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Figure 12. Pictures of L(r) isosurface maps for claudetite II viewed down ~[010]. Panel a displays the intermolecular As—O bond paths (colored
blue) that pass through the spherical acid domain on the As atoms and the banana-shaped base domain on the O atoms that qualify as a Lewis
base—acid pair interactions, and panel b displays the intermolecular As—As bond paths (colored green) like those observed for arsenolamprite that

do not pass through the skullcap domain.

Figure 13. Picture of L(r) isosurface maps for AsO,, a molecular
crystal consisting of layers of corner-sharing AsO; and AsOy units.
All of three corners of the AsOs pyramids share edges with AsOy
tetrahedra, and three of the four corners of the AsO, tetrahedra shared
edges with AsO; pyramid leaving one terminal O atom. The terminal
O atom is surrounded by ring torus shaped isosurfaces, and the bridging
O atoms are capped by banana-shaped isosurfaces located on the reflex
side of the As—O—As angles. Five intermolecular As—O bond paths
(colored blue) connect the spherical Lewis acid domain of the As atoms
and the ring torus shaped Lewis base domain on the terminal O atom.
Also, an intermolecular As—O bond path connects the Lewis acid
domain on the As atom and the banana-shaped Lewis base on a bridging
O atom. Both types of bond paths qualify as a Lewis base—acid pair
directed bond paths.

exists between the two interactions. H(r.) also decreases and
becomes more negative in value as R(As—O) decreases for the
intramolecular bonded interactions decrease, but in the case of
the intermolecular interactions, H(r.) is largely independent of
R(As—O0). The IV(r)l/G(r.) ratios for both the intramolecular
and intermolecular interactions are also largely independent of
bond lengths. On the basis of the H(r.) values, all of the
intermolecular As—O bonded interactions with bond lengths
greater than 2.8 A classify as closed-shell interactions and all
of the intramolecular interactions with bond lengths less than
2.1 A classify as shared interactions. As observed by Bone and
Bader,* the sign of H(r.) is determined by the energy density
itself, and therefore, it is negative for all interactions that result

Figure 14. L(r) isosurface map for the framework crystal As,Os.
Unlike the other arsenates, all of the bond paths are intramolecular
As—O interactions.

from an accumulation of ED at r.. As such, the greater the
accumulation, the more negative the value of H(r.) and the more
shared the bonded interaction. But as displayed in Figure 15a,
p(ro) actually increases with decreasing bond length for the
intermolecular interactions, yet the value of H(r.) remains
largely unchanged. A similar result has been reported for closed-
shell Na—O and Mg—O bonded interactions. Bader and Essen?!
have asserted that a bonded interaction is shared when v2p(r.)
< 0 and either an intermediate and closed-shell interaction when
v2p(r.) > 0. But in the case of the M—O bonded interactions
in oxides and silicates,”” v2p(r.) is positive and becomes
progressively larger as p(r.) increases and as H(r.) becomes
more negative in value. The same trends for the As—O bonded
interactions are plotted in Figure 16a where it shows that v?p(r.)
increases in value with increasing p(r.). With the exception of
the As—O closed-shell intermolecular interaction, H(r.) is
negative and decreases in value as V2p(r.) increases (Figure
16b). The fact that V2p(r,) > 0 and that it increases in magnitude
with decreasing bond length indicates that the As—O bond is a
polar covalent bond as observed for double bonds between C
and O or S.2!

As observed for the M—O bonded interactions for oxides and
silicates, and organic metallic oxides, G(r.)/p(r.) increases with
decreasing bond length. Likewise, for the As—O bonded
interactions, G(r.)/p(r.) also decreases with decreasing bond
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Figure 15. Scatter diagrams of the As—O bond length, R(As—O), for arsenate molecules (blue squares) and crystals (red squares) plotted with
respect to (a) the values of p(r.) in units of /A3 at the bond critical point r,, (b) the value of the Laplacian of p(r.), V?p(r.), in units of e/AS, (c)
the local energy density, H(r.) = G(r.) + V(r.), in atomic units, au, where G(r,) is the positive definite local kinetic energy density and V(r.) is
the negative definite local potential energy density, and (d) the value of G(r.)/p(r.) in units of au e™>. Data are taken from Table 1.
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Figure 16. Scatter diagrams of v2p(r.) plotted with respect to (a) p(r.) and (b) H(r.) for arsenate molecules (blue squares) and crystals (red
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length with the closed-shell interactions exhibiting G(r.)/p(r.)
values less than 0.8 and the shared interactions exhibiting values
greater than 0.8 and as large as 1.5. These results run contrary
to the assertion that G(r.)/p(r.) is less than 1.0 for shared
interactions and greater than 1.0 for closed-shell interactions.
The evidence provided for nonmetallic oxides, silicates, and
organometallic oxides supports this argument and shows that
G(r.)/p(r.) actually increases as the bond length decreases and
H(r.) decreases.

Closed-Shell O—O Interactions

Bond paths of maximum ED spanning the O—O shared edges
between equivalent and quasi-equivalent MO,, (n > 4) coordina-

tion polyhedra are not uncommon features in the ED distribu-
tions of earth materials.>>**3! As the H(r.) values for these
interactions are typically small and positive in value, they qualify
as closed-shell weakly stabilizing interactions like the O—O
paths in arsenolite and claudetite I. Despite their relative
weakness, the connection made between the directed paths in
arsenolite, for example, suggests that the O—O bonded interac-
tions together with the As—O bonded interactions play a small
yet important role in determining the structures. O—O interac-
tions have also been suggested to play an important role in
understanding the distortions of the Mny(CO);, molecules in
the binuclear carbonyl crystal structure®? as well as making a
non-negligible contribution to the structure and stability of
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Figure 17. Scatter diagram of O—O separations, R(O—O0), for O atoms connected by bond paths for silicates and arsenolite, claudetite I, and AsO,
plotted with respect to (a) p(r.) and (b) V?p(r.). The silicates data (ref 23) are plotted as blue squares, and those for arsenolite, claudetite I, and

AsO, data are plotted as red squares.

nucleic acids.** Bond paths are not restricted to O atoms, but
F—F bond paths, for example, have been found to be ubiquitous
in crowded difluorinated aromatic compounds* where the paths
can impart as much as 14 kcal/mol of local stabilization to the
outer regions of the molecules. More recently, O—O bond paths
reported between the O atoms in open conformers of the enol
forms of cis-f3-diketones were found to impart 16 kcal/mol to
the total energy of the 1,8-naphthalenediol molecule when
optimized at the MP2 level.*®

As the ED distribution adopts a configuration that results in
the lowest energy for a given stationary state, the accumulation
of the ED along the O—O bond paths relative to one that lacks
such paths has been suggested as a means whereby O—O
interactions serve to locally stabilize a structure.>® In explaining
the role played by the O—O bond paths linking the shared edges
of the coordinated polyhedra, it has been suggested that the ED
along the bond path spanning the shared edges of the polyhedra
in oxides and silicates serves to stabilize the structures locally
by shielding the charges on the cations in the adjacent edge-
sharing polyhedra.?® As the O—O separations, R(O—0), for the
closed-shell O—O interactions reported for oxides and silicates?
decrease, the values of p(r.) and V2p(r.) both increase nonlin-
early (Figure 17). The O—O bond paths found for the arsenates
are relatively few in number with one nonequivalent bond path
found for arsenolite, one for claudetite I, and two for AsO,.
The p(r.) and V>p(r.) values for these materials are plotted
together with those reported for the silicates and oxides in Figure
17 where it is evident that the properties of the O—O interactions
in the arsenates are comparable with those reported for the
oxides and silicates. As reported for the O—O interactions, as
the separations between the F atoms, R(F—F), for difluorinated
aromatic compounds increase, p(r.), V2p(r.), and G(r.) each
decrease nonlinearly while V(r,) increases nonlinearly such that
H(r.) decreases to a minimum values at R(F—F) = 2.65 A and
then increases slightly with increasing R(F—F). Thus, G(r.)
decreases while V(r.) increases and becomes less stabilizing with
increasing separation, whereas H(r.) decreases and then in-
creases slightly for F—F separations greater than 2.65 A. G(r.)
also decreases and V(r.) decreases nonlinearly for the O—O
interactions for the oxides and silicates while H(r.) increases
in value.

Summary

van der Waals forces are generally believed to be nondirec-
tional and to arise by dint of weak electronic coupling between

atoms and molecules other than those that lead to chemical
binding.?’” But, the orthorhombic layered structure adopted by
the Cl, molecules in solid chlorine belies this belief in that a
critical examination of the structure® found that the Lennard-
Jones 6—12 isotropic intermolecular potential (an expression
originally proposed for gases and liquids, where the interactions
average to an isotropic mean) not only utterly fails to predict
the correct tilt angle of the Cl, molecules in the structure but
also fails to account for the observed greater stability of the
orthorhombic structure relative to the cubic one. But, as we have
seen, the packing and layer structure adopted by the Cl,
molecules can be understood by considering parallel sets of
mainstay directed van der Waals C1—Cl bond paths that involve
base and acid domains of ED® where the directed character of
the van der Waals bonded interactions conforms with theoretical
studies>? that indicate that there is little difference between van
der Waals and covalent binding.

The molecular structures adopted by the arsenates examined
in this report can likewise be understood in terms of parallel
sets of directed bond paths, mainstays that play a determinate
role, particularly in the case of arsenolite, in the formation of
the periodic structures adopted by the molecular solids. The
molecular structure adopted by the antimony trioxide, senar-
montite, can also be understood in terms of mainstay directed
acid—base Sb—O van der Waals interactions.”” In addition,
calculations of the ED, the bond critical point properties, and
the Laplacian for several arsenic sulfides (realgar, AsS, pararel-
gar, AsS, alacranite, AsS, o- and S-dimorphite, As;S;, and
uzonite, As;Ss)* provide further evidence for the argument that
van der Waals forces are directional. Despite the directionality
of the bond paths, a mapping of the barycenters for the arsenic
sulfide molecules shows that they are approximately cubic close-
packed in their spatial array in the crystals, a result that
demonstrates that a close-packed array of molecules can form
when they are linked by directed van der Waals bonded
interactions.

Finally, in a comprehensive and careful review of the
structures and properties of the fullerenes, Dresselhaus et al.*’
observed that the bonded interactions in graphite and the solid
fullerene Cg are strikingly similar where the C layers of graphite
and the Cgyp molecules of fullerene are weakly bonded together
by van der Waals interactions. Recent calculations completed
in our laboratories for graphite show that well-developed
intermolecular C—C bond paths exist between the layers, a result
that indicates that the layers are bound by the directed
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intermolecular C—C bond paths. At room temperature, the
evidence indicates that the molecules in solid Cgy exhibit
complete orientational disorder about their cubic sites, but at a
temperature below ~225 K, they exhibit orientational order and
are aligned with the double-bond electron-rich (Lewis base)
domain of one molecule positioned next an electron-poor (Lewis
acid) domain of an adjacent molecule.*' Given the similarities
of the bonded interactions in graphite and solid Cg, it is tempting
to speculate whether or not the alignment of the double-bond
electron-rich (Lewis base) and electron-poor (Lewis base)
domains between the adjacent Cg molecules correspond with
the alignment of the acid—base domains in solid chlorine. It is
also tempting to speculate whether or not the domains are
connected by C—C acid—base directed bond paths. It is also
noteworthy that the molecules in solid C; adopt a similar
alignment of acid—base domains at low temperatures. As such,
the question arises whether the molecules in the solid are
likewise connected by directed C—C bond paths, serving as
Fischer lock and key mainstays for the hexagonal close-packed
structure.*?
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