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Experimental Bond Critical Point and Local Energy Density Properties Determined for
Mn—0, Fe—0O, and Co—O Bonded Interactions for Tephroite, Mn,SiO4, Fayalite, Fe;SiOy,
and Co,Si04 Olivine and Selected Organic Metal Complexes: Comparison with Properties
Calculated for Non-Transition and Transition Metal M—O Bonded Interactions for Silicates

and Oxides

Introduction

Contemporary quantum chemistry presents a quandary.
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Bond critical point (bcp) and local energy density properties for the electron density (ED) distributions,
calculated with first-principle quantum mechanical methods for divalent transition metal Mn-, Co-, and Fe-
containing silicates and oxides are compared with experimental model ED properties for tephroite, Mn,SiOs,
fayalite, Fe,Si04, and C0,SiO4 olivine, each determined with high-energy synchrotron single-crystal X-ray
diffraction data. Trends between the experimental bond lengths, RMM—O), (M = Mn, Fe, Co), and the calculated
bcp properties are comparable with those observed for non-transition M—O bonded interactions. The bcp
properties, local total energy density, H(r.), and bond length trends determined for the Mn—O, Co—O, and
Fe—O interactions are also comparable. A comparison is also made with model experimental bcp properties
determined for several Mn—O, Fe—O, and Co—O bonded interactions for selected organometallic complexes
and several oxides. Despite the complexities of the structures of the organometallic complexes, the agreement
between the calculated and model experimental bep properties is fair to good in several cases. The G(r.)/
p(re) versus R(M—O) trends established for non-transition metal M—O bonded interactions hold for the
transition metal M—O bonded interactions with G(r.)/p(r.) increasing in value as H(r.) becomes progressively
more negative in value, indicating an increasing shared character of the interaction as G(r.)/p(r.) increases in
value. As observed for the non-transition metal M—O bonded interactions, the Laplacian, [1>p(r.), increases
in value as p(r.) increases and as H(r.) decreases and becomes progressive more negative in value. The
Mn—O0, Fe—0, and Co—O bonded interactions are indicated to be of intermediate character with a substantial
component of closed-shell character compared with Fe—S and Ni—S bonded interactions, which show greater
shared character based on the IV(r.)l/G(r.) bond character indicator. The atomic charges conferred on the
transition metal atoms for the three olivines decrease with increasing atomic number from Mn to Fe to Co as
the average M—O bond lengths decrease from 2.219 to 2.168 to 2.128 A, respectively.

a host of materials. Interest in the bond is evinced by the wealth
of papers and reviews that have been published on the concept

Solution of the Schrodinger equation proceeds to higher and
higher accuracy, and molecular properties are computed ever
more precisely. But the understanding of molecular properties
seems thereby not enhanced. The beauty that is chemistry eludes
us. — Robert G. Parr.

The chemical bond is a fundamental concept in chemistry
that has provided an important basis for rationalizing the
structure, properties, stability, reactivity, and stoichiometry for
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where at times, particularly in textbooks, it has been discussed
as if it were a fairly well-understood and simple concept.
However, the famous quote by the Nobel Prize winning chemist
Robert S. Mulliken, “I believe the chemical bond is not as simple
as some people seem to think”, belies the notion that the concept
is well-understood and simple. As the chemical bond is not a
quantum mechanical construct, Coulson' has asserted that “a
chemical bond is not a real thing: it does not exist: no one has
ever seen it, no one ever can. It is a figment of our own
imagination.” In a description of bonded interactions in terms
of the local properties of the electron density, Cremer and Kraka?
stated that “There is no way to measure a bond nor any of its
properties.” Bader® added further that “There are no chemical
bonds, just bonded atoms.” In contrast, Linus Pauling,* a strong
advocate for the existence of the chemical bond, has written in
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his famous book, The Nature of the Chemical Bond, that
quantum mechanics has not only dispersed the veil of mystery
that has shrouded the chemical bond, but that it has also
introduced into chemical theory the concept of resonance, the
electron pair bond, hybridization, and a set of formal rules for
the formation of covalent bonds. However, as countered by
Coulson,’ “Concepts like hybridization, resonance, covalent and
ionic structures do not appear to correspond to anything directly
measurable.”

Upon concluding that a chemical bond can be neither defined
nor measured, Bader and his colleagues® undertook the challenge
of searching for a feature in the electron density (ED) distribu-
tion that might qualify as a representative of a bonded
interaction. Unlike a chemical bond, the ED distribution is the
measurable expectation value of the density operator, a quantum
mechanical observable. Furthermore, the ED is a robust property
that embodies all of the information that can be known about a
ground-state material, including its kinetic, potential, and total
energy.” In the exploration for evidence of a bonded interaction,
the ED distributions for a variety of molecules were surveyed
in a search for features that matched their perception as to what
a bonded interaction might look like. The one feature that caught
their attention and resembled what was perceived as having the
defining characteristics of a bonded interaction was a path of
ED that connects the nuclei of adjacent atoms. Their study
revealed that in fact the path consists of a pair of paths of
steepest ascent in the gradient field of the ED, both of which
originate at a point on the path between the pair of atoms where
Up(r) = 0. One path terminates at the nucleus of one of the
atoms, and the other terminates at the nucleus of the other.
Combined, the two paths were established to consist of a
continuous pathway of maximum ED, relative to any neighbor-
ing pathway. Bader® and later Runtz et al.’ defined the pathway
as the bond path and the local minimum along the path as the
bond critical point, r.. Furthermore, the value of the ED at r.,
denoted p(r.), was found to increase as a given bond length
decreases and the strength of the bonded interaction increases.
It was also asserted that the existence of the bond path and its
bond critical point are necessary and sufficient conditions for
the pair to be bonded in the chemical sense.!” As the path is
also mirrored by a line of maximally stabilizing potential energy
density that links the nuclei, it was concluded that the bond
path is a universal indicator of a bonded interaction, linking all
pairs of bonded atoms, regardless of the nature of the interac-
tion.!! Despite the connection between a bond path and a bonded
interaction, Bader® was careful to stress that a bond path
represents a bonded interaction, not a chemical bond.

Properties of the Electron Density at the Bond Critical
Point. The properties of a bonded interaction, defined by the
distribution of the ED along the bond path in the immediate
vicinity of r., were found by evaluating the ED at r, and at the
corners, the centers of the edges, and faces of a tiny cube (~107°
au on an edge) centered at r. and fitting the measured p(r) values
to the second-order Taylor series expansion®

p(r) = p(ry) + (r —r) O p(r) + '1,(r —r)H, (r—r,) (1)

where Up(r.) =0 and H;; = 0%p(r.)/ dx; oxj, ij = (1,3). As Hj;
is a symmetrical matrix, it can be diagonalized where the
diagonal elements of the matrix, A, define the curvatures of
p(r.) with respect to each of the associated eigenvectors e;, i =
1, 3. The trace of the matrix tr(A) = A; + A, + A3, where A; =
02p(ro)/0x12, Ay = 3%p(rc)/dxz?, and A3 = 9%p(r.)/0x3% such that
tr(A) = Pp(ro)/dx> + Pp(re)/dx? + Pp(re)/dxs> is the
divergence of the gradient of p(r.) defined as the Laplacian of
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o(r.), 0%p(re). The two curvatures of the ED distribution, 1, =
0%p(r.)/d%x; and A, = 3*p(r.)/d%x,, associated with the eigen-
vectors e; and ey, respectively, are both negative and measure
the extent to which the ED is locally concentrated perpendicular
to the bond path at r, and the third, 13 = 3*p(r.)/3*x3, associated
with the third eigenvector e, is positive and measures the extent
to which the ED is locally depleted at r, and locally concentrated
in the basins of the atoms, thereby shielding the bonded atoms.
The distances between the nuclei of a pair of bonded atoms M
and O and r, respectively, are defined as the bonded radius of
M, denoted r,(M), and the bonded radius of O, denoted r,(O),
respectively. The three curvatures 4, 4, and A3, the values of
p(re) and O%p(r.), and the bonded radii (all observables) are
collectively referred to as the bond critical point properties of
a bonded interaction.

Previous Studies. The ED distributions, bcp properties, and
local energy density properties have been calculated for a
relatively large number of silicates and oxides containing first-
and second-row non-transition metal M atoms bonded to O.'%13
The calculations were completed, using the observed cell
dimensions, the space group type, and the coordinates of the
atoms with CRYSTAL98 and Bloch functions expanded as
linear combinations of atomic centered Gaussian-type 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 Vosko—Wilk—Nusair parametrization of the correlation
potential. The basis sets used in the calculations were specifically
optimized for the CRYSTAL98 program.'* The bcp and the
local energy density properties were generated from the ED
distributions with TOPOND software.!

The values of p(r.) and (?p(r.) generated in the calculations
were found to increase nonlinearly for each bonded interaction
as the experimental M—O bond lengths, RM—0O) (M = Be....,
C; Na, ..., S) decrease.'>!? The negative curvatures A; and 4,
evaluated at r. were likewise observed to decrease further in
value as R(M—QO) decreases, establishing that the ED is
progressively locally concentrated perpendicular to the bond
paths at r. as the bond lengths shorten and as p(r.) increases in
value. Concomitant with the decrease in the values of A, and
Aa, the values of A3 were observed to increase, demonstrating
that the ED is progressively locally depleted at r. and locally
concentrated in the direction of the M and O atoms as the bond
lengths shorten, resulting in a local charge concentration in the
basins of the bonded atoms. The values of [1>p(r.) for the M—O
bonded interactions are each positive, except for several of the
C—O bonded interactions, each of which was observed to
increase roughly along parallel trends when plotted with respect
to p(r.). As observed by Gatti,'¢ the ED adopted at equilibrium
is the best compromise that yields the lowest energy for the
system as a whole. As such, the ED accumulated along the bond
paths is considered to locally stabilize a bonded interaction
relative to the pair of atoms lacking a bond path. As the M—O
bond lengths decrease with increasing p(r.) and [?p(r.), the
nuclei of the bonded atoms are progressively shielded by the
progressive accumulation of the ED along the bond path in the
internuclear region and the progressive local concentration of
the ED toward the bonded atoms, thereby locally stabilizing
the system. Furthermore, the competition among the M—O
exchange correlation energies always serves to stabilize an M—O
bonded interaction.!” Given the nonlinear relationships between
RM—O0) and p(r.) and [O?p(r.), respectively, the value of
[Pp(r.) increases linearly as the value of p(r.) increases. The
greater the accumulation of ED for a given bonded interaction,
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the larger is the value of the Laplacian, such that for shared
interactions the local potential energy density dominates the local
kinetic energy at r. (see below).

Since the Downs and Swope!® pioneering study of the ED
distribution for the borosilicate danburite, CaB;Si,Og, model
experimental ED density distributions and bcp properties have
been determined for several other minerals. In the modeling of
an experimental ED distribution, the ED associated with each
nonequivalent atom is represented by a spherical core and a
valence shell of ED that is unconstrained and that can expand
or contract, depending on the atomic charge and the deformation
of the ED of the valence shell. Simply stated, the spherical core
and the deformed valence ED for each atom, i, is represented
by a multipole expansion PjnRi(r)Yim(0,¢), where Py is a
population parameter, R;(r) is a radial distribution Slater type
function or a linear combination of exponentials, and Yi,(6,¢)
is an appropriate set of spherical tesseral harmonics.!” The
software VALRAY,? for example, applies the nuclei centered,
flexible pseudoatom multipole expansions of the ED to each
nonequivalent atom defined in terms of one common Cartesian
basis set used in modeling the total ED distribution for the
crystal. The experimental population parameters Pj,, are then
determined in a least-squares refinement in terms of the observed
X-ray structure amplitudes. Upon completion of the multipole
refinement, the resulting model multipole representation of the
ED distribution is subjected to a topological analysis in the
determination of the experimental model bep properties for the
bonded interactions in the crystal.

For ED model distributions determined with conventional
single-crystal X-ray diffraction data, the agreement between the
model experimental and calculated properties for the bonded
M-—O interactions has been found to range between poor and
in some cases even moderately good.?! For example, the model
experimental p(r.) values obtained for the B—O and Si—O
bonded interactions for danburite!® and the Si—O bonded
interactions in coesite,?? a high-pressure polymorph of SiO,,
are in fair to moderately good agreement with the calculated
values, whereas the agreement for the AI—O and Si—O bonded
interactions for the fibrous zeolites?® is poor. The experimental
p(rc) values depart by as much as 30% from the calculated
values and fail to show a trend with the experimental bond
lengths. The experimental p(r.) values for the Si—O bonded
interactions for both danburite and coesite also show little
correlation with bond length as predicted by the calculations,
whereas the experimental values for the B—O bonded interac-
tions roughly parallel the calculated trend. The model experi-
mental [0?p(r.) values for danburite and coesite are in poorer
agreement with the calculated values [as may be expected given
that [?p(r.) is the second derivative of p(r.)], whereas the
experimental values for the zeolites show even greater departures
from the calculated values, by as much as several hundred
percent. However, the experimental p(r.) and [1?p(r.) values
for the Na—O and Ca—O bonded interactions for danburite and
the fibrous zeolites tend to cluster along the calculated trends
established between the experimental bond lengths and the
calculated values for p(r.) and [p(r.), respectively. In contrast
with the previous results, the experimental p(r.) and [?p(r.)
values determined for the SboO3; polymorphs senarmonite and
valentinite** and more recently for coesite®® using high-
resolution single-crystal X-ray diffraction data and that deter-
mined for cuprite, CuO,,?® and stishovite, a very high pressure
polymorph of Si0,,?” using high-energy synchrotron single-
crystal data (that are largely free of absorption, extinction, and
multiple scattering) are comparable and often in better agreement
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with the calculated values.?! Given the improved agreement of
the high-resolution and particularly the synchrotron diffraction
data sets, as compared with conventional data sets,?® the
comparability of the experimental and calculated bep properties
for such data sets is considered to be adequate.” Of course,
inasmuch as the curvatures and the Laplacian of the ED involve
second derivatives, the experimental values obtained with the
more accurate experimental methods may also still show poorer
agreement with the calculated values than the p(r.) values.

In addition to the data sets collected for coesite and stishovite,
high-resolution single-crystal diffraction data have also been
determined for the silicates scolecite, CaAl,Si300°3H>0, 3° and
diopside, CaMgSi,Og,?! together with high-energy synchrotron
data for forsterite, Mg>Si0,,3? fayalite,>® tephroite,’* and
C0,S104.% For each case, the model experimental bep properties
were obtained by aspherical multipole modeling of the experi-
mental ED distributions. The experimental model bcp properties
obtained for the Si—O interactions for these minerals are
comparable with those calculated.'>?! The agreement between
the experimental p(r.) values for stishovite, coesite, scolecite,
and diopside and the calculated values is considered to be fairly
good to good. It is noteworthy, however, that the p(r.) values
for the Si—O bonded interactions for four olivines systematically
exceed the calculated trend by ~10%"3 and roughly parallel
the calculated values. The experimental 11, = /5l; + Aol values
for the minerals are also considered to be in fairly good
agreement with the calculated values, whereas the experimental
A3 and (?p(r.) values for scolecite and the olivines are smaller
than the calculated trends by as much as ~30% in several cases,
a result that is again not entirely unexpected given that these
properties are second derivatives of p(r.). Furthermore, a critical
examination of the radial functions used in the experimental
multipole modeling of the ED has revealed that it fails to
correctly model A3, the curvature of the ED along the bond
path.® As a result, the overall error in the experimental value
of O?p(r.) can be as much as 50%,*” particularly in the case of
shared interactions. Nonetheless, the trends defined by R(Si—O)
versus A3 and (0?p(r.) roughly parallel the calculated trends.
Overall, the experimental results recorded for the two silica
polymorphs coesite?> and stishovite,?” which contain only Si
and O, show the most satisfactory overall agreement with the
calculated values and fall largely within the scatter of the
calculated bcp data.!> The use of Hirshfeld®® type radial
functions in the modeling of the experimental ED for coesite
may account in part for the agreement of the experimental and
calculated A3 and (0%p(r.) values reported for the silica poly-
morph.? The use of the radial functions also resulted in a
substantial improvement in the model static deformation maps
together with the removal of a spurious ring of ED ~0.25 e/A3
in height that was observed to surround each Si atom in coesite
generated in the refinement with a single exponential radial
function.

The model experimental bcp properties determined with
synchrotron and high-resolution single-crystal diffraction data
for the Mg—O bonded interactions recorded for forsterite? and
diopside,! respectively, are compared with those calculated for
the Mg—O bonded interactions for a number of Mg—O-bearing
silicates and oxides (Figure 1). The experimental model proper-
ties for the interactions reported for forsterite are comparable
with those calculated and scatter within or close to the scatter
of the calculated data. In the case for diopside, only the values
for p(r.) and [?p(r.) were reported.3! These values are likewise
comparable with those calculated, with one point falling outside
the scatter of the calculated data set. It is noteworthy that the
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Figure 1. Experimental Mg—O bond lengths, R(Mg—0) A plotted with respect to the bep properties (a) p(re), (b) 1412l = Y514, + Ao, (c) A3, and
(d) @?p(r,) calculated for Mg—O-bearing silicates and oxides (green squares). Model experimental Mg—O bep properties determined for diopside
(red stars)! and forsterite (green stars)® are added to the figure for comparison.

experimental bcp properties reported for the Ca—O bonded
interactions involving the nominally divalent Ca cations of
scolecite’® are also in moderately good agreement with those
calculated.?! By and large, like the agreement between the
experimental and theoretical properties for the Si—O bonded
interactions, the agreement for the Mg—O interactions in
forsterite and the Ca—O and Na—O interactions in the fibrous
zeolites scolecite and in danburite can be considered to be
adequate as prescribed by the criteria set forth by Koritsansky
and Coppens.? It is noteworthy that the agreement between the
experimental and calculated bep properties is often better for
the more closed shell interactions of a structure than it is for
the more shared ones.

Local Energy Density Properties. In addition to the bond
critical point properties, the calculated ED distributions provide
important information about the local energy density properties
for the bonded interactions. As observed by Bader,° the positive
definite kinetic energy, G(r.), can be directly related to the inner
product of the gradients of the orbital electron densities p; and
their occupation numbers, 7;, by the expression

Gr)="4 ,n[Dp0)-Opr)/p,r)] ©)

where the summation is carried out over the occupied natural
spin—orbital components. With the determination of G(r), the
negative definite local potential energy density, V(r), can be
determined with the local form of the virial theorem V(r) =
1/,00p(r) — 2G(r).® However, the experimental determination
of G(r) and V(r) requires approximations based on corrected
electron gas theory (see below).* For shared interactions, the
value of G(r.) and the magnitude of V(r.) have been observed
to increase in value for the M—O non-transition metal bonded

interactions as R(M—O0) decreases and p(r.) increases in value*’
(Figure 2a). As the local total energy density® H(r.) = G(r.) +
V(r.) becomes progressively more negative, [%p(r.) is observed
to become progressively more positive in value as p(r.)
increases. This result is at odds with the assertion that [1?p(r.)
should decrease and become negative as H(r.) becomes progres-
sively more negative for shared bonded interactions. As the
Laplacian does not suffice to detect all shared bonded interac-
tions, Cremer and Kraka? have asserted that it would be more
appropriate to choose H(r.) as an indicator of a bonded
interaction in place of (2p(re).

Accordingly, H(r.) has been used by Cremer and Kraka? to
classify bonded interactions. When V(r.) < 0 and IV(ro)l > G(r)
such that H(r.) is necessarily negative, a bonded interaction is
defined as a shared interaction, whereas when |V(r.)l < G(r.),
it is defined as a closed-shell interaction. Unlike (2p(r.), the
sign of which is determined by G(r.) + V(r), the sign of H(r.)
is determined by the ED itself, and according to Bone and
Bader,*! it is negative, IV(r.)l > G(r.), for all interactions that
result in an accumulation of ED at r..

With decreasing M—O bond length, the value of V(r.) is
observed to decrease linearly as 4, and A, both decrease as the
ED is locally concentrated perpendicular to the bond path,
whereas the value of G(r.) increases linearly as A3 increases as
the ED is locally depleted at the bcp in the direction of the
bonded atoms and concentrated in the basins of the bonded
atoms as observed for the Be—0O, B—0O, C—0, Al-0, Si—0,
P—0, S—O bonded interactions. As H(r.) is negative for each
interaction, each qualifies as a shared interaction.” In contrast,
the magnitude of the local energy density, [V(r.)l, is observed
to be less than G(r.) for the Na—O and Mg—O interactions
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Figure 2. Experimental M—O bond length, RMM—O), for M—O bonded interactions for selected first- and second-row metal atoms M bonded to
oxygen plotted (a) with respect to the local total energy density H(r.) = G(r.) + V(r) au, where G(r.) is the local kinetic energy density and V(r.)
is the local potential energy density® (note that the slopes for the Mg—O and Na—O bonded interactions are negative) and (b) with respect to the
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such that H(r) is positive and each of the interactions qualifies
as a closed-shell interaction (Figure 2a).** As observed above
for the shared interactions, ED accumulates progressively at r,
as H(r.) becomes progressively more negative in value.
However, it actually accumulates at r. when H(r.) is positive
and increases slightly in value as evinced by the decrease in
the bond length and the progressive increase in p(r.) observed
for the Li—O, Na—O, and Mg—O interactions (Figure 2a).

It is generally accepted that the ratio G(r.)/p(r.) is less than
unity for shared interactions and greater for closed-shell
interactions.®!1642745 Yet, for the non-transition metal M—O
bonded interactions studied by Gibbs et al.,*’ the converse was
found to hold with the G(r.)/p(r.) ratio exceeding unity in a
linear fashion for a given bonded interaction with decreasing
bond length (Figure 2b) and, with the exception of the Na—O
and Mg—O bonded interactions, with decreasing negative values
of H(r.) (Figure 2a). As the shared character for a given M—O
interaction has been established to increase with decreasing
coordination number,*~*3 the increasing value of G(r.)/p(r.)
displayed in the figure with decreasing coordination number and
bond length for a given bonded interaction is consistent with
the assertion that the G(r.)/p(r.) ratio increases with increasing
shared character.*® Also, for the shared interactions, the ratio
increases as H(r.) decreases and becomes progressively more
negative in value, whereas for closed-shell interactions (Na—O,
Mg—0) the converse holds and G(r.)/p(r.) increases as H(r.)
increases and becomes progressively more positive (Figure 2a).
The ratio H(r.)/p(r.), defined as the bond degree, has been
interpreted as the total pressure per electron unit at r.;* the
more negative the value of the ratio, the more shared the
interaction.

It will be important to establish whether G(r.)/p(r.) increases
in value for the transition Mn—O, Fe—0O, and Co—O bonded
interactions for tephroite, fayalite, and the Co0,SiO4 olivine,
respectively, as the experimental M—O bond lengths decrease
in length as observed for the non-transition M—O interactions.*’
Following a study of a relatively wide variety of different
materials including organometallic complexes, Bianchi et al.>
has concluded that there is no particular trend that involves the
G(r.)/p(r.) ratio for any type of bonded interaction. If true, then
the trend reported between R(M—O) and G(r.)/p(r.) for the non-
transitional bonded interactions may well be a singular case*
and restricted in its application. However, an examination of
recent evidence, for example, presented by Gatti and Lasi®! for
the Co—Co bonded interactions comprising several unsaturated

C0,(CO), (x = 8—5) binuclear 3d metal carbonyls shows a trend
with the Co—Co bond lengths correlating with the G(r.)/p(r.)
ratio, increasing regularly from 0.57 to 1.09 as the Co—Co
separations decrease from 2.49 to 2.17 A, as H(r.) decreases
from —0.0189 to —0.0270 and as the |V(r.)I/G(r.) indicator
decreases from 1.67 to 1.31, with the shorter Co—Co separations
involving larger G(r.)/p(r.) values. Furthermore, an examination
of the G(r.)/p(r.) ratios reported for the hydrocarbons
H3;C—CH;, H,C=CH,, and HC=CH likewise shows that the
ratio increases regularly from 0.256 to 0.421 to 0.711 au e ™! as
R(C—C) decreases from 1.531 to 1.340 to 1.210 A and as H(r.)
decreases from —0.203 to —0.388 to —0.561 au, respectively.**
Although the ratios for the Co—Co and C—C bonded interac-
tions are both less than unity, as expected for shared interactions,
the ratio increases systematically in a trend with decreasing bond
length as H(r.) decreases in value as observed for non-transition
M—0 bonded interactions. However, in the case of the Co—Co
bonded interaction, the |V(r.)l/G(r.) ratio decreases with de-
creasing bond length, increasing G(r.)/p(r;), and decreasing
H(r.), in contradiction with the assertion that IV(rol/G(r.)
increases as the shared character of a bonded interaction
increases.* Furthermore, Knop et al.>” reported for the ground-
state XH = CH, NH, OH, and FH molecules, a well-developed
trend between G(r.)/p(r.) and the number n of the p electrons
in the X atom, the larger the number of p electrons and the
shorter the XH bond length, and the larger the value of G(r.)/
p(re).

Transition Metal M—O (M = Mn, Fe, Co) Properties. The
properties calculated for the Mn—O, Fe—0O, and Co—O bonded
interactions for a number of silicates and oxides are compared
in this account with the model experimental bcp and the local
energy density properties, determined with high-energy syn-
chrotron single-crystal X-ray diffraction data for the three
transition metal oxide olivines tephroite, Mn,Si0,,3* fayalite,
FeySi04,33 and Co,Si043 (Table 1). The experimental setup and
the data evaluation were the same as those employed in the
previous studies completed for stishovite?’ and forsterite.?> The
quality of the data used is borne out by the final agreement
indices, RI(F)l, obtained upon completion of the multipole
refinements: tephroite, 0.0055; fayalite, 0.0045; and Co-olivine,
0.0074.

The calculated bep property values are also compared with
the experimental model bcp properties determined for (1) the
Fe—O bonded interactions comprising three redox active mixed
valence trinuclear oxo-centered Fe-centered carboxylates>? and
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TABLE 1: Experimental Model Bond Critical Point and Local Density Properties for Tephroite,3* Fayalite,3> and Co0,Si0,%

Olivine
bond RM=-0) (A)  n(0) (A)  p(ro) (/A% [(ro) /A% A (/A% A (e/A%) A3 (e/A%)  G(ro) (au)  W(r.) (au)

Tephroite

Mnl-01 2.202 1.122 0.372 5.90 —1.54 —148 8.92 0.064 —0.066
Mnl—02 2.170 1.095 0.420 6.23 —2.00 —1.86 10.08 0.071 —0.078
Mnl1-03 2253 1.126 0.367 495 —1.54 —148 7.98 0.057 —0.062
Mn2—01 2.282 1.154 0.312 4.50 —1.14 —1.11 6.98 0.048 —0.050
Mn2—02 2.138 1.078 0.430 7.04 —1.95 —1.88 10.88 0.078 —0.083
Mn2-03 2.157 1.093 0.428 6.36 —1.99 —1.96 10.33 0.073 —0.080
Mn2-03 2321 1.175 0.294 4.10 —1.11 —0.94 6.20 0.044 —0.045
Si—01 1.621 0.961 1.058 15.84 —-7.50 -7.37 30.71 0.240 -0.317
Si—02 1.661 0.992 1.028 13.32 -7.22 —6.75 26.72 0.217 —0.296
Si—03 1.642 0.983 1.041 16.83 —7.66 —6.85 31.23 0.244 —0.313
Fayalite

Fel—O01 2.121 1.079 0.451 6.48 -2.15 -1.93 10.56 0.077 —0.086
Fel—02 2.125 1.086 0.434 6.86 —1.96 —1.74 10.56 0.077 —0.083
Fel—03 2.237 1.147 0.344 4.69 —1.41 —1.23 7.33 0.053 —0.056
Fe2—01 2.233 1.140 0.318 4.85 —1.27 —1.16 7.28 0.051 —0.052
Fe2—02 2.109 1.080 0.444 7.26 —2.08 —1.81 11.14 0.081 —0.087
Fe2—03 2.063 1.047 0.501 7.84 —2.47 —2.20 12.52 0.092 —0.102
Fe2—03 2.293 1.180 0.292 3.97 —1.17 —1.06 6.20 0.043 —0.044
Si—01 1.624 0.952 1.115 16.15 —8.11 -17.73 31.99 0.254 —0.342
Si—02 1.654 0.972 1.070 13.12 —7.33 —6.88 27.33 0.224 —0.312
Si—03 1.635 0.959 1.100 14.49 —7.96 —7.39 29.83 0.240 —0.329
COzSiO4

Col—01 2.094 1.050 0.420 6.90 —1.66 —1.57 10.25 0.076 —0.080
Col—02 2.091 1.064 0.422 6.84 -1.63 —1.53 10.00 0.075 —0.080
Col—03 2.169 1.106 0.371 5.43 —1.36 —1.30 8.08 0.061 —0.064
Co2—01 2.179 1.106 0.356 5.22 —1.25 —1.24 7.71 0.058 —0.061
Co2—02 2.073 1.045 0.436 7.22 -1.77 -1.73 10.72 0.080 —0.085
Co2—03 2.067 1.041 0.445 7.58 —1.90 —1.86 11.28 0.083 —0.088
Co2—03 2.223 1.135 0.338 4.67 —1.14 —1.04 6.84 0.052 —0.055
Si—01 1.619 0.941 1.056 15.50 —7.84 —7.47 30.82 0.238 —0.315
Si—02 1.653 0.965 1.000 11.89 —7.29 —6.75 25.93 0.201 —0.279
Si—03 1.638 0.956 1.040 14.61 —7.30 —6.83 28.74 0.228 —0.305

an oxidized trinuclear iron complex,> (2) the Mn—O bonded
interactions for two magnetic metal organic framework
materials,*5 and (3) the Co—O bonded interactions for the
Co-bearing coordination polymer Co3(CgHsO4)a(C4H|2N)2-
(CsH11NO)3,%¢ the Co—O-bearing a-diimine microcyclic com-
plex,’” and paramagnetic CoO.%® Given the structural complexi-
ties of several of the organic metallic complexes and the
sometimes poorer quality and twinning of the crystals, it will
be of interest to see the extent to which the experimental model
properties agree with those calculated and the experimental
values determined for the transition metal olivines and other
structurally simpler materials such as CoO.3® The degree to
which the G(r.)/p(r.) ratio and the total energy density, H(r.),
correlates with the experimental bond length will be examined.
Also, the net atomic charges calculated for the transition metal
atoms for the olivines will be compared with those conferred
on the transition metal atoms in the organometallic complexes
and sulfides. Finally, a comparison will be made of the local
kinetic energy density estimated with the experimental model
p(ro) and O*(r.) values and values calculated for the three
transition metal olivines.

The p(r.) and [?p(r.) values calculated for Mn—O, Fe—O,
and Co—O bonded interactions for the silicates and oxides
(Table 2) are similar to one another for a given bond length
and scatter roughly along parallel trends when plotted with
respect to the experimental bond lengths (Figure 3). The values
for both p(r.) and [1?p(r.) scatter along similar trends for each
of the bonded interactions with the values of p(r.) increasing
from 0.15 to 0.55 e/A3 (Figure 3a) and the values of [1%p(r)
increasing from 2.0 to 10.0 e/AS as the experimental bond length

decreases from ~2.6 to ~2.0 A (Figure 3b). For purposes of
comparison, the [1?p(r.) values determined for the Ni—S bonded
interactions for the nickel sulfides and for the Fe—S, and
interactions for the iron sulfides are substantially smaller, ranging
between 2 and 5 e/A5.135260 In general, the trends displayed in
Figure 3a show for a given bond length that a slightly greater
accumulation of ED at the bcp is required for a Mn—O bonded
interaction to adopt a given bond length than that required for
a Fe—O bonded interaction. Furthermore, a greater accumulation
is required for a Fe—O bonded interaction to adopt the given
bond length than that required by a Co—O bonded interaction.
The power law trend displayed in Figure 3b closely parallels
the model experimental (?p(r.) versus bond length trends
reported by Poulsen et al.,>> Overgaard et al.,>* and Clausen et
al.5¢ for the Mn—O0, Fe—0, and Co—O bonded interactions in
organic metal complexes. The comparability of the experimental
and the calculated Mn—O, Fe—O, and Co—O bcp properties
may be expected given the similarities of the electronic
configurations of the atoms, the similarity of the absolute
electronegativities for Mn?*, Fe?*, and Co?" cations (24.66,
23.42, and 25.28, respectively) compiled by Pearson,®' the close
similarities of the X-ray photoelectron spectroscopy Ols loss
satellites,®> and the X-ray absorption near-edge spectroscopy
spectra at the metal K edges reported for MnO, FeO, and Co0,%
respectively. The fact that the bond energies for the Mn—O
(220.7 kcal/mol), Co—O (223.1 kcal/mol), and Fe—O (226.3
kcal/mol) bonds are close in value is further evidence that the
bonded interactions can be expected to be similar.®*

As observed for the non-transition metal oxides, the ratio
G(r.)/p(r.) for the Mn—O, Fe—O, and Co—O interactions is
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TABLE 2: Calculated Bond Critical Point and Local Energy Density Properties for Mn—O, Fe—O, and Co—O Bonded
Interactions

R(Mn—0) (A) p(ro) (e A7) Do(re) (e A7) A (e A9) 2 (e A9) 3 (e A9) G(re) (au) V(r,) (au)
Glaucochroite, CaMnSiOs, Lager and Meagher”!
2.159 0.4045 6.021 —1.715 —1.692 9.427 0.0721 —0.0817
2.218 0.3589 5.034 —1.432 —1.409 7.874 0.0603 —0.0685
2.251 0.3261 4.641 —1.307 —1.267 7.215 0.0545 —0.0608
2.251 0.3269 4.633 —1.311 —1.271 7.215 0.0544 —0.0609
2.159 0.4055 6.011 —1.722 —1.697 9.430 0.0720 —0.0818
Manganosite, MnO, Pacalo and Graham’?
2.222 0.3538 5.017 —1.330 —1.330 7.676 0.0601 —0.0682
Spessartine, Mn3Al,Si;O1,, Rodehorst et al.”
2.246 0.3308 4.750 —1.313 —1.309 7.372 0.0558 —0.0623
2.404 0.2295 3.154 —0.083 —0.786 4.767 0.0355 —0.0381
2.403 0.2300 3.147 —0.083 —0.788 4.765 0.0354 —0.0381
2.245 0.3316 4.739 —1.318 —1.314 7.371 0.0558 —0.0623
Tephroite, Mn,SiOs, Francis and Ribbe’
2.183 0.3755 5.676 —1.587 1.546 8.810 0.0669 —0.0749
2.140 0.4086 6.399 —1.847 1.777 10.020 0.0746 —0.0830
2.293 0.2932 4.143 —1.154 1.134 6.431 0.0478 —0.0527
2.143 0.4010 6.330 —1.787 1.718 9.835 0.0735 —0.0814
2.144 0.4178 6.310 —1.791 1.762 9.863 0.0756 —0.0859
2.234 0.3471 4.820 —1.378 1.335 7.534 0.0576 —0.0652
2.324 0.2789 3.780 —1.048 1.013 5.841 0.0439 —0.0486
Tephroite, Mn,SiOs, Kirfel et al.3*
2245 0.3274 4741 ~1.320 —1.287 7.348 0.0554 —0.0616
2322 0.2738 3.837 ~1.058 ~1.042 5.937 0.0439 ~0.0481
2.138 0.4087 6.404 —1.848 ~1.783 10.04 0.0746 —0.0829
2.157 0.3894 6.057 ~1.720 ~1.651 9.428 0.0703 —0.0778
2.170 0.3966 5.817 ~1.666 ~1.636 9.119 0.0697 ~0.0792
2253 0.3345 4536 —1312 -1272 7.120 0.0542 ~0.0614
2.321 0.2815 3.796 ~1.062 ~1.030 5.888 0.0442 ~0.0490
R(Fe—0) (A) p(re) (e A7) [p(re) (e A~5) A (e A9) A (e A9) A3 (e A9) G(r.) (au) V(r.) (au)
Fayalite, Fe,SiOs, Kirfel and Lippmann3?
2.122 0.4146 7.072 —1.713 —1.660 10.440 0.0806 —0.0879
2.232 0.3178 5.183 —1.187 —1.186 7.555 0.0567 —0.0597
2.065 04711 8.105 —2.156 —2.050 12.310 0.0937 —0.0103
2.110 0.4201 7.221 —1.775 —1.737 10.730 0.0817 —0.0885
2.125 0.4229 6.904 —1.741 —1.668 10.310 0.0798 —0.0881
2.236 0.3308 4.998 —1.234 —1.186 7.418 0.0560 —0.0601
2.293 0.2880 4321 —1.041 —1.035 6.397 0.0473 —0.0497
Waustite, FeO, Fjellvag et al.””
2.163 0.3809 6.324 —1.368 —1.368 9.059 0.0718 —0.0780
Kirschsteinite, CaFeSiO4, Folco and Mellini’®
2.138 0.4089 6.626 —1.672 —1.593 9.891 0.0762 —0.0837
2.193 0.3639 5.632 —1.397 —1.332 8.361 0.0640 —0.0697
2.233 0.3239 5.103 —1.239 —1.175 7.517 0.0565 —0.0601
2.233 0.3244 5.097 —1.241 —1.179 7.518 0.0564 —0.0601
2.138 0.4094 6.618 —1.675 —1.599 9.893 0.0762 —0.0837
Orthoferrosilite, FeSiOs, Sueno et al.”’
2.083 0.4485 7.947 —1.886 —1.860 11.690 0.0911 —0.0999
2.195 0.3446 5777 —1.381 —1.291 8.448 0.0637 —0.0675
2.157 0.3790 6.370 —1.506 —1.472 9.348 0.0713 —0.0765
1.993 0.5631 9.896 —2.664 —2.596 15.160 0.0118 —0.0135
2.123 0.4078 7.126 —1.642 —1.620 10.390 0.0805 —0.0872
2.128 0.4068 6.854 —1.675 —1.622 10.150 0.0777 —0.0844
2.194 0.3453 5.776 —1.385 —1.304 8.465 0.0637 —0.0676
2.089 0.4326 7.682 —1.875 —1.788 11.340 0.0869 —0.0941
2.123 0.4050 6.964 —1.721 —1.647 10.330 0.0784 —0.0845
2.023 0.5357 8.945 —2.483 —2.425 13.850 0.0108 —0.1233
2.461 0.1971 2.892 —0.673 —0.510 4.075 0.0299 —0.0299
2.597 0.1410 1.987 —0.409 —0.391 2.799 0.0200 —0.0195
Almandine, Fe;Al,Si30;», Armbruster et al.”8
2.222 0.3363 5.302 —1.322 —1.249 7.873 0.0591 —0.0633
2.371 0.2356 3.577 —0.815 —0.774 5.166 0.0378 —0.0386

2221 0.3367 5.295 —1.325 —1.253 7.873 0.0591 —0.0633
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TABLE 2: Continued
R(Co—0) (A) p(ro) (e A™3) 2p(re) (e A~5) A1 (e A™9) As (e A79) A3 (e A5) G(r.) (au) V(r.) (au)
Co3Al1,S1301,, Taran”
2.212 0.3382 2.552 —1.283 —1.236 7.771 0.0601 —0.0657
2.339 0.2527 8.335 —0.927 —0.867 5.629 0.0413 —0.0429
2.212 0.3385 2.548 —1.286 —1.239 7.773 0.0601 —0.0657
C0,Si04, Morimoto et al.°
2.100 0.4226 7.141 —1.646 —1.604 10.390 0.0840 —0.0939
2.182 0.3450 5.742 —1.256 —1.216 8.215 0.0651 —0.0705
2.072 0.4518 7.493 —1.990 —1.813 11.300 0.0886 —0.0995
2.079 0.4388 7.496 —1.790 —1.691 10.980 0.0878 —0.0979
2.100 0.4364 6.985 —1.699 —1.683 10.370 0.0837 —0.0949
2.176 0.3671 5.717 —1.312 —1.277 8.306 0.0665 —0.0736
2.228 0.3277 4.965 —1.224 —1.182 7.372 0.0563 —0.0612
Co-Monticellite, CaCoSiO., Kimata and Nishida®'
2.134 0.4008 6.354 —1.503 —1.470 9.326 0.0749 —0.0839
2.188 0.3577 5.481 —1.256 —1.232 7.969 0.0637 —0.0705
2.219 0.3226 5.103 —1.177 —1.073 7.352 0.0576 —0.0623
2.134 0.4011 6.352 —1.513 —1.460 9.325 0.0749 —0.0839
CoO, Wyckoff®?
2.133 0.4332 6.277 —0.405 —0.405 7.087 0.0903 —0.1154

larger than unity (Figure 4a) (except for one Fe—O bonded
interaction), each increasing with decreasing bond length (from
2.6 t0 2.0 A) from a value of ~0.95 au e~! to a value of ~1.4
au e~!. Concomitant with the trend, the total energy density,
H(r.), decreases from ~0.0 to —0.015 au (Figure 4b), a result
indicating that the shared interaction for the three bonded
interaction increases as the bond lengths decrease, and the ED
is progressively accumulated at r. and [?>p(r.) increases in value.

Unlike the trends displayed by the G(r.)/p(r.) data sets, the total
energy density values scatter along three largely disjoint trends
(Figure 4b). The H(r.) values for the bulk of the Mn—0O, Co—O0,
and Fe—O interactions are negative, so the shared character of
the bonded interactions is largely confirmed.? Furthermore, the
decrease in H(r.) for a given bond length in the order Fe—O,
Co—0, and Mn—O is consistent with the trends in Figure 4a,
where for a given bond length, a larger accumulation of ED is
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Figure 3. Experimental M—O bond lengths, R(IM—0) (M = Mn, Fe, Co), plotted with respect to (a) p(r.) and (b) (?p(r.) calculated for a variety
of Mn—O- (violet squares), Fe—O- (green squares), and Co—O-bearing (pink squares) silicates and oxides.
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Figure 5. Experimental R(Mn—O0) plotted with respect to (a) p(r.) and (b) [’p(r.) values (violet squares) calculated for a variety of Mn—O-
bearing silicates and oxides (used to construct Figure 3) compared with experimental model p(r.) and (?p(r.) values determined for tephroite
(black stars),3* for the magnetic metal—organic magnetic framework materials Mny(CsH4O04)2(C3H;NO), (blue stars),>* and for [Mn3(CsO4Ha)s-

(CsH;{;ON),] (red stars).>

required for a Mn—O bonded interaction to adopt a given bond
length than is required for a Co—O bonded interaction.

It is noteworthy that the values for G(r.)/p(r.) reported for
the two magnetic Mn—QO organic framework materials>*>>
increase linearly from 1.25 to 1.55 au e™!' as R(Mn—O)
decreases from 2.55 to 2.10 A. The values reported for the Fe—O
bonded interactions for the three redox active mixed valence
trinuclear oxo-centered Fe-centered carboxylates studied by
Overgaard et al.3 also increase linearly with R(Fe—O) from
1.46 to 1.70 au e~ ! as R(Fe—O) decreases from 2.01 to 1.83 A.
Furthermore, the G(r.)/p(r.) ratio tends to increase (from ~1.4
to ~1.6 au e~ !) with decreasing bond length (from 2.10 to 1.95
A) for the Co—O bonded interactions for the Co-bearing
coordination polymer>® Co3(CgHsO04)4(C4H2N)2(CsH 1NO)s.
However, the trend is much more poorly developed. These
trends indicate that the shared character of the M—O bonded
interactions for these materials increases as p(r.) and [?p(r.)
both increase in value. The increase of the G(r.)/p(r.) ratio with
decreasing bond length and H(r.) appears to be a general
relationship that holds not only for a number of non-transition
and transition M—O bonded interactions but also for Co—Co
and C—C bonded interactions (see above) and perhaps in
general. As observed for the non-transition metal M—O bonded
interactions, [1?p(r.) is observed to increase in value for the
transition M—O bonded interactions as p(r) increases in value.

The p(r.) and [2p(r.) values calculated for the Mn—O bonded
interaction are compared in Figure 5 with the experimental
model values for the Mn—O bonded interactions reported for
tephroite’ and for the magnetic metal—organic magnetic
framework materials Mny(CsH404)>(C3H;NO),>* and [Mn3(CgO4-
Hy)3(CsH;;ON),].>5 The experimental values for p(r.) for
tephroite are comparable with the calculated values, with one
value falling slightly outside the trend of the calculated values
(Figure 5a). The [1?p(r.) values are also comparable, paralleling
but slightly larger than the calculated values (Figure 5b). Overall,
the agreement between the experimental p(r.) and [1>p(r.) values
for tephroite and the calculated values is considered to be
moderately good. The agreement of the experimental bcp
properties reported for the two metal—organic framework
complexes is somewhat poorer. The experimental p(r.) values
roughly parallel the calculated trend, but they are ~0.1 e/A3
smaller in value than the calculated ones. The experimental
[?p(r.) values also parallel the calculated trend, but they tend
to be ~1.0 e/AS larger than the calculated values (Figure 5b).
Nonetheless, given the poor quality of some of the metal—organic
crystals and the much greater complexities of the organic

framework structures,”*> the agreement is considered to be
relatively good, particularly for the (?p(r,) data.

The experimental p(r.) values for the Fe—O bonded interac-
tions for fayalite®3 and the three redox active mixed valence
trinuclear oxo-centered iron carboxylates’® and an oxidized
trinuclear iron complex [Fe;O(HCOO)s(HCOO)3]:H,O+2-
(2CH3NCsHs)3 are in good agreement, with the experimental
values falling within and beyond the trend of the calculated
Fe—O values (Figure 6a). The [1?p(r.) values observed for
fayalite are in relatively close agreement with the calculated
values, whereas the values observed for the three iron carboxy-
lates are in poorer agreement, with two values displaced from
the trend of the calculated values (Figure 6b). Again, given the
complexities of the structures of the three iron carboxylates and
the trinuclear iron complex compared with that of fayalite, the
overall agreement of the experimental and calculated p(r.) values
is considered to be good. Despite the value [1’p(r.) being a
second derivative of p(r.), the agreement of the experimental
model [1%p(r.) values with the calculated values is also good.
The agreement of the experimental bcp properties, collected at
15 K for the oxidized trinuclear iron complex, with the
calculated values is considered to be particularly good, a
testament to the care that Professor Bo Brummerstedt Iversen
and his colleagues exercised in collecting and modeling the
synchrotron single-crystal diffraction data.

The agreement of the experimental and calculated p(r.) and
(p(r.) values for the Co—O bonded interactions for the
C0,Si0; olivine,* CoO%® and the a-diimine microcyclic com-
plex Co(C2HpoNg)(H,0),]+2C104%7 is good for the most part,
despite o-diimine’s being a relatively complex molecular
structure linked together by water molecules and perchlorate
anions. In contrast, the agreement of the experimental model
o(r) value reported for the Co-bearing coordination polymer
Co3(CgH404)4(C4H 5N)»(CsH 1NO)3 is relatively poor (Figure
7a), whereas the agreement of the experimental [1>o(r.) values
is surprisingly good, particularly given the poorer agreement
of the experimental model p(r.) values and the tendency of the
polymer crystals to twin. The model p(r.) values observed for
the Co,SiO4 olivine scatter largely within the scatter of the
calculated R(Co—O) — p(r.) data set. The experimental model
[Pp(r.) values likewise scatter along the trend for the calculated
R(Co—0) — ?p(r.) data, although slightly displaced. Overall,
as observed for the other olivines forsterite, fayalite, and
tephroite, the agreement of the model experimental p(r.) and
[%p(r.) values for the Co,SiOy olivine with the calculated values
is considered to be good.
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Figure 7. Experimental Co—O bond lengths, R(Co—O0), plotted with respect to (a) p(r.) and (b) [?p(r.) values (pink squares) calculated for a
variety of Co—O-bearing silicates and oxides (used to construct Figure 3) compared with experimental model p(r.) and (b) (?p(r.) values determined
for Co,Si0y (black stars),> CoO (green star),’® a-diimine (blue star),”’ and for the microcyclic complex [Co(C2Hz0Ng)(H20),]+2ClO;, (orange

stars).’®

IE T T T T
1.11 i

1.14

1.08 s

1.05

[V(r l/G(r)
O

1.02 a :

0.99 1 .
m}

0.96

010 005 0.00

H(r)/p(r.) a.u. e

020 -015 0.05

Figure 8. Espinosa’s* IV(r,)l/G(r.) bond character indicator plotted
with respect to the bond degree ratio H(r.)/p(r.) for the Mn—O, Fe—O0,
and Co—O bonded interactions with the V(r.), G(r.), H(r.), and p(r.)
calculated for the Mn—O-, Fe—0O-, and Co—O-bearing silicates and
oxides.

The IV(ro)l/G(r.) bond character indicator ratio for the
calculated Mn—0, Fe—0, and Co—O bonded interactions, as
defined by Espinosa et al.,** is plotted in Figure 8 with respect
to the bond degree factor H(r.)/p(r.) (interpreted by Espinosa*’
as the total energy per electron at r.). On the basis of the bond
degree factor, the bonded interactions are indicated to be largely

intermediate in character with a substantial component of closed-
shell character, with one of the Fe—O interactions having a
IV(ro)l/G(r.) ratio of less than 1.0, the boundary between a
closed-shell and an intermediate interaction. The IV(r )l/G(r.)
ratios reported for the Fe—S and Cu—S bonded interactions for
several sulfides fall between 1.2 and 1.6 and H(r.)/p(r.) ratios
between —0.2 and —0.4 au e~!,% supporting a view that M—S
bonded interactions have a larger component of shared character
than the transition M—O interactions.

Estimates of the Local Kinetic Energy Density Properties.
There is no way to determine the local kinetic energy, G(r.),
directly from an experimental electron density distribution, short
of finding the Hohenberg—Kohn universal functional® or at least
its component that determines G(r.) in terms of p(r.).% It can
be estimated, however, for a given bonded interaction with the
corrected electron gas theory approximation [G(ro) =
Clo)(3) 3 p(re)y + /s0%p(x.) (all variables are in au).> Using
the calculated values for p(r.) and [?p(r.), [G(r.)as estimated
and compared with the calculated local kinetic energies, G(r.)
(Figure 9a). Although the estimated values are highly correlated
with G(r), they are systematically slightly smaller than the
values of G(r.). A similar agreement between G(r.) and [G(r.)[]
was reported earlier for the non-transition M—O bonded
interactions.* As the local kinetic energy is expected to increase
with decreasing bond length and increasing ED at r., G(r.) is
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Figure 9. (a) [G(r.)Cealculated with the corrected electron gas theory approximation [G(ro)= (*/10)(377%)*3p(rc)”? + /s[?p(r.) (all variables are
in au)* using the p(r.) and [%p(r.) values calculated with Mn—O-, Fe—0-, and Co—O-bearing silicates and oxides plotted with respect to G(r.)
(see the caption of Figure 3 for definition of symbols). (b) Experimental bond lengths R(M—O) plotted with respect to calculated values of G(r.)
(squares) and with respect to [G(r.)[calculated using the experimental p(r.) and [?p(r.) values for tephroite (violet stars), fayalite (green stars), and

C0,S104 olivine (pink stars).

expected to increase with decreasing bond length. As displayed
in Figure 9b, the G(r.) values for the Fe—O, Mn—O, and Co—O
bonded interactions roughly scatter along nonlinearly parallel
trends with decreasing bond length. Furthermore, the [G(r)l]
values estimated with the experimental model p(r.) and [?p(r.)
values for the Mn—O bonded interactions of tephroite and for
the Fe—O interactions of fayalite cluster largely within the trend
defined by the R(MM—O) — G(r.) trend, with the values
determined for the Co—O interactions paralleling but slightly
offset from the trend (Figure 9b). Nonetheless, the close
agreement between the experimental [G(r.)[values and the
estimated G(r;) values displayed in the figure attests to the
validity of the corrected electron gas theory approximation.

Atomic Charges. An integration of the ED over the basins
of the nonequivalent atoms for tephroite resulted in the chemical
formula Mn(1)lA61+Mn(2)l.67+Si3A44+O(1)1A75—O(2)1A66—0(3)21.64—’
that for fayalite resulted in Fe(1)!307Fe(2)!48+Si320+Q(1)!-52~
0(2)157-0(3),147~, and that for the Co0,SiO4 olivine resulted
in CO(1)1'31+C0(2)1'30+Si3‘25+0(1)1'4270(2)1'5970(3)21'517. As
evinced by the formulas, the atomic charges conferred on the
transition metal atoms decrease with increasing atomic number
from Mn(1)1A61+Mn(2)1A67+ to Fe(l)lA36+Fe(2)lA48+ to Co(l)le—
Co(2)'3%F, An integration of the ED within a sphere determined
by the radial ED distribution of the atoms for tephroite®’ resulted
in the chemical formula Mn(1)%%tMn(2)099Si!-05+Q(1)!01~
0(2)192=0(3),'91, a result which suggests that the bonded
interactions are more shared in character than that indicated by
an integration of the ED over the basin of the atoms. The net
atomic charges, ~+42.035, conferred on the Mn atoms in
Mn,(CgH404)>(C3H7NO),>* are larger than those conferred on
the Mn atoms in tephroite and in close agreement with the
nominal charge of 2+ for the Mn?" cation. The charges
conferred on the Co atoms for the Co-bearing coordination
polymer  Co3(CgHs04)4(C4H2N)2(CsH1NO)3,%6  g(Co'V-
(1)) = +1.88 and g(CoV'(2)) = +1.91, are substantially larger
than those conferred on the Co atoms in Co,SiO4. Note that
also the atomic charge on the six-coordinate Co atom is slightly
larger than that conferred on the four-coordinate Co. The atomic
charges conferred on the Fe atoms in fayalite are substantially
larger than those conferred on the high spin state Fe atoms in
troilite Fe0817S081~ and the low spin state Fe atoms in marcasite
and pyrite Fe®07+S5,034~ 60 45 one might expect from electrone-
gativity considerations and the [V(r.)l/G(r.) ratios.

The net charges conferred on the Si atoms for the three
olivines (+3.30 e, on average) are larger than those conferred

on the six coordinated Si atoms in stishovite +3.21 e, SiO,—1I,
+3.20 e, and SiO,—1II, +3.17 €,% a result indicating that the
characters of the Si—O bonded interactions in SiO4 and SiOg
coordination polyhedra are basically the same and independent
of the coordinate number of the Si atom.3! This is an unexpected
result given that several studies indicate that the shared character
of a bonded interaction increases with decreasing coordination
number. #0648

Concluding Remarks

The trends displayed by the calculated bond critical point
and local energy density properties for Mn—O, Fe—O, and
Co—O bonded interactions for the olivines are not only
comparable with one another but are also comparable with those
observed for the non-transition M—O bonded interactions and
those displayed by selected organometallic complexes. Indeed,
the olivine results are considered to be noteworthy considering
that they were obtained for different crystals, on several different
stations, at different times, and with different resolutions. Despite
the different conditions and materials, the agreement of the
properties of the experimental model ED distributions for the
Mg—O0O, Mn—0, Fe—O, and Co—O bonded interactions and
those calculated turned out to be as good as may be expected.
As [p(r.) increases, the value of p(r.) increases for the olivines
and H(r.) decreases linearly as observed for the non-transition
metal oxides with p(r.) increasing in value as H(r.) becomes
progressively more negative in value. Also, as observed for the
non-transition M—O bonded interaction, the ratio G(r.)/p(r.)
is greater than one (except for one Fe—O bonded interaction)
and increases linearly with R(IM—O) as H(r.) decreases and
becomes progressively more negative and the shared character
of the bonded interactions increases. On the basis of this result,
it appears that the G(r.)/p(r.) may be a general measure of the
shared character for a given bonded interaction: the greater the
ratio for a given interaction, the more negative the value of H(r)
and the more shared the interaction. The bulk of the transition
metal bonded interactions qualify as intermediate interactions
with the IV(rol/G(r.) ratio ranging between 0.98 and 1.14, a
result indicating that the bonded interactions are of intermediate
character with a substantial component of closed-shell character.
However, the IV(r )l/G(r,) ratio is smaller than that observed
for the Fe—S bonded interactions that range between 1.2 and
1.5 and the Ni—S interactions® that range between 1.2 and 1.4.
On the basis of electronegativity considerations, the Fe—S is
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expected to be a more shared interaction than an Fe—O
interaction as indicated by its larger |V(ro)l/G(r.) ratio.

The correspondence reported in this account between the
properties of the non-transition and transition metal M—O
bonded interactions in silicates and oxides, representative
molecules, and the organometallic complexes suggests that a
given M—O bonded interaction has intrinsically the same
properties regardless of whether it occurs in an inorganic
material, an organic complex, or a molecule, a result suggesting
that the bonded interactions are governed in large part by local
forces as asserted by Gibbs® and Hoffmann.”’ Finally, the
overall agreement between the properties of the experimental
model ED distributions and those calculated for the olivines,
stishovite, and coesite indicates that first principles quantum
mechanical calculations show great promise not only as a
powerful tool in advancing our understanding of bonded
interactions but also in clarifying the connection between the
bond critical point and local energy properties, crystal structure,
and the reactivity of earth materials.!?
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