), their similar shell
structure makes them analogous elements. Li( —, ) is often
expected to act like an electropositive hydrogen.

Li(—,') is somewhat isolated from the elements in the
scatter plot. Its electronegativity, however, lies between
that of chlorine and fluorine. In oxidation state —1 it is
therefore expected to behave like these two halides.

Moving along the isoelectronic line of lithium toward
net negative charge leads to quark atoms widely separated
from the ordinary elements. Li( ——,') and Li( ——', ) are su-

peralkalis, giving up their 2s ' electron when forming
bonds with any other elements.

The quark atoms H( —,) and H( —, ) with positive net
charge lying on the isoelectronic line of hydrogen are su-
perhalides. They complete their 1s shell when interacting
with any ordinary element.

Moving along the isoelectronic line of hydrogen toward
net negative charge leads to H( ——,') which has the same
electronegativity as potassium. Like potassium it never
occurs in a negative oxidation state. Therefore the differ-
ence of electron affinities, separating the two elements in
the scatter plot, does not destroy the analogy between
these elements. For this very electropositive atom, match-
ing ionization potentials rather than electronegativ'ities
may lead to better analogies. For ionic binding, the pro-
pensity of an electropositive atom to give up an electron
may be more important than its electronegativity. Simi-
larly, for electronegative atoms bound ionically, the elec-
tron affinity may be the more significant quantity in es-
tablishing analogies. The electronegativity is most ap-
propriate in drawing analogies between atoms entering
into covalent bonds.

Helium's isoelectronic line passes through the positions

of all noble gases. The closed shells of the states on this
line is responsible for their low electron affinity and for
this striking coincidence.

None of the quark atoms on the isoelectronic line of
helium can be the analog of a neutral atom. Because these
quark atoms have stable closed shells they never donate,
accept, or share electrons. Furthermore, since they are
charged, they bind electrostatically to oppositely charged
ions. Therefore a nonzero oxidation number must be as-
signed to them. For example, He( —,) is written as Li( —, )

The form and length of the isoelectronic lines will now
be discussed. The hydrogen line has a conspicuous
rninirnum at a negative net charge corresponding to a neg-
ative value of the electron affinity. At this point the
repulsion of an additional electron by the negatively
charged atom is maximized. The increase of the atomic
radius, due to a further decrease of the center charge,
more than compensates for the increased absolute value of
the net charge. As the center charge approaches zero the
line must approach the origin.

With the exception of some transition elements, the
length of an isoelectronic line increases when moving from
left to right across a row in the periodic table. It also in-
creases when moving toward the top of a column. This
effect, which can be seen in Fig. 7 from the lines of lithi-
um and hydrogen, is best illustrated in Fig. 6.

The rate of change of the electronegativity of an atom
with respect to its center charge, i.e., essentially the length
of its isoelectronic line, correlates with the possibility of
finding analogs of quark atoms on this line. If the line is
too long, the quark atoms at its ends are carried out of the
periodic table. Therefore more analogs are found for
heavy elements near the bottom of the periodic table. For
example, Pb( —, ) has C as an analog, but C( ——,) has no
analog within the same column. For the same reason, it is
easier to find analogs at the left rather than at the right of
the periodic table. However, these analogs will not lie in
the same column as the corresponding quark atoms be-
cause the variation of X and EA within a column is very
small at the left of the periodic table (compare the alkalis,
coinage metals, halides, and noble gases in Figs. 1 or 7).

The examples given in this section illustrate how analo-
gies between quark elements and ordinary elements are es-
tablished. The systematics of analogies based on elec-
tronegativities and shell structure were outlined. A
comprehensive list of analogies has been given in Table
VI.

VI. CHEMICAL CHIMERAS

Some quark elements have no analogs in molecular
chemistry. Their electronegativity and possible oxidation
numbers do not both match those of any ordinary element.
For example C( —,

'
), which has the same electronegativity

as fluorine, forms tetrahedral bonds like carbon, but these
bonds are generally highly ionic, like those of fluorine.
C( —,

'
) is therefore a carbon-fluorine chimera.

Although there is no single element analogous to C( —,),
properties of its molecules may still be determined by the
usual interpolation procedure. For example, the isoelect-
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ronic sequence CH4, C( —,
'

)H4 and NH4+, which could also
be written in the more suggestive notation C(—', )H4,
C( —, )H4, and C( —,)H4, may be used to determine the bind-

ing energy and molecular spectra of the quark molecule
C(—, )H4.

Even though some quark elements possess no analogs,
analogs of molecules containing such quark atoms may
still exist. For example, CH4 is an analog of C( —, )F4. This
analogy is based on the similar electronegativity differ-
ences of the atoms in each molecule, together with the
similarity of their bond structure. For a single bond, C—I
is an even better analog of C( —, )—F than C—H, mainly be-
cause of the ~reater similarity in shell structure. Note that
CH4 and C( —, )F4 do not interact with other molecules in
the same way. Rather, they are structural analogs of each
other.

Although C and C( —,) are not analogs, the pairs of ele-

ments, (C,H) and (C(—,),F), are. Not only are their mole-
cules structurally similar, but the way carbon reacts with
hydrogen is also analogous to quark carbon's reaction with
fluorine. Cxenerally, a set of elements (A, B, . . . ) is said to
be analogous to another set (A', B',. . .) with respect to a
particular reaction or class of reactions, if for each reac-
tion involving elements A, B, . . . of the first set, there ex-
ists another reaction involving elements A', B', . . . from
the second set with A replaced by the corresponding A', B
by B', . . . . For example, if a quark atom A has an ordi-
nary analog A' then the set of elements (A, B,C, . . .) is
analogous to the set (A', B,C, . . .) for any elements
B)Cy ~ ~ ~ ~

For molecular reactions governed by electronegativity
differences, the two sets of ordinary elements
(Be,C,N, O,C1,F) and (Sr,Si,P,S,I or H, C1) are analogous.
Analogous pairs of molecules are, for example, BeF2 and
SrC12, CF4 and SiC14, NF3 and PC13, OF2 and SClz, C1F
and IC1. A more interesting example of analogous mole-
cules is provided by

IO-N —F

F

CI
/

and I S —P —Cl

CI

All atoms are in correspondence. If only some of the
atoms correspond, the nature of the bonding, and even the
structure of the molecule. changes. For example, if the ox-
ygen in the first molecule, ONF3, is replaced by sulphur,

IS —N —F

F

N—=3 —F

F

with the most electropositive element at the center.

does not result. The molecules rearrange to the more
stable form

Chemical chimeras will react with ordinary elements in
novel ways. Their existence would open a new field in
chemistry, possibly providing new types of catalysts.

VII. CONTROL ELEMENTS AND TRACERS

The search for quarks in matter is complicated by their
largely unknown geochemical history. In addition, man-
made materials have been subjected to numerous chemical
refinement procedures. It is usually impossible to com-
pute from first principles the effect of such chemical reac-
tions on possible quark impurities in a sample.

The impact of chemical reactions on quark impurities
may, however, be monitored by observing the behavior of
more abundant isomorphic elements. These isomorphic
elements may be either found naturally in the sample, or
tracers may be added to serve as artificial control ele-
ments.

Each type of chemical process may require its own con-
trol elements, since chemical analogies hold only for cer-
tain aspects of chemistry. For example, molecular reac-
tions, which are particularly sensitive to electronegativity
and shell structure, can be monitored with analogs given
in Table VI.

VIII. RELATED WORK

The behavior of quark atoms in molecules, crystals, and
solutions forms the core of quark chemistry. Electronega-
tivity, shell structure, oxidation number, and crystal radius
all help to determine this behavior. Electronegativity and
crystal radius are found by interpolating isoelectronic se-
quences. ' A complete discussion of crystal radii will be
given in another paper of this series on quark chemistry.

Other papers will use these chemical indices to sketch
the molecular, crystal, and aqueous chemistry of quarks,
applying these to analytical chemistry and geochemistry.
Later papers deal with the search for quarks in matter.
An outline of the work to be covered is given in Fig. 8.

IX. AN EXAMPLE

The quark atom H( —,
'

) will be used to illustrate the pre-
vious discussion. This atom with one electron has a center
charge of —,e. The center could, for example, consist of
the diquark uu, or the quark-nucleus system uHe. Such
objects might be found on earth as remnants of the big
bang.

Table II and Fig. 7 show the electronegativity of H( —, )
to be 1.4 MJ/mole (15 eV per atom), an electronegativity
much larger than that of any ordinary element. In its in-
teractions with ordinary matter H( —,') acquires an addi-
tional electron, filling its 1s shell and forming the negative
ion H( —,

'
) . Like fluorine, H( —,

'
) reaches a spherically

symmetric rare gas configuration in oxidation state —1.
H( —,

'
) is a superhalide.

0
The crystal radius of H( —, ) is approximately 1.5 A,

0

conveniently close to that of fluorine which is 1.4 A.
Therefore H( —,

'
) can substitute in crystals for fluorine. In

fact, with respect to crystal chemistry, H( —, ) and F are
isomorphic. Both are extremely electronegative, appear
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FIG. 8. Areas of quark chemistry, and their relationships,
covered in this series of papers. Starting from the chemical in-

dices of quark atoms, the quark chemistry of molecules, crystals,
and solutions is developed and applied to the search for fraction-
ally charged particles in matter.

only in oxidation state —1 with similar rare gas configu-
rations, and have similar crystal radii.

If fractional charges occur in the form of H( —,'), then

they would be found in fluorapatite. The fluorine in
fluorapatite, Ca5(PO4)3F, is often replaced by chlorine or
by the hydroxide ion. The crystal radius of the chlorine
ion is 1.8 A, the radius of the hydroxide is 1.4 A. These
ions may be used as controls. Their concentration indi-
cates the past promiscuity of the fluorine site.

The large electronegativity of H( —,
'

) suggests the possi-

bility of a highly specific form of bonding that might be
used for enrichment. The noble gas xenon tends to form
bonds only with the most electronegative elements:
fluorine, oxygen, and chlorine. The bonding of xenon to
H( —,') is therefore likely. However, detailed calculations
are still necessary to establish the existence of the H( —,)-Xe
bond.

Knowledge of the electron affinity and ionization po-
tential of H( —,

'
) has helped in the design of recently pro-

posed "charge spectroscopy" experiments. These ex-
periments involve the transfer of electrons between quark
atoms and ordinary atoms. The probability of such a
transfer depends on the ratio of the relative velocity of
these atoms to the energy required for the transfer. For
example, the probability of forming the negative ion
H( —,

'
) by passing an H( —, ) atom through a target is max-

X. SUMMARY

The behavior of massive fractionally charged particles
in matter is governed by the laws of chemistry if elec-
tromagnetic interactions dominate at atomic distances.
These fractionally charged particles could be free quarks,
bound states of quarks and nuclei, or other fractionally
charged objects.

Chemical properties of such quark atoms can be
predicted by interpolating isoelectronic sequences.
Isoelectronic sequences also exist for molecules. The
properties of molecules containing quarks can be obtained
directly from them.

Electronegativity forms the basis for much of our quali-
tative understanding of molecular quark chemistry. The
electronegativity together with the ionization potential and
electron affinity of the quark elements has been computed
using isoelectronic sequences.

The concepts of chemical analogy and isomorphism
were introduced. Analogies based on shell structure and
electronegativity have been established.

Many quark elements cannot be compared to a single
ordinary element. They are chemical chimeras whose
properties can be deduced by comparing analogous sets of
elements. The individual elements of these sets are no
longer analogs of each other but have appropriate differ-
ences of electronegativity.

The impact of chemical reactions on quark impurities
in matter can be monitored by observing the behavior of
more abundant isomorphic control elements. The impact
of a geochemical reaction on the history of a sample may
be estimated in a similar fashion.

An understanding of quark chemistry is essential for
the design and interpretation of quark-search experiments.
Contrary to common belief, ' the chemical differences
between a quark element and its ordinary counterpart are
substantial. Generally they will not be found together.

Thus, the behavior of massive fractionally charged par-
ticles in matter is governed by the laws of chemistry.
Quark chemistry is quite different from ordinary chemis-
try, but quark chemistry can be simply understood.
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APPENDIX

This appendix details the interpolation procedure used
to determine II' and EA. The smoothness of the data and
the accuracy of the interpolation is exemplified in Figs. 2
and 4. The errors in the data as well as those arising from
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IP~(Zp+g) = g(g —1) 2

2
IP~(Zp —1)+(1—g )IP~(Zp)

IP (Z +1) . (A 1)

IP~(Z) is the energy needed to remove one electron from
an atom with center charge Z and X electrons. In this no-
tation IP&+i(N) is the electron affinity of a neutral atom
with N electrons.

The total center charge Z is divided into an integer part
Zp and a residual charge g,

the interpolation are negligible. Other factors, like hybrid-
ization of atomic orbitals and radius effects, should also
be considered when predicting chemical properties more
accurately. Their influence overshadows uncertainties
arising from numerical errors.

All data~ are taken from a compilation by Huheey
(Tables 2.4A and 2.5 of Ref. 39). In those cases where the
electron affinity of an element was not available, we es-
timated its value by comparing it with the electron affini-
ties of all its neighbors in the periodic table. These esti-
mates, together with very conservative upper and lower
limits, are given in Table X. Since the electron affinity is
small, its uncertainty does not lead to large absolute errors
in the electronegativity.

Several higher ionization energies are either misprinted
or missing in Huheey's compilation. Misprints were easily
identified by arranging ionization energies in isoelectronic
sequences. Values for misprinted or missing energies were
obtained by interpolation. They are listed in Table XI.

The ionization potential and electron affinity are com-
puted either by quadratic interpolation or quadratic extra-
polation using the formula

Element

Mg
Mn
Zn
Ba
Ta
W
Re
Os
Ir
Tl
Pb
Po
At
At
Rn
Fr
Fr
Ac
Pa
U
Np
Np
Pu

Ionization
state

X
III
VI
III
II
II
II
II
II
IV
III
II
I
II
II
I
II
III
II
II
I
II
II

Ionization
potential

35.462'-'
2.9484'
9.64
3.45
(1.5)
(1.6)
(1.6)
(1.7)
(1.7)
4.87
3 0815'

(1.6)
(0.9)
(1.6)
(1.7)
(o.4)
(1.9)
1.78

(1.1)
(1.1)
(0.6)
(1.1)
(1.1)

TABLE XI. Estimated values for the ionization potential in

those cases where measurements were not available or have been

misprinted in the data source (Ref. 39). The less accurately
determined numbers in parentheses have been obtained by com-
parison with corresponding numbers of neighbors in the periodic
table. All other numbers have been found by interpolating
isoelectronic sequences. The corrections to the misprinted values
are designated by a superscript "(m)."The ionization potential is

given in units of MJ/mole (1 MJ/mole= 10.4 eV per atom).

TABLE X. Estimates of the electron affinity in those cases
where measurements were not available. All values are given in
units of MJ/mole (1 MJ/mole= 10.4 eV per atom). Z—=Zp+( . (A2)

Element

Sc
Mn
Y
Zl
Nb
Tc
Ru
Rh
Pd
La
Lanthanides
Hf
Os
Ir
Hg
Ra
Ac
Actinides

Electron
affinity

0.02
0.027
0.05
0.075
0.11
0.0
0.06
0.1

0.115
0.03
0.075
0.04
0.075
0.15

—0.03
—0.05

0.03
0.075

Lower
limit

0.0
—0.1

0.0
0.0
0.0

—0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

—0.1

—0.1

0.0
0.0

Upper
limit

0.1

0, 1

0.2
0.2
0.2
0.1

0.2
0.2
0.2
0.2
0.3
0.2
0.3
0.3
0.2
0.0
0.3
0.3

IP +IP' IP —IP'
2 (IP+IP') /2

(A3a)

or

If Zp is chosen such that g lies in the interval [—l, l], Eq.
(Al) gives an interpolation for IP&(Z). Otherwise extra-
polated values are obtained.

The choice of Zp is limited by the available data. The
IP~ for Zp —1, Zp, and Zp+1 must all be known. The
electron affinity of quark atoms with Z &N can only be
found by extrapolation. On the other hand, the ionization
potential of a quark atom with Z & N may be found by in-
terpolation in two independent ways, corresponding to the
choice of Zp equal to N or N + 1. In this case the average
of the two iinterpolations, IP and IP' is taken, provided
they differ by less than l%%uo. Explicitly, when
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II'+II" IP —II"
(Ajb)

the average of IP and II" is formed. Otherwise, a more
conservative linear interpolation is used. This occurs,

when the shell structure changes in an isoelectronic se-
quence, as is illustrated in Fig. 4.

g and 7' are then computed from II' and EA according
to Eqs. (6) and (11).
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