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Abstract. The chemical reactivity descriptors, such as electronegativity, hardness and electrophilicity of
major oxides computed from density functional theory are reported in this paper. These parameters are plotted
within a fitness landscape diagram, showing that the principles of minimum electrophilicity (MEP) and maximum hardness (MHP) act as guides towards the region of higher stability. The diagrams indicate the trends
and the parameters that control the evolution of natural rocks. Application of the principle S-bearing copper
compounds shows the possible and preferred combinations of elements, that give rise to compounds observed
during ore formation.
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1. Introduction
The various parameters developed by the density functional theory 1 (DFT) of chemical reactivity such as the
hard-soft acid-base (HSAB) concepts 2 have been found
to be useful in analysing a variety of chemical reactions.
They are mostly based on the possibility of a given element to share electrons, thus separating bases or electron donors from acids or electron acceptors. These
parameters enable the quantification of the ability of
a specific element to attract other elements. The parameter are electronegativity 3 (χ), chemical hardness 4 (η)
and electrophilicity 5 (ω).
There are two major principles in the conceptual
DFT, namely, the maximum hardness principle 6 (MHP)
and the minimum electrophilicity principle 7 (MEP). As
indicated by their names, they state that a chemical
reaction should evolve toward a state of maximum hardness and/or toward that of minimum electrophilicity.
Consequently, plotting elements or compounds onto an
electrophilicity versus hardness diagram constitute a fitness landscape into which reactions tend to adopt either
or both of the preceding principles. Such diagrams 8
provide information on what drives the chemical reactions. Indeed they indicate local energetic minima and
maxima, respectively, to and fro which the chemical
system either gravitates or tries to escape to go to a
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more stable situation. Thus, these diagrams are indicative of the probable evolution of the system under natural conditions, when no other factor has influence. The
situation is of interest when naturally evolving chemical
systems, such as igneous rock evolution is considered.
Igneous rocks, such as granites or basalts originate
from magmas, i.e., silicate melts that evolve due to
pressure and temperature conditions, causing crystallization of minerals. The formation of minerals consequently removes the constituting elements from the
silicate melt, changing their respective abundance and
thus driving the chemical character of the residual melt.
As a consequence, the igneous rocks that later intrude
the Earth crust vary in composition, forming two major
types called mafic, when the major mineral is olivine, a
ferro-magnesian silicate, along with pyroxenes and it is
called felsic, when quartz, or silica is present, along
with plagioclases and micas. The former type is
observed in rocks coming from the mantle and the
oceanic crust, forming basalts and gabbros from mantle peridotites. The second type is mostly observed in
the continental crust, forming granodiorites and granites, depending on the various interactions the magma
has with the surrounding crust through contamination
and assimilation. These two types, one driven by Feenrichment, and the second by silica enrichment, are
often called the Fenner and Bowen trends, 9 respectively. These trends have long been demonstrated by
experiments, but never received any theoretical proof
or underlying concepts. The following paper rapidly
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resumes the HSAB concepts and descriptors. Then it
introduces an application of the fitness landscape diagrams to natural rocks suites and to Cu ore formation
resulting from S-bearing compounds.
2. Conceptual DFT
Electronegativity 3 (χ) is a thermodynamic quantity
which is the chemical potential (μ) with a change in
sign. It represents the power of an element to attract
electrons and it measures the ability of one element
to diffuse and to contribute to energy variations when
one electron is added. Chemical hardness 4 (η) measures the chemical activity of an element by determining the resistance to charge transfer in electron number.
Chemical potential (negative of electronegativity) and
hardness are the first and second derivatives of the total
energy, respectively and may be expressed as a function
of the electron density, 1 with respect to the number of
electrons when the external potential is kept constant.
The electronegativity 3 (χ) and the chemical hardness 4 (η), for an N-electron system with total energy E
and external potential v(r), are expressed as follows


∂E
(1)
χ = −μ = −
∂ N v(r)
and


η=

∂2 E
∂N2


.

(2)

v(r)

By applying finite difference approximations to the
above derivatives one can express the electronegativity
(χ) and the chemical hardness (η) in terms of the ionization potential (IP) and the electron affinity (EA) as


IP + EA
χ = −μ =
(3)
2
and
η = I P − E A,

(4)

where the IP and the EA are expressed in terms of the
energy of an N-electron system, E (N), as
I P = E (N − 1) − E (N )

(5)

E A = E (N ) − E (N + 1) .

(6)

and
Their values determine the hard, soft and borderline
acids and bases. Electrophilicity 5 (ω) combines these
two descriptors through ω = 0.5∗χ2 /η and it measures
the deficiency in electron of one element. 5 It can be considered as the analogue of the classical electrical power
W = V 2 /R, in which the potential V would be analogous to electronegativity and the resistance R would be

to the hardness. 4 Electrophilicity determines the capacity of one element to promote a soft or a covalent reaction. 5 It describes the stabilization in energy when the
system acquires an additional electronic charge or the
resistance to exchange electrons with the environment.
Radicals are designated as being electrophiles when
they attack the reaction sites of relatively high electron density. Electrophile acids act as oxidizing agents
since they accept electrons during an acid–base reaction. Since several definitions exist for electronegativity along with the corresponding units, we recomputed
these descriptors for some simple elements and oxides
that are commonly used in geochemistry. We adopted
standard formulas for various reactivity descriptors and
the associated electronic structure principles within the
conceptual density functional theory 1 for major oxides
(table 1).
We used the B3LYP/6-311+G(d) level of theory,
with a Gaussian code. 10 It allows estimating the successive ionization potential and electron affinity of an element or any compound, thus providing values of electronegativity 3 (χ), hardness 4 (η) and electrophilicity. 5
Hence, the electron density is central in DFT, and the
transfer of electrons from one element to another is the
basis of most chemical reactions. The calculated values can be compared to the measured values of natural elements, but of greater interest, values can be estimated for any kind of compound with different oxides,
oxysalts or other chemical compounds.
These values of major oxides are then combined to
determine the descriptors of complex systems, such as
melt or fluid phase in a magma. This is in accordance
to the electronegativity equalization principle 11 which
states that the electronegativities adjust at equilibrium,
similar to the equalization of the chemical potential of
the constituting elements that enter into the compounds.
Table 1. Electronegativity (χ), hardness (η) and electrophilicity (ω) values (in eV) for major oxides recomputed
from DFT.
Oxide

χ (eV)

η (eV)

ω (eV)

SiO2
TiO2
Al2 O3
FeO
Fe2 O3
MnO
MgO
CaO
Na2 O
K2 O
P2 O5
H2 O

7.12
5.76
5.98
5.28
6.01
4.79
4.90
3.97
2.67
2.37
7.13
5.05

5.46
3.86
3.85
3.37
2.95
3.49
2.95
3.06
2.33
2.2
5.25
7.56

4.64
4.30
4.64
4.14
6.12
3.29
4.07
2.58
1.53
1.28
4.84
1.69

Fitness landscape for rocks system

This assumption is valid assuming the ionic state of
the melt, or of the fluid, or vapour phase. It correlates
with the large electronegativity difference between elements, suggesting that highly charged elements, i.e.,
with large electronegativity, remain in ionic bonding
when combining with small electronegative anions.
The MHP 6,12 and the MEP 7 determine how reactions progress allowing hard acids to combine with hard
bases to form harder compounds, whereas electrophilicity minimization states that an element or a molecule
with large electrophilicity value, or an electrophile, will
preferentially react with another molecule or element
with a smaller electrophilicity value, or a nucleophile.
Combining these two principles that respectively determine positions of maximum stability constitute a map
of potential stable regions towards which reactions tend.
As a result, they form a fitness landscape in which
natural stability paths can be identified. A stable system or a favourable process is generally associated with
the maximum hardness and the minimum electrophilicity values. Since the conditions of their validity are
not exactly the same, the respective pole may be connected with kinetic stability/local minima and its satisfaction may provide thermodynamic stability/global
minimum. This fact deserves a careful scrutiny. It may
be mentioned that the natural rock systems behave like
thermodynamic open or closed systems and hence a
grand potential or a free energy related descriptor would
have been more apt. However, the quantum chemical
descriptors (defined at 0K) like electronegativity, hardness and electrophilicity may be used to essentially
obtain an approximate benchmark.
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Therefore, plotting a fitness diagram of oxides should
determine a limit for the extension of the field of the
minerals, that would in turn limit the extension of the
field of bulk rocks. Major oxides plot within a triangle with summits SiO2 , Fe2 O3 and K2 O. SiO2 is the
hardest oxide and K2 O is the softest. In terms of electrophilicity, Fe2 O3 presents the highest value and K2 O
the lowest (figure 1). The position of Na2 O, very close
to K2 O, makes the alkaline elements a pole of the triangle. The position of FeO is roughly at the intersection of the medians. The medians define three sectors
within the mineral triangle, each one having a similar area, scaled in χ2 , that is of equivalent chemical potential. In addition, the median between FeO
and Fe2 O3 , marked by an increase in electrophilicity and a very small increase in hardness is indicative of the redox conditions of the system. Reciprocally, an increase in the redox conditions should be
marked by an increase in electrophilicity. Silica is naturally a pole for minerals, for its highest hardness and
electrophilicity (figure 2). Olivine is another pole, with
the two end-members forsterite (Mg2 SiO4 ) and fayalite
(Fe2 SiO4 ) close together. The third pole is provided
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3. Computational details
The molecular geometry of all the systems are optimized at the B3LYP/6-311+G(d) level of theory and
the number of imaginary frequency (NIMAG) is zero
for all the cases, which confirms their existence at the
minima on the potential energy surface. Single point
calculations are performed to obtain the energies of
(N ± 1) – electron systems by adopting the corresponding optimized geometry of the N-electron system. The IP and EA values are calculated by using a
SCF method and the electronegativity (χ) and chemical hardness (η) are computed by using equations (3)
and (4).
4. Application to bulk rock evolution
The rocks which are commonly formed by silicate minerals that are combinations of the 10 major oxides.
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Figure 1. Electrophilicity (eV) versus hardness (eV) for
major oxides used in Earth Sciences. They plot within a triangle limited by Fe2 O3 , SiO2 and alkali (Na2 O and K2 O).
Within the triangle, most common minerals are represented
by triangles. Within the landscape diagram, values of electronegativity (also in eV) are represented by thin lines.
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Figure 2. Electrophilicity (eV) versus hardness (eV) for
major minerals. Symbols are cross: quartz (qz), blue
squares: clinopyroxenes and pale blue: orthopyroxebnes,
plain squares for plagioclases from albite, anorthite, orthoclase and leucite, green squares for olivine, from fayalite
to forsterite, lozenges for muscovite, and pale lozenges for
biotites from annite to phlogopite. The mafic and felsic trends
are indicated.

by the leucite, or KAlSi2 O6 , that presents more potassium relative to silica than orthoclase, or KAlSi3 O8 ,
the common K-feldspar. Plagioclase (albite and anorthite), lies more or less on a line in between leucite
and silica. Clinopyroxenes (augite, diopside, hedenbergite) and orthopyroxenes (enstatite, ferrosilite, hypersthene show low hardness and range in electrophilicity
between olivine and leucite. Because of their short
range in hardness, olivine and pyroxenes partly control the evolution of mafic rocks under a changing
electrophilicity. Conversely, the two poles of silica
and alkaline minerals control the change in hardness
in felsic and alkaline rocks. Within the triangle formed
by the minerals, the line between olivine and orthoclase
presents a nearly constant electronegativity, at 5.8 eV,
i.e., with similar chemical potential. The other sides of
the triangle show variation in electronegativity when
compared to 7.12 eV value of the silica pole.
Major trends are seen for mafic, felsic and alkaline rocks. They differentiate the rocks originating
from oceanic to those from continental settings. Felsic
rocks, mainly granitoids naturally point toward silica, as
expected from their silica content above 55% vol. The
variation in electrophilicity is low, whereas hardness
change is high. Alkaline magma, such as those found
in rift environments, show an increase in silica content, from about 38 to 55%. However, the slope of this
trend in a fitness landscape diagram changes as soon as
quartz tholeiitic rocks are present. Mostly for alkaline
rocks, such as nephelinites and basanites, the trend is

toward lower hardness and electrophilicity. The case of
oceanic rocks is quite different. Since the quartz pole
does not have much influence, the observed trend is at
high angle of the two preceding ones, under nearly constant hardness, but varying electrophilicity. When the
variation in hardness is less than that in electrophilicity
an MEP path is generally preferred whereas an MHP
path is followed when the case is reversed.
The dichotomy in the description of the systems
forces one to differently consider the evolution of continental and oceanic magmas. The Gibbs description
for a closed system considers the variations in pressure, entropy and number of moles. However, the system is partly a solid solution between Ca and Na plagioclases on one hand and between Fe and Mg silicates
on the other hand, through olivine, pyroxenes and in a
lesser extent amphiboles and biotites. Pressure and temperature variations first follow an adiabatic path during ascent and then follow a eutectic curve. Conversely,
the description of rocks evolution, when originating in
continental settings, shows larger variation in hardness,
implying also variation in eletronegativity, i.e., in chemical potential. The introduction of alkalines, especially
K also significantly modifies rocks reactivities during
mineral formation.
This would explain the paths toward MEP and MHP
as suggested in the Bowen 13 and Fenner 14 series,
though they are both used to basalt differentiation. In
the Fenner 14 series for ultramafic and mafic rocks, the
components behave as closed systems, in which fluids,
essentially water, are stored into minerals with low content (<2.0% in back arc basalts and <0.7% in MORB).
Conversely, continental rocks behave as open systems,
because the fluid activity is higher, up to 10% H2 O,
continuous exchange with the surroundings through
assimilation, and mixing with mafic or felsic magmas. 13

5. Application to Cu-bearing compounds
Metals occur in very small quantities on the Earth.
During melting and magma formation, they are incorporated into the silicate melts and are transported up
towards the surface. Depending on various conditions,
they may remain in the melt or be associated with a
vapour phase called the fluid phase. During this transportation, they may segregate and concentrate, yielding
economic ore deposits. These successive processes are
complex, and not well understood. Nevertheless, associations between elements and the content of the fluid
phase are observed. For instance S-bearing vapour phase,
commonly present in some magmatic intrusions, are
thought to highly correlate with Cu-bearing minerals, as
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Figure 3. Electrophilicity (eV) versus hardness (eV) diagram for major S-compounds of copper as Cu+ and Cu2+ .
Other main S-compounds such as SH− , S2 , SO2 and SO3
have also been added for comparison.

observed in the so-called porphyry copper deposits. 15
These are found in abundance, above subduction zones,
such as the western coast of Chile where the largest Cu
deposits are actually mined. 16 Nevertheless, Cu association with other elements, such as Ag or Au are common. It should be pointed out that these three metals
are considered as being soft.
Copper commonly occurs as Cu+ and Cu2+ , with the
high valence state being the hardest, and by far the most
electrophilic. We examined and computed the chemical descriptors of all possible compounds including the
unstable ones using the ionic compounds of SH− , S− ,
SO−2 and S2 O−3 . These constitute the sequence from the
reduced to the oxidized state. In addition, it is extremely
easy to calculate the molar content in S within these
compounds, and thus provide an order for the S content.
All this information is plotted within a fitness landscape
(figure 3). As expected, the electrophilicity decreases
as the hardness increases with the oxidation state. It
results that the compounds adopt a curved path, concave toward high electrophilicity as the molar S content
increases (figure 3). Values for Cu+ are naturally lower
than those for Cu2+ , but the difference in electrophilicity between them is much lower, about 2 to 3 eV, than
the difference between the two Cu cations, about 36 eV.
When replaced on the field of oxides and magmas, it is
interesting to see that the mafic magmas, which present
the lower hardness are also on the side of the oxidized
compounds. Conversely, the more felsic magmas are on
the side of the reduced compounds. This fits the common subdivision of granitoids into the ilmenite (FeO,
TiO2 ) and magnetite (FeO, Fe2 O3 ) series. 7
6. Conclusions
The application of the conceptual DFT certainly brings
new insights into the chemical evolution of complex
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processes such as the evolution of natural igneous
rocks. These evolve as a complex system and the
abundance of major oxides does not help in defining
a theoretical evolution, except by doing experiments.
The application of fitness landscape diagrams that uses
both electrophilicity and hardness represents a valuable method towards the determination of chemical evolution of complex systems. They rely on two basic
principles that rule the HSAB concepts.
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