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Bond critical point and local energy density properties together with net atomic charges were calculated for

theoretical electron density distributiongy), 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(r ), the Laplacianyv?o(r¢), the local kinetic energyG(rc), and the oxidation state of
Fe increase as the local potential energy den¥fiy), 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 valuep(0f) and v2p(rc) are larger for pyrite and
marcasite, indicating that the accumulation and local concentratigafrdfin the internuclear region are
greater than those involving the longer, high-spin-Bebonded 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, theS-@teractions are indicated to be
intermediate in character with the low-spin-F& 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'€e*"S,. The bond length is shorter and thg ;) value is larger

for the Feg tetrahedron displayed by metastable greigite than those displayed by chalcopyrite and cubanite,

consistent with a proposal that the Fe atom in greigite is tetravalers. l®nd paths exist between each of
the surface S atoms of adjacent slabs ofdF@$ahedra comprising the layer sulfide smythite, suggesting that
the neutral F¢5, 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 adjateyg B native
sulfur, but their bond critical point properties are similar to those displayed by the metal sulfides.

Introduction at Caltech when he “...considered sulfides to be a pretty

Transition metal sulfides are an important class of Earth interesting field.” He went on to say that “I thought that | knew
materials that d|sp|ay a fascinating assortment of bonded all about the silicates by that time, but | did not understand
interactions and structure types in concert with a host of sulfides at all and I thought that we ought to be determining a
important electronic, magnetic, and catalytic propertiés. lot of sulfide structures.” Intent on attacking and resolving this
Sulfides are also important economic and industrial staples for important problem, Pauling approached the Geological Society
mankind, providing the main resources for the bulk of the world 0f America with a proposal requesting a $3000 Penrose Grant
supplies of non-ferrous metals. The properties have attractedto study sulfides with the goal of formulating a new set of rules
the attention of chemists, material scientists, physicists, and for determining their structures comparable to those that he had
mineralogists alike who have undertaken a relatively wide formulated for complex silicate crystals, rules that have since
variety of experimental and theoretical studies, resulting in the provided an important underpinning for much of our under-
invention of sulfide-based catalysts, magnetic sensors, solar cellstanding of silicate crystal chemistry. Several months later, he
materials, solid-state batteries, and lubricants, among otherreceived a letter of rejection with the silly comment “...that
things. perhaps this was not geology.” Undaunted, Pauling resubmitted

In a historical perspective presented 25 years ago at Castlehis application, explaining “...to the old geologist at MIT why
Hot Springs, AZ, Linus Paulirfgeminisced about his early days it was important to do this sort of work.” He never heard back,
an outcome that was clearly a material setback for understanding
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silicates. For example, metal excess sulfides display non- populations determined in multipole refinementsof) were
stoichiometric formulas like N&s that do not appear to be not only found to be significantly different from the values
charge balanced, a class of formulas unknown for silicates. expected for a spherical high-spin divalent Fe atom but to yield
Silicates are only known to contain metailxygen (M—O) an occupancy of 2.0 for the arbital in exact agreement with
bonded interactions, and their structures are often comparativelythe value of 2.0 expected for low-spin divalent Fe. Using the
less complicated, consisting of 3D arrays of corner-, edge-, and,parameters obtained in the multipole refinement, they were also
in some cases, face-sharing IM&ordinated polyhedra. Sulfides  successful in the calculation of the electric field gradient at the
also consist of corner-, edge,- and face-sharing &®rdinated Fe nucleus together with the magnitude of the quadrupole
polyhedra, but, in sharp contrast, the transition metal M atoms splitting of the M@sbauer spectra. Deformation maps generated
for a number are not only bonded to S, but they are also bondedin a theoretical study of pyrite have since been found to be
to the M atoms in adjacent coordinated polyhedra such as threeconsistent in large part with the experimental maps showing
MS, tetrahedra sharing a common edg Another complica- peaks radiating from Fe in the directions of the octahedral
tion is that some contain,8limerst# suggesting the possibility ~ faces?! demonstrating that experimental deformation maps can
that S-S bonded interactions may be present in other sulfides. be useful in the study of bonded interactions despite the well-
In contrast, dioxide @dimers are unknown to us in silicates. known fact that a procrystal representatiop@f is not unique.
A short O-O contact (2.11 A) has been reported in a high- In a study of the connection between the electron density, ED,
pressure structure determination of a silica polymorph with the distributions for a number of pyrite structure types, and the
pyrite structure, but, despite the presence of a well-developedcatalytic activity in hydrodesulfurization (HDS), Aray et?aR3
bond path connecting the O atoms, the lack of maxima in the calculated the bond critical point, bcp, properties for a number
electron localization function maps along the-O vector was of transition metal disulfides, finding bond paths between M
asserted to indicate that the O atoms are nonbo#ted. atoms and S and between the S atoms of thdi®ers. They
Assuredly, the presence of MM and S-S bonded interac-  also found that the HDS catalytic activity is connected to the
tions contributes to the complexities of the sulfide structures chemical character of the transition metal involved in the
and underlies the occurrence of non-stoichiometric chemical adsorption process. The calculation for pyrite yieldeg(ia)
formulas as observed abo¥&7° These interactions present a value of 0.55 e/Afor the Fe-S bonded interaction and a larger
problem in the consideration of bond valences and bond valencevalue of 0.89 e/A for the S-S interaction, values that are in
sums as embodied in Pauling’s rifearticularly his second  exact agreement with those calculated in this study.
rule) 247 9Nonetheless, for Fe sulfides lacking+Fee and S-S The bond critical point and the local density properties were
bonded interactions, Hoggins and Steinfhéstablished a bond  recently calculated for the theoretical ED distributions for three
valence-bond length connection for a variety of +8 bonded  Nj-sulfides vaesite (Nig, millerite (NiS), and heazlewoodite
interactions, similar to that established for the- bonded (NisS;) and for bulk Ni metaf. The study revealed that bond
interaction derived for oxide)$. With this connection, they not paths not only exist between the Ni and S atoms, but that they
only found that the valence of Fe correlates with'ddbauer  also exist between adjacent Ni atoms. As the-Ni separations
isomer shifts and electrical conductivity, but that it also provides and the bcp properties for the separations in millerite and
a strategy for estimating the oxidation state of Fe. heazlewoodite (2.562.53 A) closely match those calculated
With the advent of the single-crystal diffractometer, new for bulk Ni metal (2.49 A), it was concluded that the Ni atoms
X-ray sources of radiation, and the computer during the middle are bonded like those in bulk Ni metdlAccordingly, the ED
and late last century, it is not surprising that the crystal structures associated with the NiNi bond paths was asserted to stabilize
of a large number of silicates were determined and that materialthe structures of millerite and heazlewoo8iteyond that of
gains were made in developing an experimental and theoreticalthe stabilizing Fe-S bonded interactions. The net atomic charges
basis for understanding silicate crystal chemi&#¥.17 Sub- conferred on the Ni and S atoms in vaesite and millerite were
stantially less gain was made for sulfides due in large part to found to be a fraction of the formal valences of the atoms with
the common presence of crystal defects such as twinning,the net charge on Ni decreasing with decreasing ®libond
zoning, exsolution, and disorder. Electron density distributions, length. Smaller net charges were likewise calculated for the Ni
bond critical point, and the local energy density properties atoms in Ni excess heazlewoodite that were related to is Ni
calculated for a relatively large number of oxides and silicates Ni bonded interactions, its metallic character, and to the greater
have been found to be in adequate agreement with thoseshared character of its bonded interactions. The local kinetic,
determined experimentally with accurate high resolution and potential, and electronic energy density properties and the bcp
high-energy synchrotron experimental diffraction data, whereas, properties indicate that the N5 and Ni-Ni interactions are
to our knowledge, few such studies have been completed forintermediate in character between closed-shell and shared

sulfides? interactions. It was also observed that the high metallic
A notable exception is the careful study of the spin of conductivity and the delocalization of the electrons in heazle-
nominally divalent Fe undertaken by Stevens etalwho woodite are consistent with its well-developed and robust

completed a mapping of the experimental deformation electron metallic band structur.In addition, the metallic conductivity
density distribution,Ap(r), for pyrite, Fe$, to establish a  was related to the presence of four well-developedNiibond
connection between the distribution and the crystal field splitting paths that radiate from each Ni atom, connecting the Ni atoms
of the d-orbitals on the Fe atom. They found that stAtigr) in the structure into a highly branched continuous circuit of
maps display eight peaks between 1.2 and 1.6 efAeight at interconnected NiNi bond paths. The end product is a crystal
~0.6 A from the Fe atom directed toward the faces of thesFeS that can be pictured as wired with NNi bond paths of
octahedron, as expected for g)(e;)° low-spin configuration accumulated ED that radiate throughout the crystal, ideally
and suggested by paramagnetic susceptibilind Mesbauer suited for electron transport. The non-stoichiometic formula for
measurement82° A slight trigonal distortion of the octahedron  heazelewoodite suggests that the oxidation state of the Ni atoms
was found to result in a splitting of the three degenerage t is intermediate between Niand NP*. In a previous study of
energy levels into gand g levels. Further, the d-orbital the electronic structure for two Ni bearing dipyridylamide



Fe- and Cu-Sulfide Earth Materials J. Phys. Chem. B, Vol. 111, No. 8, 2007925

06 T T T T T T T T T T T - (b)

s (3 Ni-S -
0.4 4 —

034 Ni-Ni .

0.2 4 -

p(r,) e/A’ (calculated)

0.1+ E

0.0 T T T T T T T T T T
0.0 01 0.2 03 0.4 05 0.6

p(r.) e/A’ (experimental)

SO T T T T 1

T 0' L)
454 Ni-S 4
1 (b) 5 ]
4.0 4 -
o 5. ]
9 1 1 Figure 2. Drawings of the crystal structures for pyrite, Re@),
2 30+ 1 marcasite, FeSb), troilite, FeS (c), and smythite, 5% (d). The green
7"; 25 1 1 octahedra house Fe atoms, and the yellow spheres represent the S atoms.
o 7 Ni-Ni ] The octahedra of pyrite and marcasite are linked togetheg byn&rs
= 204 A into a framework of corner-sharing Rg&ctahedra. The Slimers are
K | % | connected by bond paths displayed by gray straight lines. The small
P15+ - white spheres represent the«3,) bond critical points for the SS
«;L 1 bonded interaction. The sulfur atoms comprising the surfaces of the
1.09 . slabs of the smythite structure are also connected by bond paths each
0 5_‘ 5.5 ] with a bcp point, three of which radiate from each S atom.
o ——F—7—7—7—7 trend and are-0.5 e/& larger than those calculated. Given that
00 05 10 15 20 25 30 35 40 45 50 the Laplacian is the second derivative of the ED, poorer
Vzp(rc) /A’ (experimental) agreement may be anticipated. Nonetheless, the quality of the

Figure 1. A comparison of the experimental and theoretical electron dlffractlon data and the modellng of the experlmgntal dlstrlbutlorj
density, p(ro) (a), and the Laplacian gf(ro), v2p(ro), values (b) for are considered to be adequate in that the experimental properties
heazlewoodite, NS, each determined at the (31) bond critical points ~ are in reasonably good agreement with the theoretical ®nes.
for the Ni—S, Ni—Ni, and S-S bonded interaction®’ The Ni—S Encouraged by the agreement, we have completed similar
bonded interactions are plotted@sthe Ni—Ni interactions are plotted calculations for the FeS, Fe-Fe, and S S bonded interactions
as®, and the S'S interactions are plotted as The data are compared  comprising the Fe-sulfides pyrite (F§S marcasite (FeS)
with an ideal line with a 45slope. troilite (FeS), smythi L

, smythite (F£5,), and greigite (Fs54), and the

molecules with Ni-Ni separations measuring2.45 A, Ni Fe-Cu-sulfides chalcopyrite (CuFgand cubanite (Cu ;&)

metallic wires were likewise pictured by Kiehl at Al.as

potential circuits for electron transport. Crystal Structures

This Study Thg crystal structurgs of the disulfide_s pyrite and marcasite
consist of corner-sharing Fe8ctahedra linked together by S

An accurate set of high-resolution single-crystal X-ray dimers where each S atom of a dimer defines the corner shared
diffraction data was recently collected, and a conventional in common by three octahedra (Figure 2a,b). However, unlike
multipole refinement and modeling of the experimental ED the Fegoctahedra in pyrite, which only share corners, each of
distribution was completed for a synthetic heazlewoodite the octahedra in marcasite also shares two edges with adjacent
crystal?’ A generation of the bcp properties for the distribution octahedra, forming chains of edge-sharing octahedra running
revealed that each of the bond paths displayed by the theoreticaparallel to thec-cell edge vectoc (Figure 2b). Like pyrite and
distribution is faithfully displayed by an experimental path. The marcasite, troilite and smythite also consist of corner-sharing
values of the theoretical ER(r ), evaluated at the bond critical FeS octahedra, but, unlike pyrite and marcasite, they are linked
points,r¢, are compared with the experimental values in Figure together by single S atoms rather than by#ners. Also, unlike
la where the experimental values for the-8i, Ni—Ni, and pyrite and marcasite with low-spin Fe atoms, the Fe atoms in
S-S interactions are seen to be in good agreement with thetroilite and smythite are in the high-spin state. The S atoms in
theoretical values. The experimental values for the Laplacian, troilite can be viewed as hexagonal close-packed (hcp) with
v2o(r), for the Ni-S and S-S interaction are also in good one-half of the available octahedral voids occupied by nominally
agreement with the theoretical values (Figure 1b), but the divalent Fe. As such, each Re&ctahedron shares faces with
experimental values for the NNi interactions depart from the  two adjacent antipodal Fe8ctahedra with the remaining edges
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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 atSi#fs.
The Fe-S bond length observed for chalcopyrite (2.26%4%

in exact agreement with that generated with Shanddéotystal

radii (2.26 A) for nominally trivalent high-spin tetrahedrally
coordinated Fe. The observed €8 bond length (2.30 A) is
also in agreement with that generated with Shannon radii (2.33
A).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 Gte**S, formula3® The
valence strengthbond length connection yields an oxidation
number for the Fe atom of 2.79, 10% smaller than that observed
for chalcopyritet?

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 FeStetrahedra 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 F&" and Fé" atoms as evinced by neutron
diffraction and M@sbauer data that show that these two edge-
sharing Feg tetrahedra are inversion center equivalent in
agreement with a random distribution of ato??8:3*As such,
McCammon et af®> have concluded that the valences of the Fe
atoms represent a rapid electron transfer of delocalized electrons
between F& and Fé" as proposed for the octahedra of greigite
(see below). The average +8 bond length observed for the
tetrahedra in cubanite is 2.275 A, slightly larger than that
generated (2.255 A) for a Fe—S bond length with Shannon’s
radii®? but smaller than that generated for a random distribution
of Fe+ and Fé* (2.308 A). In contrast, the average bond length
observed for the CuStetrahedron, 2.305 A, is statistically
identical to that observed for chalcopyrite, 2.302 A.

The rms amplitudes of the thermal ellipsoid observed for the
random arrangement of Fe atoms in cubanite (0.108 A) are
substantially smaller, on average, than those observed for the
ordered Cu atoms (0.137 Aj.Also, given that the Hoggins
Steinfink estimate of the Fe valence for cubanite is slightly
smaller (2.77) than that estimated for chalcopyfi{@.79) and
that the averag®Fe—S bond length observed for cubanite is
slightly longer than that observed for chalcopyrite, collectively
Figure 3. Drawings of the crystal structures for chalcopyrite, CuFeS the evidence _suggests tha.t the F.e atoms m. the palr of tetrahedra
(a), cubanite, CuR&s (b), and greigite, RS (c). The blue and green ~ D€have as a single atom with a given oxidation state as suggested

tetrahedral house Cu and Fe atoms, and the green octahedral and reHY Fleet® rather than a random distribution of ﬁearyd Fé*.
tetrahedral house Fe, respectively. The yellow spheres represent dt is noteworthy that the presence of an Fe atom with the same

atoms. oxidation state is consistent with the time scale of tHesshauer
shared by FeSoctahedra (Figure 2c). Unlike troilite, smythite effect. A recent study of the equatio.n of state, the bondlchiaracter,
is a sheet structure that consists of a succession of parallel slabg&nd Mssbauer data collected at high pressures also indicates a
of FeS octahedra each separate@.5 A apart (Figure 2d). The single Fe atom with an |ntgrmed|ate oxidation state between
slabs have the troilite structure and consist of three layers of F&" and F&".3" However, if Fé" and Fé" are randomly
face-sharing FeSctahedra. The FeS bond length vectors that distributed between the pair of tetrahedra, then the rms
radiate to the surface S atoms of the slabs are shorter, 2.42 Aamplitudes for the Fe atoms would be expected to be substan-
than those involving the interior FeS bond length vectors (2.46  tially larger than that observed for the Cu atom, which is not
A), as may be expected from local valence balance consider-the casé?
ations!? Unlike the previous structures, greigite (Figure 3c) is generally
In contrast, the structures of chalcopyrite and cubanite eachbelieved to consist of both tetrahedrally and octahedrally
consist of Fegand Cu$ corner-sharing tetrahedra (Figure 3a coordinated Fe atoms comprising the inverse spinel structure
and b, respectively). In the case of chalcopyrite, the structure with the formula Fé&" (F&TFe*)S,.3839 As is well known,
can be described as a cubic close-packed (ccp) array of S atomgreigite is metastable, which accounts for its rarity in nature
in which one-eighth of the available tetrahedral voids are and its difficult synthesid.The structure can be described as a

(@

(b)
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ccp array of S atoms with Eé occupying one-eighth of the  and materials. As the coordination number of the Fe atom
available tetrahedral voids and¥and Fé* randomly distrib- decreases from six for troilite, smythite, and greigite to four
uted over one-half of the available octahedral voids. Its semi- for cubanite, chalcopyrite, and greigit®(Fe—S) decreases
metallic character has been ascribed to the presence of nonnonlinearly as defined by the dashed line. Also, the oxidation
stoichiometic Fe vacancies with electron hopping inferred to state of the Fe atom in the series is indicated to increase from
occur between high-spin Feand F&" atoms in the octahedral 2+ to 3+ to 4+ if the oxidation state is intermediate between
voids. Using the FeS bond valencebond length connection,  Fe?" and F&' in cubanite and Fé in greigite. The experimental
it has been suggested that the tetrahedrally coordinated Fe atonfe—S bond lengths are slightly shorter, and the calculated
in greigite is tetravalent rather than trivalent as assumed above.(r) values are slightly larger for chalcopyrit€3? than those
As found by Hoggins and Steinfink,the connection yields a  for cubanite, as may be expected if the oxidation state of the
valence of 3.92 for the 4-coordinated Fe atom of greigite, close Fe atom in the latter is intermediate betweei*Fand Fé&*.
to an oxidation state of-4. Further, Shannd# found that the The two nonequivalent bond lengths of cubanite involved in
connection yields a tetrahedral4fe-S bond length of 2.144  the shared edge are longer than those observed for chalcopyrite
A, close to the experimental tetrahedral bond length, 2.147 A, (2.26 A), whereas those involved in the unshared edges are about
for greigite3® While Fe is known to exist in a tetravalent state, the same as that observed for chalcopyrite with the average bond
the Fé* cation is relatively rare and not particularly stable. length (2.28 A) for cubanite being slightly longer than that
Indeed, Hoggins and Steinfifkwere careful to point out that  observed for chalcopyrite. The(rc) values calculated for the
it was very unlikely that the Fe atom is tetravalent. Moreover, tetrahedral FeS bond in greigite (0.73 e are substantially
Hong and Steinfink concluded on the basis of a'ldsbauer  larger than those calculated for cubanite (0.49 3p/And
isomer shift of 0.17 mm/s and a magnetic susceptibility of 5.81 chalcopyrite (0.48 e/#. The larger value op(ro) is expect if
ug that the Fe atom in B&eS is trivalent rather than tetravalent  the oxidation state of the tetrahedrally coordinated Fe in greigite
as indicated by its formula. The charge on the Fe atoms wasis nominally 4+.
considered to be reduce_d by a bacl;-donaﬂon of an electron from  pq reported above, the F& bond lengths observed for pyrite
the S to the Fe atom with a resulting 8 bond length, 2.24  anq marcasite with low-spin nominally divalent Fe atoms are
A, that is slightly shorter than that for ¥Fe*" S bonded  gpstantially shorter<0.25 Af2 than those observed for the
interaction, 2.25 A4?Nonetheless, given the possibility that  gjy_coordinate nominally divalent high-spin Fe atoms in troilite,
_Fe is tetr_avalent in greigite and the p_ossmlllty_ that the Fe atom greigite, and smythité Further, the bond lengths for the two
in cubanite has an effective charge intermediate betwe&h Fe s ifide polymorphs fall off the dashed curve in Figure 4a with
and Fé*, it will be of interest to compare their bep and local heir o(r) values~0.15 e/ larger than those calculated for
density properties with those calculated for chalcopyrite where ¢ gfides with 6-coordinate high-spin nominally divalent Fe.
the oxidation state of the Fe atom is known to be trivat?. 1o pep properties calculated for pyrite are in exact agreement
with those calculated earlier by Aray et?a#3

Computational Details A recent study of the bcp properties calculated for the@i

Given the close agreement of the theoretical and experimentalbonoleol in_tera_u_:tions for silicate crystals and representative
bep properties reported for heazlewoodite, ED distributions were Ydroxyacid silicate molecules demonstrates that the geometry

calculated and the bcp and the local energy density propertiesanOI the properties calculated for the ’.“°'ecu.'es match those
were calculated with the programs CRYSTAE3g@nd TO- calculated and observed for the crys?&l@wt_an this agreement,
POND* for the Fe-sulfides troilité? pyrite 182046marcasitef! the structure of the ireS molecule & point symmetry and
chalcopyrite3 cubanite® 37 greigite®® and smythite® The tetravalent F&) was geometry optimized at the B3LYP/6-

electronic structure for each crystal was computed with CRYS- 311++(2d,p) level for purposes of comparing the optimized

TAL98, using Bloch functions expanded as linear combinations 'VFe—S_bond Iength with that observed for grgigite. The
of atomic centered Gaussian basis sets. Self-consistent fielgcalculation resulted in a Fe5 bond length of 2.130 A, slightly

wave functions, solved in reciprocal space, were computed for ShOrer than that observed for greigite (2.147 A). Using the
each structure at the density functional theory level using the Software EXTREME, kindly provided by Professor Richard
local density approximation formulated with the local spin Bader, the bcp properties were calculated. Although theS-e
density approximation for the exchange potefignd the bond length is slightly shorter than that observec_i for greigite,
Vosko—Wilk —Nusaif° parametrization of the correlation po- the value ofo(rc) (0.73 e/R) for the Fe-S bonded interaction
tential. The basis sets used in the calculations were specifically 0" the molecule matches that calculated for greigite exactly
optimized for use in the CRYSTAL98 program. For Fe and (Figure 4a).
Cu, 86-411(d41)G basis sets optimized by Towler &t alere Figure 4b shows thav?p(r¢) also increases in value with
used, and, for S, an 86-311G* basis set optimized by Lichanot the decreasing bond length, the oxidation state, and the
et al2was used. The bcp and the local energy density propertiescoordination number for the Fe atom. Also, t1ép(rc) values
were computed using parameters described e@nliéh the for pyrite and marcasite are-0.2 e/® larger than those
TOPOND* software. calculated for the sulfides with 6-coordinate nominally divalent
high-spin Fe atoms. Clearly, the 8 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 ofp(r) in the bcp regions of the FeS bonded
interactions and shorter bond lengths as compared with those
Thep(r) values calculated for the Fe sulfides, plotted against involving the high-spin Fe atoms in troilite and smythite. The
the observed FeS bond lengthR(Fe—S) (Figure 4a), increase  v2p(r¢) values for chalcopyrite and cubanite are similar (4.07
nonlinearly with the shorter bonded interactions involving larger 4.24 e/&), but they are substantially smaller than that calculated
values of p(rc), a connection that has been reported for a for greigite (4.88 e/A). However, they are also smaller than
relatively large number of different MO bonded interactions  the value calculated for the;AeS molecule (4.30 e/3). Unlike

Connection between the Experimental Fe'S Bond
Lengths and the Theoretical Bond Critical Point
Properties
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Figure 4. The experimental bond lengthR(Fe—S), for the color coded sulfide data displayed in the upper right corner of (a) plotted against the
calculated value of electron densiy(r.) e/A2 (a), the Laplacian op(rc) e/AS v2(ro) (b), the bonded radii of Fa,(Fe) A (c), and the bonded
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the close agreement of thdr.) value, v2o(rc) for greigite is
somewhat larger,~15%, than that calculated for ;HeS

molecule.
In the calculations, no bond paths were found between the radii of the Fe atoms comprising the ke®tahedra in troilite,
adjacent Fe atoms as reported earlier between the Ni atoms insmythite, and greigite are larger than those comprising the FeS

heazlewoodite and millerittAs such, evidence is lacking for

decreasindr(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

tetrahedra in chalcopyrite, cubanite, and greigite. Also, the

Fe—Fe bonded interactions in troilite, smythite, and cubanite. bonded radii of the low-spin divalent Fe atoms in pyrite and
Consistent with this result, the F&e separations between the marcasite are-0.1 A smaller than the high-spin divalent Fe

Fe atoms in the face-sharing octahedra in smythite (2.86 A) atoms of troilite, smythite, and greigite. Thus, the shorter low-
and troilite (2.90 A) and the edge-sharing tetrahedra in cubanite spin Fe-S bond lengths depend on the radii of both the Fe and

(2.80 A) are substantially longer than that displayed by bulk S atoms rather than just on the radius of the Fe atom alone as
Fe metal (2.48 A). The FeFe separations are also substantially assumed by ShanndaFurther, the bonded radii of the S atoms
longer than those (2.73 A) between the edge-sharing, FeS comprising the $dimers in marcasite and pyrite ared.1 A
tetrahedra in BaFe;S;s where a delocalization of electrons is  smaller than the radii of the S atoms in troilite and smythite.
asserted to take place in the reduction of the charges on the FeAccordingly, the ED is more accumulated and locally concen-
atoms (ref 42). The NiNi separations in the Ni-sulfides trated at the bcp along the low-spin+8 bond paths. Given
heazlewoodite and millerite are very similar to those in bulk the low-spin state of the Fe atoms in pyrite and marcasite, the
Ni metal with Ni—Ni bond paths resulting between the Ni atoms smaller radii of the Fe atoms are consistent with ¢alculations
in both the sulfides and the metal that exhibit the same exactand spectroscopic studies used to model the bonded interactions
properties. However, well-developed bond paths were found to for pyrite>*
exist between the,8limers in pyrite and marcasite (Figure 2a,b). The bonded radii of the Fe atoms in chalcopyrite and cubanite
As displayed in Figure 4c and d, the bonded radii of the Fe are both the same (1.07 A), on average, consistent with the
and S atomsr,(Fe) andry(S), decrease linearly in size with  possibility that oxidation number of the Fe atom in cubanite is
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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 A), consistent with the possibility
that atom is nominally tetravalent. Tetravalent Fe is also
consistent with the smaller size of the Ré&rahedra observed

for greigite as compared with those observed for chalcopyrite

and cubanite. The bonded radius of the Fe atom calculated for

the HyFeS, molecule is slightly smaller (1.00 A) than that
calculated for greigite (1.02 A), whereas the calculated radius
of the S atom (1.13 A) 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 densit@(r¢), and potential energy
density at the bcpy(rc), of a bonded interaction are each
connected tov?p(r¢) by the local form of the virial theorem
1/4v2%0(re) = 2G(re) + V(ro).5® For a geometry optimized
minimum energy structure, the kinetic energy densgfr,c), is
always positive, and the local potential energy denslty,) is
always negative. As displayed in Figure 5, with decreasingg-e
bond lengthG(r ) increases antl(r) decreases at a faster rate
such the local electronic energy denskifrc) = G(r¢) + V(r¢),
is negative. As asserted by Cremer and Kral(r.) can be
used as a measure of the character of a bonded interaction. Whe
it is positive and the local kinetic energy dominat&gr.) >
[V(r¢)|, a bonded interaction is asserted to be a closed-shell
interaction, and when it is negative and the local potential energy
dominates, |V(r¢)] > G(r¢), it is asserted to be a shared
interaction. In general, the more negative is the value @f),
the larger is the magnitude ¥fr¢), and the smaller is the value
of G(r¢), the greater is the shared character of the bonded
interaction. The bonded interactions displayed in Figure 5
indicate that the shared character of the-Bebonded interac-
tions increases for the high-spin Fe bonded interactions with
decreasing bond length, coordination number, and the oxidation
number of the Fe atofT. The low-spin Fe-S bonded interac-
tions comprising the Fe®ctahedra in pyrite and marcasite are
indicated to have more shared character than the high-spi§ Fe
interactions comprising the octahedra in troilite, smythite, and
greigite. The fact that thél(r) values for the FeS bonded
interactions in chalcopyrite are similar to those in cubanite
suggests that the bonded interactions for the two are similar.
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Figure 6. A scatter diagram of the bond inde¥/(r¢)|/G(r ), defined
by Espinosa et & plotted against thel(rc)/p(r¢) ratio for the sulfides
defined in the upper right corner of Figure 4a.

Recently, Espinosa et & proposed a classification of bonded
interactions based on the(r¢)|/G(r ¢) 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 whidfr.) > 0°¢ and
that it is a shared interaction wherp(r¢) < 0.5° The condition
H(ro) = 0 implies thatG(r¢) + V(r¢) = 0, and, similarly, the
condition thatv?p(rc) = 0 implies that &(ro) + V(rd) = 0
such that the two equalitig¥(r¢)|/G(rc) = 1 and|V(ro)|/G(r¢)
= 2 each hold, respectively. With these equalities, a bonded
interaction is indicated to be a closed-shell when the r&fiiq)|/

G(re) < 1, shared whef\V(r¢)|/G(rc) > 2, and of intermediate
character when the ratio falls between 1 and 2. The t&fiQ)|/

G(r¢) is plotted against bond degree paramedér.)/p(rc) in
Figure 6 where the ratio ranges betweefh.2 and~1.5 and

the parameter is negative, a result that indicates that th&SFe
bonded interactions are intermediate in character between
closed-shell and shared interactions. As found for a large number
of oxides®” the shared character of the high-spinfSebonds
likewise increases with decreasing coordination number with
the bonded interactions in the Eet®trahedra indicated to be
more shared than those in the Ee&tahedra. Further, the
octahedral low-spin FeS bonded interactions in pyrite and
marcasite are indicated to be more shared interactions than those
for the octahedral high-spin F€ interactions. Also, the bond
degree ratio for the FeS 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 NS interactions determined
for the Ni-sulfides vaesite, millerite, and heazlewoodite show
a similar but smaller range of values (1-20.26). 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 Badet® an atom in a material consists of its
nucleus and the associated basin of electrons, the ingredients
of which are bounded by a surfag) that exhibits the property
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of zero flux, meaning tha(r) is not crossed by any gradient I T T i T i T T T i ]
vectors inp(r). This condition is satisfied by the inner product
vp(r)-n(r) =00r € r), wheren(r) is a unit vector oriented

% @ native sulfur
@ sulfide crystals
perpendicular to the surfaceratAs defined above, the electrons 1 3 ]

4.0+

enclosed byS(r) together with the nucleus collectively comprise

the atom. By integrating the ED over the range of the atomic 3.5

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? 3.0- .

of the electrons in the basin. On the basis of the volumes of the & '

basins and the net atomic charges generated with TOP®ND, ]

the following chemical formulas were found: marcasite, 25

FeP677 5,034 pyrite, FE677S,034; troilite, F&8 381, smythite,

Fé).81+|:ezo.99+520.54f520.8¢; cubanite, CQIGG%(Fé).BSF)Zso.WfSZO.?%; 4 _ QQ 4

chalcopyrite, CB62rFe86-5,0.74-; greigite, F&93Fe,l 0375075~ - B B - o |

The charges conferred on tHéFe atoms for cubanite and ’ . . . .

chalcopyrite are practically the same, whereas that conferred 0.0 02 04 08 08 1.0

on the'VFe atom for greigite is slightly larger(10%). However, o(r) elA’

the charges calculated for thef€S, molecule resulted in the ) ¢ .

formula HO-02FeP 885,020 with a charge conferred on the Fe  F19Ure 7- The S-S bond lengthsk(S—S), observed for native sulfur,
smythite, heazlewoodite, marcasite, pyrite, vaesite, Nisd covellite,

atom about the same as that on the Fe atoms in chalcopyriteCuS’ plotted against the value pfro). The native sulfur bonded

and cubanite but smaller than that conferred on the atom in interactions are plotted as blue spheres, and those for the sulfide crystals
greigite. The similar charges conferred on the Fe atoms for both are plotted as orange spheres.

cubanite and chalcopyrite suggest that the oxidation number for

the Fe atoms comprising the two is similar, whereas the larger pair of atoms has been asserted to be a necessary and sufficient
charge on the Fe atom for greigite suggests that the oxidationcondition for the pair to be bondééWhether the pair is bonded
number of the Fe atom is larger in greigite than it is in cubanite in a chemical sense has been a subject of considerable debate,
and chalcopyrite. However, as the atomic basins for a gas-phasea debate that will not be resolved here. Nonetheless, as the ED
molecule like HFeS are of infinite dimensions and those for  of a material adopts a configuration wherein the energy of the
a crystal like greigite are finite, it is not clear to what extent resulting configuration is minimized, the accumulation of the
the charges for the two systems can be compared. ED along a bond path is therefore expected to have a stabilizing

The magnitude of the charges conferred on the Fe atoms inimpact on a structuré.®:
pyrite and marcasite is generally smaller than those conferred ]
on the octahedrally coordinated Fe atoms in troilite, smythite, Concluding Remarks

and greigite. As may be expected, the magnitude of the net e connection that exists between the-Sebond lengths
charge on the Sdimers (-0.68 e) is also smaller than that on 54 the pep and the local energy density properties is similar
the S atoms in troilite and smythite-0.75 e). The different ¢, 5t established for the bonded interactions for a variety of
net charges conferred on the two nonequivalent S atoms in g transition metal oxide® and for the Fe-O, Mn—0, Ni—
smythite can be related to different environments of the two 0, and Coe-O bonded interactions observed for a number of
atoms. As observed above, smythite is a sheet structureyansition metal bearing oxides and organic structéie®.On
consisting of neutral slabs of face-sharing Fe&ahedra, four  he pasis of the theoretical bond critical properties and the net
S monolayers thick. The S atoms comprising the two interior charges conferred on the Fe and Cu atoms in chalcopyrite
monolayers are each bonded to six Fe atoms, while thoseogether with spectroscopic evidence, it is concluded that the
comprising the surface monolayers are each bonded to threg,glences of Cu and Fe atoms in chalcopyrite are monovalent
Fe atoms. The surface S atoms bonded to three Fe atoms havgnq trivalent, respectively. The Cu atom in cubanite is also
a net charge that is smaller-0.54 e) in magnitude than the  monovalent and ordered at a single site, whereassidauer
interior S atoms that are each bonded to six Fe atontsg4 evidence indicates that Feand F&" are randomly distributed
e). In addition, the charges conferred on the Fe atoms coordi-jy 5 pair of tetrahedra. Yet, as observed above, the rms
nated by the S atoms of the interior monolayers are smaller, gmplitudes for the Fe atoms are significantly smaller than that
0.81+, in magnitude than those coordinated by the S atoms of gpserved for the Cu atom, evidence that appears to contradict
the interior and surface monolayers (0199 In short, the 3 disordered configuration Fe atoms. The observed bond length
magnitude of net atomic charges conferred on the Fe and Sqata and the calculated bond critical point properties support
atoms both increase from the interior of the slab to the surface.the proposal that the valence of the tetrahedral Fe atom
The p(r¢) values calculated for -SS bonded interactions  comprising greigite is 4, but the evidence is not conclusive.
comprising the Sdimers for the disulfides pyrite, marcasite, Nonetheless, the fact that the geometry optimized $Fdond
and vaesite are similar to those calculated for the(S®onded length and the value of the ED at the bond critical for thEé8,
interactions comprising the eight membey i$gs of native molecule is virtually the same as that for greigite suggests that
sulfur (Figure 7). In addition to the two well-developed bond the proposal merits consideration. Further, if the proposal were
paths that connect neighboring S atoms in the ring, each S istrue, then it would explain why greigite has a limited stability
connected to S atoms in adjacent rings by bond paths, thewith respect to pH, why it is difficult to synthesize, and its
number ranging between three and six. Bond paths also existmetastability?”
between the surface S atoms of the slabs of;lee&hedra for In a comparison of model multipole theoretical ED distribu-
smythite, suggesting that the slabs are bonded togetherBy S tions and experimental distributions for several silicates deter-
interactions (Figure 2d). The presence of a bond path linking a mined with high-resolution and high-energy synchrotron single-
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