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Bond critical point and local energy density properties together with net atomic charges were calculated for
theoretical electron density distributions,F(r ), generated for a variety of Fe and Cu metal-sulfide materials
with high- and low-spin Fe atoms in octahedral coordination and high-spin Fe atoms in tetrahedral coordination.
The electron density,F(r c), the Laplacian,32F(r c), the local kinetic energy,G(r c), and the oxidation state of
Fe increase as the local potential energy density,V(r c), the Fe-S bond lengths, and the coordination numbers
of the Fe atoms decrease. The properties of the bonded interactions for the octahedrally coordinated low-spin
Fe atoms for pyrite and marcasite are distinct from those for high-spin Fe atoms for troilite, smythite, and
greigite. The Fe-S bond lengths are shorter and the values ofF(r c) and 32F(r c) are larger for pyrite and
marcasite, indicating that the accumulation and local concentration ofF(r ) in the internuclear region are
greater than those involving the longer, high-spin Fe-S bonded interactions. The net atomic charges and the
bonded radii calculated for the Fe and S atoms in pyrite and marcasite are also smaller than those for sulfides
with high-spin octahedrally coordinated Fe atoms. Collectively, the Fe-S interactions are indicated to be
intermediate in character with the low-spin Fe-S interactions having greater shared character than the high-
spin interactions. The bond lengths observed for chalcopyrite together with the calculated bond critical point
properties are consistent with the formula Cu+Fe3+S2. The bond length is shorter and theF(r c) value is larger
for the FeS4 tetrahedron displayed by metastable greigite than those displayed by chalcopyrite and cubanite,
consistent with a proposal that the Fe atom in greigite is tetravalent. S-S bond paths exist between each of
the surface S atoms of adjacent slabs of FeS6 octahedra comprising the layer sulfide smythite, suggesting that
the neutral Fe3S4 slabs are linked together and stabilized by the pathways of electron density comprising
S-S bonded interactions. Such interactions not only exist between the S atoms for adjacent S8 rings in native
sulfur, but their bond critical point properties are similar to those displayed by the metal sulfides.

Introduction

Transition metal sulfides are an important class of Earth
materials that display a fascinating assortment of bonded
interactions and structure types in concert with a host of
important electronic, magnetic, and catalytic properties.1-5

Sulfides are also important economic and industrial staples for
mankind, providing the main resources for the bulk of the world
supplies of non-ferrous metals. The properties have attracted
the attention of chemists, material scientists, physicists, and
mineralogists alike who have undertaken a relatively wide
variety of experimental and theoretical studies, resulting in the
invention of sulfide-based catalysts, magnetic sensors, solar cell
materials, solid-state batteries, and lubricants, among other
things.

In a historical perspective presented 25 years ago at Castle
Hot Springs, AZ, Linus Pauling6 reminisced about his early days

at Caltech when he “...considered sulfides to be a pretty
interesting field.” He went on to say that “I thought that I knew
all about the silicates by that time, but I did not understand
sulfides at all and I thought that we ought to be determining a
lot of sulfide structures.” Intent on attacking and resolving this
important problem, Pauling approached the Geological Society
of America with a proposal requesting a $3000 Penrose Grant
to study sulfides with the goal of formulating a new set of rules
for determining their structures comparable to those that he had
formulated for complex silicate crystals, rules that have since
provided an important underpinning for much of our under-
standing of silicate crystal chemistry. Several months later, he
received a letter of rejection with the silly comment “...that
perhaps this was not geology.” Undaunted, Pauling resubmitted
his application, explaining “...to the old geologist at MIT why
it was important to do this sort of work.” He never heard back,
an outcome that was clearly a material setback for understanding
sulfide crystal chemistry.

One can appreciate the challenging problems that confronted
Pauling in understanding sulfides given their structural and
chemical complexities, as compared with those displayed by
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silicates. For example, metal excess sulfides display non-
stoichiometric formulas like Ni7S6 that do not appear to be
charge balanced, a class of formulas unknown for silicates.
Silicates are only known to contain metal-oxygen (M-O)
bonded interactions, and their structures are often comparatively
less complicated, consisting of 3D arrays of corner-, edge-, and,
in some cases, face-sharing MOn coordinated polyhedra. Sulfides
also consist of corner-, edge,- and face-sharing MSn coordinated
polyhedra, but, in sharp contrast, the transition metal M atoms
for a number are not only bonded to S, but they are also bonded
to the M atoms in adjacent coordinated polyhedra such as three
MS4 tetrahedra sharing a common edge.7-9 Another complica-
tion is that some contain S2 dimers,1,4 suggesting the possibility
that S-S bonded interactions may be present in other sulfides.
In contrast, dioxide O2 dimers are unknown to us in silicates.
A short O-O contact (2.11 Å) has been reported in a high-
pressure structure determination of a silica polymorph with the
pyrite structure, but, despite the presence of a well-developed
bond path connecting the O atoms, the lack of maxima in the
electron localization function maps along the O-O vector was
asserted to indicate that the O atoms are nonbonded.10

Assuredly, the presence of M-M and S-S bonded interac-
tions contributes to the complexities of the sulfide structures
and underlies the occurrence of non-stoichiometric chemical
formulas as observed above.1,2,7,9 These interactions present a
problem in the consideration of bond valences and bond valence
sums as embodied in Pauling’s rules11 (particularly his second
rule).2,4,7,9Nonetheless, for Fe sulfides lacking Fe-Fe and S-S
bonded interactions, Hoggins and Steinfink12 established a bond
valence-bond length connection for a variety of Fe-S bonded
interactions, similar to that established for the M-O bonded
interaction derived for oxides.13 With this connection, they not
only found that the valence of Fe correlates with Mo¨ssbauer
isomer shifts and electrical conductivity, but that it also provides
a strategy for estimating the oxidation state of Fe.

With the advent of the single-crystal diffractometer, new
X-ray sources of radiation, and the computer during the middle
and late last century, it is not surprising that the crystal structures
of a large number of silicates were determined and that material
gains were made in developing an experimental and theoretical
basis for understanding silicate crystal chemistry.8,13-17 Sub-
stantially less gain was made for sulfides due in large part to
the common presence of crystal defects such as twinning,
zoning, exsolution, and disorder. Electron density distributions,
bond critical point, and the local energy density properties
calculated for a relatively large number of oxides and silicates
have been found to be in adequate agreement with those
determined experimentally with accurate high resolution and
high-energy synchrotron experimental diffraction data, whereas,
to our knowledge, few such studies have been completed for
sulfides.8

A notable exception is the careful study of the spin of
nominally divalent Fe undertaken by Stevens et al.,18 who
completed a mapping of the experimental deformation electron
density distribution,∆F(r ), for pyrite, FeS2, to establish a
connection between the distribution and the crystal field splitting
of the d-orbitals on the Fe atom. They found that static∆F(r )
maps display eight peaks between 1.2 and 1.6 e/Å3 in height at
∼0.6 Å from the Fe atom directed toward the faces of the FeS6

octahedron, as expected for a (t2g)6(eg)0 low-spin configuration
and suggested by paramagnetic susceptibility19 and Mössbauer
measurements.4,20A slight trigonal distortion of the octahedron
was found to result in a splitting of the three degenerate t2g

energy levels into ag and eg levels. Further, the d-orbital

populations determined in multipole refinements ofF(r ) were
not only found to be significantly different from the values
expected for a spherical high-spin divalent Fe atom but to yield
an occupancy of 2.0 for the ag orbital in exact agreement with
the value of 2.0 expected for low-spin divalent Fe. Using the
parameters obtained in the multipole refinement, they were also
successful in the calculation of the electric field gradient at the
Fe nucleus together with the magnitude of the quadrupole
splitting of the Mössbauer spectra. Deformation maps generated
in a theoretical study of pyrite have since been found to be
consistent in large part with the experimental maps showing
peaks radiating from Fe in the directions of the octahedral
faces,21 demonstrating that experimental deformation maps can
be useful in the study of bonded interactions despite the well-
known fact that a procrystal representation ofF(r ) is not unique.
In a study of the connection between the electron density, ED,
distributions for a number of pyrite structure types, and the
catalytic activity in hydrodesulfurization (HDS), Aray et al.22,23

calculated the bond critical point, bcp, properties for a number
of transition metal disulfides, finding bond paths between M
atoms and S and between the S atoms of the S2 dimers. They
also found that the HDS catalytic activity is connected to the
chemical character of the transition metal involved in the
adsorption process. The calculation for pyrite yielded aF(r c)
value of 0.55 e/Å3 for the Fe-S bonded interaction and a larger
value of 0.89 e/Å3 for the S-S interaction, values that are in
exact agreement with those calculated in this study.

The bond critical point and the local density properties were
recently calculated for the theoretical ED distributions for three
Ni-sulfides vaesite (NiS2), millerite (NiS), and heazlewoodite
(Ni3S2) and for bulk Ni metal.7 The study revealed that bond
paths not only exist between the Ni and S atoms, but that they
also exist between adjacent Ni atoms. As the Ni-Ni separations
and the bcp properties for the separations in millerite and
heazlewoodite (2.50-2.53 Å) closely match those calculated
for bulk Ni metal (2.49 Å), it was concluded that the Ni atoms
are bonded like those in bulk Ni metal.24 Accordingly, the ED
associated with the Ni-Ni bond paths was asserted to stabilize
the structures of millerite and heazlewoodite9 beyond that of
the stabilizing Fe-S bonded interactions. The net atomic charges
conferred on the Ni and S atoms in vaesite and millerite were
found to be a fraction of the formal valences of the atoms with
the net charge on Ni decreasing with decreasing Ni-S bond
length. Smaller net charges were likewise calculated for the Ni
atoms in Ni excess heazlewoodite that were related to its Ni-
Ni bonded interactions, its metallic character, and to the greater
shared character of its bonded interactions. The local kinetic,
potential, and electronic energy density properties and the bcp
properties indicate that the Ni-S and Ni-Ni interactions are
intermediate in character between closed-shell and shared
interactions. It was also observed that the high metallic
conductivity and the delocalization of the electrons in heazle-
woodite are consistent with its well-developed and robust
metallic band structure.25 In addition, the metallic conductivity
was related to the presence of four well-developed Ni-Ni bond
paths that radiate from each Ni atom, connecting the Ni atoms
in the structure into a highly branched continuous circuit of
interconnected Ni-Ni bond paths. The end product is a crystal
that can be pictured as wired with Ni-Ni bond paths of
accumulated ED that radiate throughout the crystal, ideally
suited for electron transport. The non-stoichiometic formula for
heazelewoodite suggests that the oxidation state of the Ni atoms
is intermediate between Ni+ and Ni2+. In a previous study of
the electronic structure for two Ni bearing dipyridylamide
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molecules with Ni-Ni separations measuring∼2.45 Å, Ni
metallic wires were likewise pictured by Kiehl at al.26 as
potential circuits for electron transport.

This Study

An accurate set of high-resolution single-crystal X-ray
diffraction data was recently collected, and a conventional
multipole refinement and modeling of the experimental ED
distribution was completed for a synthetic heazlewoodite
crystal.27 A generation of the bcp properties for the distribution
revealed that each of the bond paths displayed by the theoretical
distribution is faithfully displayed by an experimental path. The
values of the theoretical ED,F(r c), evaluated at the bond critical
points,r c, are compared with the experimental values in Figure
1a where the experimental values for the Ni-S, Ni-Ni, and
S-S interactions are seen to be in good agreement with the
theoretical values. The experimental values for the Laplacian,
32F(r c), for the Ni-S and S-S interaction are also in good
agreement with the theoretical values (Figure 1b), but the
experimental values for the Ni-Ni interactions depart from the

trend and are∼0.5 e/Å5 larger than those calculated. Given that
the Laplacian is the second derivative of the ED, poorer
agreement may be anticipated. Nonetheless, the quality of the
diffraction data and the modeling of the experimental distribution
are considered to be adequate in that the experimental properties
are in reasonably good agreement with the theoretical ones.28

Encouraged by the agreement, we have completed similar
calculations for the Fe-S, Fe-Fe, and S-S bonded interactions
comprising the Fe-sulfides pyrite (FeS2), marcasite (FeS2,)
troilite (FeS), smythite (Fe3S4), and greigite (Fe3S4), and the
Fe-Cu-sulfides chalcopyrite (CuFeS4) and cubanite (Cu Fe2S3).

Crystal Structures

The crystal structures of the disulfides pyrite and marcasite
consist of corner-sharing FeS6 octahedra linked together by S2

dimers where each S atom of a dimer defines the corner shared
in common by three octahedra (Figure 2a,b). However, unlike
the FeS6 octahedra in pyrite, which only share corners, each of
the octahedra in marcasite also shares two edges with adjacent
octahedra, forming chains of edge-sharing octahedra running
parallel to thec-cell edge vectorc (Figure 2b). Like pyrite and
marcasite, troilite and smythite also consist of corner-sharing
FeS6 octahedra, but, unlike pyrite and marcasite, they are linked
together by single S atoms rather than by S2 dimers. Also, unlike
pyrite and marcasite with low-spin Fe atoms, the Fe atoms in
troilite and smythite are in the high-spin state. The S atoms in
troilite can be viewed as hexagonal close-packed (hcp) with
one-half of the available octahedral voids occupied by nominally
divalent Fe. As such, each FeS6 octahedron shares faces with
two adjacent antipodal FeS6 octahedra with the remaining edges

Figure 1. A comparison of the experimental and theoretical electron
density,F(r c) (a), and the Laplacian ofF(r c), 32F(r c), values (b) for
heazlewoodite, Ni3S2, each determined at the (3,-1) bond critical points
for the Ni-S, Ni-Ni, and S-S bonded interactions.7,27 The Ni-S
bonded interactions are plotted asO, the Ni-Ni interactions are plotted
asx, and the S-S interactions are plotted as4. The data are compared
with an ideal line with a 45° slope.

Figure 2. Drawings of the crystal structures for pyrite, FeS2 (a),
marcasite, FeS2 (b), troilite, FeS (c), and smythite, Fe3S4 (d). The green
octahedra house Fe atoms, and the yellow spheres represent the S atoms.
The octahedra of pyrite and marcasite are linked together by S2 dimers
into a framework of corner-sharing FeS6 octahedra. The S2 dimers are
connected by bond paths displayed by gray straight lines. The small
white spheres represent the (3,-1) bond critical points for the S-S
bonded interaction. The sulfur atoms comprising the surfaces of the
slabs of the smythite structure are also connected by bond paths each
with a bcp point, three of which radiate from each S atom.
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shared by FeS6 octahedra (Figure 2c). Unlike troilite, smythite
is a sheet structure that consists of a succession of parallel slabs
of FeS6 octahedra each separated∼3.5 Å apart (Figure 2d). The
slabs have the troilite structure and consist of three layers of
face-sharing FeS6 octahedra. The Fe-S bond length vectors that
radiate to the surface S atoms of the slabs are shorter, 2.42 Å,
than those involving the interior Fe-S bond length vectors (2.46
Å), as may be expected from local valence balance consider-
ations.12

In contrast, the structures of chalcopyrite and cubanite each
consist of FeS4 and CuS4 corner-sharing tetrahedra (Figure 3a
and b, respectively). In the case of chalcopyrite, the structure
can be described as a cubic close-packed (ccp) array of S atoms
in which one-eighth of the available tetrahedral voids are

occupied by high-spin nominally trivalent Fe atoms and one-
eighth are occupied by nominally monovalent Cu atoms such
that each S atom is bonded to two Fe and two Cu atoms.29,30

The Fe-S bond length observed for chalcopyrite (2.26 Å)31 is
in exact agreement with that generated with Shannon’s32 crystal
radii (2.26 Å) for nominally trivalent high-spin tetrahedrally
coordinated Fe. The observed Cu-S bond length (2.30 Å) is
also in agreement with that generated with Shannon radii (2.33
Å).32 The agreement is consistent with the conclusion that one
of the two nonequivalent tetrahedra in chalcopyrite is occupied
by a high-spin nominally trivalent Fe atom and the other by a
monovalent Cu atom, resulting in the Cu+Fe3+S2 formula.30 The
valence strength-bond length connection yields an oxidation
number for the Fe atom of 2.79, 10% smaller than that observed
for chalcopyrite.12

In contrast, the cubanite structure can be described as an hcp
array of S atoms where one-sixth of the available tetrahedral
voids are occupied by nominally monovalent Cu atoms and one-
third are occupied by Fe atoms. Unlike the chalcopyrite structure
where the FeS4 tetrahedra only share corners, the tetrahedra in
cubanite each share one edge in forming pairs of edge-sharing
tetrahedra. As the nominal valence of the Cu atom is one, it
has been asserted that each tetrahedral pair contains a random
distribution of Fe2+ and Fe3+ atoms as evinced by neutron
diffraction and Mössbauer data that show that these two edge-
sharing FeS4 tetrahedra are inversion center equivalent in
agreement with a random distribution of atoms.9,33,34As such,
McCammon et al.35 have concluded that the valences of the Fe
atoms represent a rapid electron transfer of delocalized electrons
between Fe2+ and Fe3+ as proposed for the octahedra of greigite
(see below). The average Fe-S bond length observed for the
tetrahedra in cubanite is 2.275 Å, slightly larger than that
generated (2.255 Å) for a Fe3+-S bond length with Shannon’s
radii32 but smaller than that generated for a random distribution
of Fe2+ and Fe3+ (2.308 Å). In contrast, the average bond length
observed for the CuS4 tetrahedron, 2.305 Å, is statistically
identical to that observed for chalcopyrite, 2.302 Å.

The rms amplitudes of the thermal ellipsoid observed for the
random arrangement of Fe atoms in cubanite (0.108 Å) are
substantially smaller, on average, than those observed for the
ordered Cu atoms (0.137 Å).35 Also, given that the Hoggins-
Steinfink estimate of the Fe valence for cubanite is slightly
smaller (2.77) than that estimated for chalcopyrite12 (2.79) and
that the averageIVFe-S bond length observed for cubanite is
slightly longer than that observed for chalcopyrite, collectively
the evidence suggests that the Fe atoms in the pair of tetrahedra
behave as a single atom with a given oxidation state as suggested
by Fleet36 rather than a random distribution of Fe2+ and Fe3+.
It is noteworthy that the presence of an Fe atom with the same
oxidation state is consistent with the time scale of the Mo¨ssbauer
effect. A recent study of the equation of state, the bond character,
and Mössbauer data collected at high pressures also indicates a
single Fe atom with an intermediate oxidation state between
Fe2+ and Fe3+.37 However, if Fe2+ and Fe3+ are randomly
distributed between the pair of tetrahedra, then the rms
amplitudes for the Fe atoms would be expected to be substan-
tially larger than that observed for the Cu atom, which is not
the case.35

Unlike the previous structures, greigite (Figure 3c) is generally
believed to consist of both tetrahedrally and octahedrally
coordinated Fe atoms comprising the inverse spinel structure
with the formula Fe3+ (Fe2+Fe3+)S4.38,39 As is well known,
greigite is metastable, which accounts for its rarity in nature
and its difficult synthesis.4 The structure can be described as a

Figure 3. Drawings of the crystal structures for chalcopyrite, CuFeS2

(a), cubanite, CuFe2S3 (b), and greigite, Fe3S4 (c). The blue and green
tetrahedral house Cu and Fe atoms, and the green octahedral and red
tetrahedral house Fe, respectively. The yellow spheres represent S
atoms.
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ccp array of S atoms with Fe3+ occupying one-eighth of the
available tetrahedral voids and Fe2+and Fe3+ randomly distrib-
uted over one-half of the available octahedral voids. Its semi-
metallic character has been ascribed to the presence of non-
stoichiometic Fe vacancies with electron hopping inferred to
occur between high-spin Fe2+ and Fe3+ atoms in the octahedral
voids. Using the Fe-S bond valence-bond length connection,
it has been suggested that the tetrahedrally coordinated Fe atom
in greigite is tetravalent rather than trivalent as assumed above.
As found by Hoggins and Steinfink,12 the connection yields a
valence of 3.92 for the 4-coordinated Fe atom of greigite, close
to an oxidation state of 4+. Further, Shannon32 found that the
connection yields a tetrahedral Fe4+-S bond length of 2.144
Å, close to the experimental tetrahedral bond length, 2.147 Å,
for greigite.38 While Fe is known to exist in a tetravalent state,
the Fe4+ cation is relatively rare and not particularly stable.
Indeed, Hoggins and Steinfink12 were careful to point out that
it was very unlikely that the Fe atom is tetravalent. Moreover,
Hong and Steinfink40 concluded on the basis of a Mo¨ssbauer
isomer shift of 0.17 mm/s and a magnetic susceptibility of 5.81
µB that the Fe atom in Ba3FeS5 is trivalent rather than tetravalent
as indicated by its formula. The charge on the Fe atoms was
considered to be reduced by a back-donation of an electron from
the S to the Fe atom with a resulting Fe-S bond length, 2.24
Å, that is slightly shorter than that for aIVFe3+-S bonded
interaction, 2.25 Å.41,42 Nonetheless, given the possibility that
Fe is tetravalent in greigite and the possibility that the Fe atom
in cubanite has an effective charge intermediate between Fe2+

and Fe3+, it will be of interest to compare their bcp and local
density properties with those calculated for chalcopyrite where
the oxidation state of the Fe atom is known to be trivalent.29,30

Computational Details

Given the close agreement of the theoretical and experimental
bcp properties reported for heazlewoodite, ED distributions were
calculated and the bcp and the local energy density properties
were calculated with the programs CRYSTAL9843 and TO-
POND44 for the Fe-sulfides troilite,45 pyrite,18,20,46marcasite,47

chalcopyrite,31 cubanite,34,37 greigite,38 and smythite.48 The
electronic structure for each crystal was computed with CRYS-
TAL98, using Bloch functions expanded as linear combinations
of atomic centered Gaussian basis sets. Self-consistent field
wave functions, solved in reciprocal space, were computed for
each structure at the density functional theory level using the
local density approximation formulated with the local spin
density approximation for the exchange potential49 and the
Vosko-Wilk-Nusair50 parametrization of the correlation po-
tential. The basis sets used in the calculations were specifically
optimized for use in the CRYSTAL98 program. For Fe and
Cu, 86-411(d41)G basis sets optimized by Towler et al.51 were
used, and, for S, an 86-311G* basis set optimized by Lichanot
et al.52 was used. The bcp and the local energy density properties
were computed using parameters described earlier7 with the
TOPOND44 software.

Connection between the Experimental Fe-S Bond
Lengths and the Theoretical Bond Critical Point
Properties

TheF(r c) values calculated for the Fe sulfides, plotted against
the observed Fe-S bond length,R(Fe-S) (Figure 4a), increase
nonlinearly with the shorter bonded interactions involving larger
values of F(r c), a connection that has been reported for a
relatively large number of different M-O bonded interactions

and materials. As the coordination number of the Fe atom
decreases from six for troilite, smythite, and greigite to four
for cubanite, chalcopyrite, and greigite,R(Fe-S) decreases
nonlinearly as defined by the dashed line. Also, the oxidation
state of the Fe atom in the series is indicated to increase from
2+ to 3+ to 4+ if the oxidation state is intermediate between
Fe2+ and Fe3+ in cubanite and Fe4+ in greigite. The experimental
Fe-S bond lengths are slightly shorter, and the calculatedF-
(r c) values are slightly larger for chalcopyrite,12,32 than those
for cubanite, as may be expected if the oxidation state of the
Fe atom in the latter is intermediate between Fe2+ and Fe3+.
The two nonequivalent bond lengths of cubanite involved in
the shared edge are longer than those observed for chalcopyrite
(2.26 Å), whereas those involved in the unshared edges are about
the same as that observed for chalcopyrite with the average bond
length (2.28 Å) for cubanite being slightly longer than that
observed for chalcopyrite. TheF(r c) values calculated for the
tetrahedral Fe-S bond in greigite (0.73 e/Å3) are substantially
larger than those calculated for cubanite (0.49 e/Å3) and
chalcopyrite (0.48 e/Å3). The larger value ofF(r c) is expect if
the oxidation state of the tetrahedrally coordinated Fe in greigite
is nominally 4+.

As reported above, the Fe-S bond lengths observed for pyrite
and marcasite with low-spin nominally divalent Fe atoms are
substantially shorter (∼0.25 Å)32 than those observed for the
six-coordinate nominally divalent high-spin Fe atoms in troilite,
greigite, and smythite.2 Further, the bond lengths for the two
disulfide polymorphs fall off the dashed curve in Figure 4a with
their F(r c) values∼0.15 e/Å3 larger than those calculated for
the sulfides with 6-coordinate high-spin nominally divalent Fe.
The bcp properties calculated for pyrite are in exact agreement
with those calculated earlier by Aray et al.22,23

A recent study of the bcp properties calculated for the Si-O
bonded interactions for silicate crystals and representative
hydroxyacid silicate molecules demonstrates that the geometry
and the properties calculated for the molecules match those
calculated and observed for the crystals.53 Given this agreement,
the structure of the H4FeS4 molecule (S4 point symmetry and
tetravalent Fe4+) was geometry optimized at the B3LYP/6-
311++(2d,p) level for purposes of comparing the optimized
IVFe-S bond length with that observed for greigite. The
calculation resulted in a Fe-S bond length of 2.130 Å, slightly
shorter than that observed for greigite (2.147 Å). Using the
software EXTREME, kindly provided by Professor Richard
Bader, the bcp properties were calculated. Although the Fe-S
bond length is slightly shorter than that observed for greigite,
the value ofF(r c) (0.73 e/Å3) for the Fe-S bonded interaction
for the molecule matches that calculated for greigite exactly
(Figure 4a).

Figure 4b shows that32F(r c) also increases in value with
the decreasing bond length, the oxidation state, and the
coordination number for the Fe atom. Also, the32F(r c) values
for pyrite and marcasite are∼0.2 e/Å5 larger than those
calculated for the sulfides with 6-coordinate nominally divalent
high-spin Fe atoms. Clearly, the Fe-S bonded interactions
involving low-spin Fe atoms are distinct from those displayed
by the high-spin Fe atoms with a greater accumulation and local
concentration ofF(r ) in the bcp regions of the Fe-S bonded
interactions and shorter bond lengths as compared with those
involving the high-spin Fe atoms in troilite and smythite. The
32F(r c) values for chalcopyrite and cubanite are similar (4.07-
4.24 e/Å5), but they are substantially smaller than that calculated
for greigite (4.88 e/Å5). However, they are also smaller than
the value calculated for the H4FeS4 molecule (4.30 e/Å5). Unlike
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the close agreement of theF(r c) value,32F(r c) for greigite is
somewhat larger,∼15%, than that calculated for H4FeS4

molecule.
In the calculations, no bond paths were found between the

adjacent Fe atoms as reported earlier between the Ni atoms in
heazlewoodite and millerite.7 As such, evidence is lacking for
Fe-Fe bonded interactions in troilite, smythite, and cubanite.
Consistent with this result, the Fe-Fe separations between the
Fe atoms in the face-sharing octahedra in smythite (2.86 Å)
and troilite (2.90 Å) and the edge-sharing tetrahedra in cubanite
(2.80 Å) are substantially longer than that displayed by bulk
Fe metal (2.48 Å). The Fe-Fe separations are also substantially
longer than those (2.73 Å) between the edge-sharing FeS4

tetrahedra in Ba13Fe7S25 where a delocalization of electrons is
asserted to take place in the reduction of the charges on the Fe
atoms (ref 42). The Ni-Ni separations in the Ni-sulfides
heazlewoodite and millerite are very similar to those in bulk
Ni metal with Ni-Ni bond paths resulting between the Ni atoms
in both the sulfides and the metal that exhibit the same exact
properties. However, well-developed bond paths were found to
exist between the S2 dimers in pyrite and marcasite (Figure 2a,b).

As displayed in Figure 4c and d, the bonded radii of the Fe
and S atoms,rb(Fe) andrb(S), decrease linearly in size with

decreasingR(Fe-S) with the radii for marcasite and pyrite (low-
spin) again falling along one trend while those for the remaining
sulfides (high-spin) fall along another. As expected, the bonded
radii of the Fe atoms comprising the FeS6 octahedra in troilite,
smythite, and greigite are larger than those comprising the FeS4

tetrahedra in chalcopyrite, cubanite, and greigite. Also, the
bonded radii of the low-spin divalent Fe atoms in pyrite and
marcasite are∼0.1 Å smaller than the high-spin divalent Fe
atoms of troilite, smythite, and greigite. Thus, the shorter low-
spin Fe-S bond lengths depend on the radii of both the Fe and
S atoms rather than just on the radius of the Fe atom alone as
assumed by Shannon.32 Further, the bonded radii of the S atoms
comprising the S2 dimers in marcasite and pyrite are∼0.1 Å
smaller than the radii of the S atoms in troilite and smythite.
Accordingly, the ED is more accumulated and locally concen-
trated at the bcp along the low-spin Fe-S bond paths. Given
the low-spin state of the Fe atoms in pyrite and marcasite, the
smaller radii of the Fe atoms are consistent with XR calculations
and spectroscopic studies used to model the bonded interactions
for pyrite.54

The bonded radii of the Fe atoms in chalcopyrite and cubanite
are both the same (1.07 Å), on average, consistent with the
possibility that oxidation number of the Fe atom in cubanite is

Figure 4. The experimental bond lengths,R(Fe-S), for the color coded sulfide data displayed in the upper right corner of (a) plotted against the
calculated value of electron density,F(r c) e/Å3 (a), the Laplacian ofF(r c) e/Å,5 32F(r c) (b), the bonded radii of Fe,rb(Fe) Å (c), and the bonded
radius of S,rb(S) Å (d), each evaluated at bond critical points.
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close to being nominally trivalent as in chalcopyrite. The bonded
radius of the tetrahedrally coordinated Fe atoms in greigite,
however, is smaller yet (1.02 Å), consistent with the possibility
that atom is nominally tetravalent. Tetravalent Fe is also
consistent with the smaller size of the FeS4 tetrahedra observed
for greigite as compared with those observed for chalcopyrite
and cubanite. The bonded radius of the Fe atom calculated for
the H4FeS4 molecule is slightly smaller (1.00 Å) than that
calculated for greigite (1.02 Å), whereas the calculated radius
of the S atom (1.13 Å) is in exact agreement with that calculated
for greigite.

Connection between the Experimental Fe-S Bond
Lengths and the Local Energy Density Properties

The local kinetic energy density,G(r c), and potential energy
density at the bcp,V(r c), of a bonded interaction are each
connected to32F(r c) by the local form of the virial theorem
1/432F(r c) ) 2G(r c) + V(r c).55 For a geometry optimized
minimum energy structure, the kinetic energy density,G(r c), is
always positive, and the local potential energy densityV(r c) is
always negative. As displayed in Figure 5, with decreasing Fe-S
bond length,G(r c) increases andV(r c) decreases at a faster rate
such the local electronic energy density,H(r c) ) G(r c) + V(r c),
is negative. As asserted by Cremer and Kraka,56 H(r c) can be
used as a measure of the character of a bonded interaction. When
it is positive and the local kinetic energy dominates,G(r c) >
|V(r c)|, a bonded interaction is asserted to be a closed-shell
interaction, and when it is negative and the local potential energy
dominates,|V(r c)| > G(r c), it is asserted to be a shared
interaction. In general, the more negative is the value ofH(r c),
the larger is the magnitude ofV(r c), and the smaller is the value
of G(r c), the greater is the shared character of the bonded
interaction. The bonded interactions displayed in Figure 5
indicate that the shared character of the Fe-S bonded interac-
tions increases for the high-spin Fe bonded interactions with
decreasing bond length, coordination number, and the oxidation
number of the Fe atom.57 The low-spin Fe-S bonded interac-
tions comprising the FeS6 octahedra in pyrite and marcasite are
indicated to have more shared character than the high-spin Fe-S
interactions comprising the octahedra in troilite, smythite, and
greigite. The fact that theH(r c) values for the Fe-S bonded
interactions in chalcopyrite are similar to those in cubanite
suggests that the bonded interactions for the two are similar.

Recently, Espinosa et al.58 proposed a classification of bonded
interactions based on the|V(r c)|/G(r c) ratio. Bonded interactions
with ratios less than 1 are indicated to be closed-shell interac-
tions, those with ratios greater than 2 are indicated to be shared
interactions, and those with ratios between 1 and 2 are indicated
to be intermediate interactions. It was assumed that a bonded
interaction is a closed-shell interaction whenH(r c) g 056 and
that it is a shared interaction when32F(r c) e 0.59 The condition
H(r c) ) 0 implies thatG(r c) + V(r c) ) 0, and, similarly, the
condition that32F(r c) ) 0 implies that 2G(r c) + V(r c) ) 0
such that the two equalities|V(r c)|/G(r c) ) 1 and|V(r c)|/G(r c)
) 2 each hold, respectively. With these equalities, a bonded
interaction is indicated to be a closed-shell when the ratio|V(rc)|/
G(r c) < 1, shared when|V(r c)|/G(r c) > 2, and of intermediate
character when the ratio falls between 1 and 2. The ratio|V(r c)|/
G(r c) is plotted against bond degree parameterH(r c)/F(r c) in
Figure 6 where the ratio ranges between∼1.2 and∼1.5 and
the parameter is negative, a result that indicates that the Fe-S
bonded interactions are intermediate in character between
closed-shell and shared interactions. As found for a large number
of oxides,57 the shared character of the high-spin Fe-S bonds
likewise increases with decreasing coordination number with
the bonded interactions in the FeS4 tetrahedra indicated to be
more shared than those in the FeS6 octahedra. Further, the
octahedral low-spin Fe-S bonded interactions in pyrite and
marcasite are indicated to be more shared interactions than those
for the octahedral high-spin Fe-S interactions. Also, the bond
degree ratio for the Fe-S interactions increases with the
oxidation number of the Fe atom from 1.25 for divalent to 1.35
for trivalent to 1.45 for tetravalent Fe, with the bonded
interaction in greigite indicated to be the most shared of the
interactions. The ratios for the Ni-S interactions determined
for the Ni-sulfides vaesite, millerite, and heazlewoodite show
a similar but smaller range of values (1.20-1.26). As the Fe-S
bonded interactions for trivalent and tetravalent Fe atoms display
larger ratios, they are indicated to display a slightly greater
component of shared character.

Net Atomic Charges

As defined by Bader,55 an atom in a material consists of its
nucleus and the associated basin of electrons, the ingredients
of which are bounded by a surfaceS(r ) that exhibits the property

Figure 5. The local kinetic energy density,G(r c), the local potential
energy density,V(r c), and the electron energy density,H(r c), for the
sulfides identified in the upper corner of Figure 4a plotted against the
experimental Fe-S bond lengths,R(Fe-S).

Figure 6. A scatter diagram of the bond index,|V(r c)|/G(r c), defined
by Espinosa et al.58 plotted against theH(r c)/F(r c) ratio for the sulfides
defined in the upper right corner of Figure 4a.
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of zero flux, meaning thatS(r ) is not crossed by any gradient
vectors inF(r ). This condition is satisfied by the inner product
3F(r )‚n(r ) ) 0 ∀ r ∈ S(r ), wheren(r ) is a unit vector oriented
perpendicular to the surface atr . As defined above, the electrons
enclosed byS(r ) together with the nucleus collectively comprise
the atom. By integrating the ED over the range of the atomic
basin, the number of electrons in the basin is determined. The
net charge of an atom is obtained by summing the nuclear charge
of the atom and the electronic charge associated with the number
of the electrons in the basin. On the basis of the volumes of the
basins and the net atomic charges generated with TOPOND,44

the following chemical formulas were found: marcasite,
Fe0.67+S2

0.34-; pyrite, Fe0.67+S2
0.34-; troilite, Fe0.81+S0.81-; smythite,

Fe0.81+Fe2
0.99+S2

0.54-S2
0.84-; cubanite, Cu0.66+(Fe0.85+)2S0.77-S2

0.79-;
chalcopyrite, Cu0.62+Fe0.86+S2

0.74-; greigite, Fe0.93+Fe2
1.03+S4

0.75-.
The charges conferred on theIVFe atoms for cubanite and
chalcopyrite are practically the same, whereas that conferred
on theIVFe atom for greigite is slightly larger (∼10%). However,
the charges calculated for the H4FeS4 molecule resulted in the
formula H4

0.02-Fe0.88+S4
0.20- with a charge conferred on the Fe

atom about the same as that on the Fe atoms in chalcopyrite
and cubanite but smaller than that conferred on the atom in
greigite. The similar charges conferred on the Fe atoms for both
cubanite and chalcopyrite suggest that the oxidation number for
the Fe atoms comprising the two is similar, whereas the larger
charge on the Fe atom for greigite suggests that the oxidation
number of the Fe atom is larger in greigite than it is in cubanite
and chalcopyrite. However, as the atomic basins for a gas-phase
molecule like H4FeS4 are of infinite dimensions and those for
a crystal like greigite are finite, it is not clear to what extent
the charges for the two systems can be compared.

The magnitude of the charges conferred on the Fe atoms in
pyrite and marcasite is generally smaller than those conferred
on the octahedrally coordinated Fe atoms in troilite, smythite,
and greigite. As may be expected, the magnitude of the net
charge on the S2 dimers (-0.68 e) is also smaller than that on
the S atoms in troilite and smythite (-0.75 e). The different
net charges conferred on the two nonequivalent S atoms in
smythite can be related to different environments of the two
atoms. As observed above, smythite is a sheet structure
consisting of neutral slabs of face-sharing FeS6 octahedra, four
S monolayers thick. The S atoms comprising the two interior
monolayers are each bonded to six Fe atoms, while those
comprising the surface monolayers are each bonded to three
Fe atoms. The surface S atoms bonded to three Fe atoms have
a net charge that is smaller (-0.54 e) in magnitude than the
interior S atoms that are each bonded to six Fe atoms (-0.84
e). In addition, the charges conferred on the Fe atoms coordi-
nated by the S atoms of the interior monolayers are smaller,
0.81+, in magnitude than those coordinated by the S atoms of
the interior and surface monolayers (0.99+). In short, the
magnitude of net atomic charges conferred on the Fe and S
atoms both increase from the interior of the slab to the surface.

The F(r c) values calculated for S-S bonded interactions
comprising the S2 dimers for the disulfides pyrite, marcasite,
and vaesite are similar to those calculated for the S-S bonded
interactions comprising the eight member S8 rings of native
sulfur (Figure 7). In addition to the two well-developed bond
paths that connect neighboring S atoms in the ring, each S is
connected to S atoms in adjacent rings by bond paths, the
number ranging between three and six. Bond paths also exist
between the surface S atoms of the slabs of FeS6 octahedra for
smythite, suggesting that the slabs are bonded together by S-S
interactions (Figure 2d). The presence of a bond path linking a

pair of atoms has been asserted to be a necessary and sufficient
condition for the pair to be bonded.24 Whether the pair is bonded
in a chemical sense has been a subject of considerable debate,
a debate that will not be resolved here. Nonetheless, as the ED
of a material adopts a configuration wherein the energy of the
resulting configuration is minimized, the accumulation of the
ED along a bond path is therefore expected to have a stabilizing
impact on a structure.60,61

Concluding Remarks

The connection that exists between the Fe-S bond lengths
and the bcp and the local energy density properties is similar
to that established for the bonded interactions for a variety of
non-transition metal oxides,62 and for the Fe-O, Mn-O, Ni-
O, and Co-O bonded interactions observed for a number of
transition metal bearing oxides and organic structures.63-66 On
the basis of the theoretical bond critical properties and the net
charges conferred on the Fe and Cu atoms in chalcopyrite
together with spectroscopic evidence, it is concluded that the
valences of Cu and Fe atoms in chalcopyrite are monovalent
and trivalent, respectively. The Cu atom in cubanite is also
monovalent and ordered at a single site, whereas Mo¨ssbauer
evidence indicates that Fe2+ and Fe3+ are randomly distributed
in a pair of tetrahedra. Yet, as observed above, the rms
amplitudes for the Fe atoms are significantly smaller than that
observed for the Cu atom, evidence that appears to contradict
a disordered configuration Fe atoms. The observed bond length
data and the calculated bond critical point properties support
the proposal that the valence of the tetrahedral Fe atom
comprising greigite is 4+, but the evidence is not conclusive.
Nonetheless, the fact that the geometry optimized Fe-S bond
length and the value of the ED at the bond critical for the H4FeS4

molecule is virtually the same as that for greigite suggests that
the proposal merits consideration. Further, if the proposal were
true, then it would explain why greigite has a limited stability
with respect to pH, why it is difficult to synthesize, and its
metastability.67

In a comparison of model multipole theoretical ED distribu-
tions and experimental distributions for several silicates deter-
mined with high-resolution and high-energy synchrotron single-

Figure 7. The S-S bond lengths,R(S-S), observed for native sulfur,
smythite, heazlewoodite, marcasite, pyrite, vaesite, NiS2, and covellite,
CuS, plotted against the value ofF(r c). The native sulfur bonded
interactions are plotted as blue spheres, and those for the sulfide crystals
are plotted as orange spheres.
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crystal diffraction data,68,69 it was found that the theoretical
distributions are in close agreement with the experimental
distributions. The close agreement of the experimental and
theoretical bond critical point properties reported for heazle-
woodite by Spackman et al.27 also indicates that the accuracy
of theoretical model ED distribution rivals that of the experi-
mental model. On the basis of these results, it is anticipated
that the accuracy of the theoretical ED distributions for Fe and
Cu sulfides together with their calculated bcp and local energy
density properties will rival those of the experimental distribu-
tions.
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