












The bond critical point property values for the intramolecular
As-O bonded interactions (F(rc) ) 0.99 e/Å3, 32F(rc) ) 7.87
e/Å5, G(rc) ) 0.159 au, V(rc) ) -0.237 au, H(rc) ) -0.078
au, |V(rc)|/G(rc) ) 1.49) for arsenolite are comparable with those
calculated for the molecule (Table 1). The intramolecular As-O
total bond path length, 1.808 Å, is the same as the intramolecular
As-O bond length, demonstrating that the bond paths are
essentially straight. The F(rc), 32F(rc), and H(rc) values
calculated for the intermolecular As-O and O-O interactions
are 0.085 e/Å3, 0.928 e/Å5, +0.001 au and 0.073 e/Å3, 0.912
e/Å5, +0.001 au, respectively. The intermolecular As-O
separation is substantially shorter, 3.05 Å, than the sum of the
van der Waals radii for As and O, 1.85 Å + 1.52 Å ) 3.37 Å,
respectively, indicating that the closed-shell intermolecular
bonded interaction is stronger than a typical As-O van der
Waals bonded interaction. The O-O separation, 3.022 Å, is
comparable with the sum of the van der Waals radii, as expected
in that it is a substantially weaker interaction. As the H(rc) values
for the intermolecular As-O and O-O interactions are both
positive and small in value, they qualify as closed-shell
interactions as observed for the O-O interactions in minerals.23,24

As observed by Tsirelson et al.,6 closed-shell interactions
stabilize a structure by lowering the potential energy by the
concentration of the ED in the basins of each of the bonded
atoms. They also assert that the small value of F(rc) associated
with a closed-shell interaction does not necessarily imply a weak
interaction. The value of F(rc) for the As-O intermolecular
interaction is ∼15% larger (0.085 e/Å3) than the value for the
O-O interaction (0.073 e/Å3), suggesting that the As-O
interaction is stronger and plays a more important role in
determining the molecular structure of arsenolite.

To establish whether a connection can be made between the
intermolecular As-O and the O-O directed bond paths and
the Lewis base-acid and base-base pairs as observed for solid
molecular chlorine, composite Laplacian L(r) isosurface contour
maps (Figures 5 and 6, respectively) were constructed for the
arsenolite crystal structure viewed in a projection down ∼[110].
The silver-colored banana-shaped isosurface capping each O
atom on the reflex side of each As-O-As angle was generated
at the +12 au level. These isosurfaces define well-developed
Lewis base (lone pair) domains where the ED is locally charge-
concentrated. In contrast, the red-colored spherical isosurface
surrounding each As atom, generated at the -22 au level,

represents a domain where the ED has been locally charge-
depleted, identifying a well-defined spherical Lewis acid domain
enclosing each As atom. Further, the silver skullcap-shaped
isosurface on the As atom at the apex of each AsO3 pyramidal
unit, generated at the +0.01 au level, represents a relatively
diffuse Lewis base (lone pair) domain. The bond paths between
the intramolecular As and O atoms are colored silver. Each of
the L(r) isosurface contour maps presented in this study were
calculated at the same contour level and color-coded as those
used to generate the isosurfaces maps for arsenolite. Also, all
of the intermolecular As-O, As-As, and O-O bond paths are
color-coded blue, green, and pink, respectively. The bond critical
points are depicted as a black dots along each of the bond paths.
For each of the intramolecular shared bonded interactions
examined in this study, H(rc) is negative, whereas for the
intermolecular van der Waals closed-shell interactions, H(rc)
is positive and small in magnitude.

For comparison, a picture of a composite Laplacian isosurface
map, generated for the single As4O6 molecule, is displayed in
Figure 3b. As the optimized geometry of the molecule, bond
critical point properties, local energy density properties (Table
1), and the composite Laplacian isosurface features are virtually
the same as those of the As4O6 molecule in the arsenolite crystal,
it is apparent that the bonded interactions of the molecule in
arsenolite are only slighted perturbed by the force of the crystal
field. The question comes to mind: can the tetrahedral periodic
array of the As4O6 molecules adopted in the structure of
arsenolite be understood in terms of the mainstay directed bond
paths involving Lewis acid-base and the base-base pair
domains in much the same way that the layer structure of solid
chlorine can be understood in terms of the alignment of such
domains and the directed bond paths? As displayed in Figure
5, each intermolecular As-O bond path passes through the
spherical acid domain of the As atom and is directed at the
banana-shaped Lewis base domain of an O atom, qualifying as
a Lewis acid-base pair directed bond path. In contrast, each
O-O bond path in Figure 6 passes through banana-shaped
Lewis base domain of one of the O atoms and is directed at the
banana-shaped Lewis base domain of the other O atom near
the end of the O-O path. As such, it qualifies as a Lewis
base-base pair directed bond path. With these directed bond
paths, the structure of arsenolite can be understood, as discussed
above, in terms of the bond paths with each adopting a direction
that is perpendicular to the tetrahedral faces of each As4O6

molecule, resulting in a tetrahedral arrangement of As4O6

Figure 5. L(r) isosurface mapping of the arsenolite structure viewed
down [110]. The blue lines denote the intermolecular As-O bond paths
that the connect red sphere (Lewis acid domain) surrounding each As
atom and the banana-shaped lone pair (Lewis base domain) capping
each O atom, qualifying as a Lewis acid-base interaction. The
intramolecular As-O bond paths are colored silver.

Figure 6. L(r) isosurface mapping of the arsenolite structure viewed
down [110]. The pink lines denote the intermolecular O-O bond paths.
These paths pass through the banana-shaped lone pair domains of the
O atoms and qualify as Lewis base-base interactions.
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molecules about each molecule. As the directed bond paths
radiate from each of the four tetrahedral faces of the central
As4O6 molecule, the resulting tetrahedral cubic periodic structure
can be understood in much the same way as the layered structure
of molecular chlorine can be understood in terms of directed
bond paths. In a study of the ED for two Sb2O3 polymorphs,
Whitten et al.25 reported that molecular Sb4O6 units for the
senarmonite polymorph pack in a mainstay face-to-face key-lock
arrangement as displayed for the As4O6 units in arsenolite.
Accordingly, the cubic structure adopted by senarmonite can
likewise be explained in terms the Lewis base-acid directed
Sb-O bond paths and the tetrahedral arrangement of the Sb4O6

molecular units of the structure.
Claudetite I. Unlike arsenolite, which consists of a periodic

array of As4O6 molecules with a finite number of As and O
atoms in the ratio two to three, claudetite I consists of a periodic
array of highly corrugated molecular sheets with an indetermi-
nate number of As and O atoms in the ratio of two to three.
Each sheet consists of six-membered rings of two nonequivalent
AsO3 units, As1O3 and As2O3, with average bond lengths of
1.792 and 1.787 Å, respectively, and average O-As-O angles
of 95.16° and 95.95°, respectively. The average bond length
for the two is ∼0.02 Å shorter than that observed for arsenolite.
There are three nonequivalent As1-O-As2 angles linking the
AsO3 units in the layers:As1-O1-As2)134.83°,As1-O2-As2
) 125.67°, and As1-O3-As2 ) 124.97° with two of the angles
agreeing with the angle observed for arsenolite within ∼1°.

The arrangement of the As atoms in claudetite I is comparable
with that of As atoms in arsenolamprite (Figure 7). As such,
the layers of As atoms in claudetite I can be viewed as a stuffed
derivative of layers in the arsenolamprite structure with O atoms
placed in the layers between two As atoms forming an array of
AsO3 units. Like claudetite, the As atoms in arsenolamprite form

a layer structure connected by intramolecular As-As shared
bonded interactions where each As atom is connected by bond
paths to three As atoms with two at 2.31 Å and one at 2.29 Å
with an As-As-As angle of 103.8° between the short bond
paths and an angle of 102.4° between the short and long bond
paths. With the stuffing of the O atoms in the arsenolamprite
structure, the longer intramolecular As-As separation increases
to 3.19 Å and the short one increases to 3.28 Å while the angles
between the long and short As separations widen to 104.9° and
the angle between the shorter separations narrows to 91.1°. The
bonded radius of the O atom involving the intramolecular As-O
bond length, ∼0.95 Å, is slightly greater than the bonded radius
of the O atom (rb(O) ) 0.87 Å) in claudetite I yet substantially
smaller than the three-coordinate ionic radius (1.35 Å) of the
O atom.26 Also, the intramolecular As-As separations (3.530,
3.878, 4.013 Å) between the layers in arsenolamprite are slightly
longer, on average (3.808 Å), than the intermolecular As-As
bond in claudetite I (3.728 Å).

Bond paths exist in claudetite I along each of the nonequiva-
lent intramolecular As-O bonded interactions comprising the
layers. On the basis of the local kinetic and potential energy
density for the interactions, each qualifies, as observed for the
As-O intramolecular bonded interactions in arsenolite, as a
shared interaction of intermediate character (Table 1). In
addition, intermolecular van der Waals directed bond paths exist
between and bind the layers into a coherent layered structure.
There are three types of intermolecular paths: an As-As bond
path of length 3.278 Å, an O-O bond path of length 3.361 Å,
and three As-O bond paths of lengths 3.038, 3.356, and 3.428
Å. These paths are delineated in Figure 8. The highly corrugated
nature of the layer is directly related to the set of short (3.038
Å) directed parallel interlayer As-O bonded interactions within
the layer. In particular, the set only involves the As and O atoms
within the layer unlike the shorter intramolecular bonded
interactions. Further, as the bonded interaction has a greater
strength than the other intermolecular interaction, its presence
enhances the corrugation of the layer (Figure 8). The bond
critical point properties (F(rc) ) 0.051 e/Å3, 32F(rc) ) 0.415
e/Å5) for the intermolecular As-As interaction are comparable
with the corresponding one in arsenolamprite (F(rc) ) 0.046
e/Å3, 32F(rc) ) 0.428 e/Å5) (Table 1). This agreement indicates
that the bonded interactions between the As atoms in claudetite
I are virtually the same as those that bind the layers of As atoms
in arsenolamprite. On the basis of the similarity of the local

Figure 7. Two representative layers of the three-coordinated As atoms
in the structures of (a) arsenolamprite, ε-As, and (b) claudetite I. By
placing three O atoms about each As in arsenolamprite, the claudetite
I structure can be generated, or by removing the O atoms from the
claudetite I structure, the arsenolamprite structure can be derived. It is
noteworthy that upon heating, claudetite I disproportionates into
arsenolamprite and As2O5, demonstrating the close connection between
the two structures (ref 17).

Figure 8. Picture of the claudetite I structure with the As atoms colored
red and the O atoms colored silver. The intramolecular As-O bond
paths are colored silver, and the intermolecular As-O, O-O, and the
As-As directed bond paths are colored blue, pink, and green
respectively. The highly corrugated nature of the layers is related to a
relatively large number of intermolecular parallel directed bond paths
and particularly to the set of As-O bond paths that occur near the
crest of each corrugated layer.
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kinetic and potential energy densities (Table 1), the intermo-
lecular bonded interactions for both claudetite I and arsenola-
mprite qualify as closed-shell ionic interactions. The F(rc) values
for the As-O intermolecular interactions (0.066 e/Å3) are larger,
on average, than the As-As (0.056 e/Å3) and O-O bonded
interactions (0.045 e/Å3), again suggesting that the As-O
intermolecular interactions play a dominate role as mainstays
in determining the molecular structure.

L(r) isosurface maps together with the intermolecular As-As
bond paths were generated for arsenolamprite in views down
[010] (Figure 9a) and [001] (Figure 9b) to clarify the connections
between the paths and the domains ascribed to the bonded and
nonbonded electron pairs and to determine the correspondence
between the topological properties of the intermolecular As-As
bond interactions in arsenolamprite and claudetite I (Figure 10).
As observed for the As atoms in the isolated As4O6 molecule
and for arsenolite, each As atom is enclosed by a region of
charge depletion and capped by a skullcap-shaped lone pair
domain (Figures 3b and 5, respectively). However, unlike the
intermolecular As-As bond paths in arsenolamprite, the in-
tramolecular As-As paths are centered by a spool-shaped
feature ascribed to a bond pair domain. However, the intermo-
lecular As-As bond paths lack the domain and are similar to
those in claudetite I. Of the three intermolecular paths, two pass
through the skullcap Lewis base domain, whereas the other one
bypasses the domain. As observed above, all three qualify as
closed-shell interactions with the two As-As bond paths passing
through the skullcap-shaped domain and qualify as a Lewis
acid-base bonded interaction. However, the third intermolecular
As-As interaction qualifies as a Lewis acid-acid bonded
interaction.

Isosurface L(r) maps and the bond paths for claudetite I are
displayed for the O-O, As-O, and the As-As intermolecular
van der Waals interactions in a projection of the structure viewed
down [001]. The directed parallel O-O bond paths involve the

lone-pair features on the O atoms and qualify as Lewis
base-base pair interactions (Figure 10a); the directed parallel
As-O bond paths involve the spherical acid domain on the As
atoms and the Lewis base on the O atoms and qualify as a Lewis
base-acid pair (Figure 10b). The As-As bond path plays the
same role as the As-As path in arsenolamprite and qualifies
as a Lewis acid-acid pair bonded interaction (Figure 10c).

Claudetite II. Unlike claudetite I, the claudetite II structure
is more regular with one nonequivalent AsO3 pyramid with an
average bond length of 1.787 Å, an average O-As-O angle
of 98.95°, and an average As-O-As angle of 123.60°. Further,
the individual As-O bond lengths and the O-As-O and
As-O-As angles show a small departure from their average
values. The number and types of nonequivalent van der Waals
bond paths in claudetite II (one As-O (2.958 Å) and one
As-As bond path, 3.701 Å) are fewer in number than observed
for claudetite I, providing a basis for understanding why its
layers are less corrugated. Unlike claudetite I, claudetite II lacks
an intermolecular As-O directed bond path between the atoms
in a single layer that imparts the greater corrugation of the layer
in claudetite I.

In an examination of the relative stability of the corrugated
layers in claudetite I, a single layer of the structure was
geometry-optimized. As the geometry-optimized layer is similar
in structure to that in claudetite II, it was concluded that the
corrugated layer in claudetite I is destabilized relative the one
in claudetite II and that the intermolecular As-O interactions
within the layer in claudetite I play a dominate role imparting
the corrugation of the layer. The parallel sets of the directed
As-O and As-As bond paths in claudetite II are delineated in
Figure 11, and L(r) isosurface maps of the two interactions are
displayed in Figure 12. Given the spherical Lewis acid domain
surrounding each As atom and the banana-shaped lone pair on
each O, the As-O interactions involve a Lewis acid-base pair
interaction (Figure 12a). As observed for claudetite I, the As-As
interaction seems to play the same role that it plays in
arsenolamprite (Figure 12b) and qualifies as a Lewis acid-acid
bonded interaction. As before, the value of F(rc) for the As-O
interaction (0.101 e/Å3) is larger than that for the As-As
interaction (0.052 e/Å3), evidence that suggests the As-O
interaction is stronger than the As-As interaction.

AsO2 and As2O5. For purposes of comparison, the bond
critical point, the local energy properties, and L(r) isosurface
maps were calculated for two additional arsenates, AsO2

27 (Table
1) and As2O5.28 Like the As2O3 polymorphs, AsO2 is a molecular
crystal and consists of layers of six-membered rings, paralleling
(100). But, unlike the As2O3 polymorphs, it contains AsO4

tetrahedral units together with AsO3 pyramidal units in perfect
alternation with all of the O atoms of the pyramids shared in
common between three tetrahedra and with three of the
tetrahedra shared in common with pyramidal units, leaving one
of the O atoms on the tetrahedral unit as a terminal O. Two of
the three IIIAs-O bond lengths (1.794 Å) are comparable with
those of the claudetites, whereas the third is slightly longer
(1.818 Å). The IVAs-O bonded interactions bonded to the
bridging O atoms of the AsO3 pyramids are 1.713 Å (2×) and
1.724 Å in length, whereas the bond interaction involving the
unshared terminal O is substantially shorter, 1.611 Å. As
expected, the three O-IVAs-O angles involving the terminal
O atom are substantially wider (112.45° (2×), 119.40°) than
those involving the bridging O atoms. However, the three
IIIAs-O-IVAs angles between the AsO3 and AsO4 units are
virtually the same, each agreeing within 0.5° of the average
value (125.1°). As observed for the As2O3 polymorphs, the

Figure 9. Pictures of the L(r) isosuface maps of the arsenolamprite
structure viewed (a) down [010] and (b) down [100]. The arsenic atoms
are colored red, the intramolecular bond paths are colored silver, and
the intermolecular bond paths are colored green. Two of the intermo-
lecular As-As bond paths pass through the skullcap-shaped lone pairs
domain of one of the As atoms. The intramolecular As-As bond paths
are centered with a spool-shaped bond pair domain. The presence of
these domains between the intramolecular As-As pairs within the layer
and their absence between the intermolecular pairs demonstrates that
arsenolamprite is a molecular crystal akin to claudetite I and II.
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average value of F(rc) for the intermolecular As-O interactions
is larger (0.074 e/Å3) than that for the O-O interactions (0.053
e/Å3).

A picture of the As-O bond paths and the composite L(r)
isosurface map generated for the structure in a view down [010]
is given in Figure 13. Each of the bridging O atoms in the
structure is capped by a banana-shaped lone pair domain as
observed for the other As2O3 polymorphs on the reflex side of
the IIIAs-O-IVAs angle. The lone pair on the terminal O
consists of a well-developed ring torus shaped domain that
surrounds the atom. Intermolecular As-O bond paths radiate
from each As atom to both the banana-shaped lone pair domains
on the bridging O atoms and the ring torus shaped lone pair on
the bridging atom denoted O3. Five bond paths are directed to
the ring torus shaped domains on the terminal O atoms, two at
3.130 Å, two at 3.181 Å, and one at 2.942 Å, whereas one bond
path is directed at the O1 bridging O at a distance of 3.427 Å.
O-O bond paths exist but are not shown. One connects two
equivalent O1 atoms at a separation of 3.046 Å, and the other
connects O2 and O3 at a separation of 3.141 Å. In addition, a
geometry optimization and a calculation of the L(r) and ELF
isosurface maps for the As4O10 molecule also displayed ring
torus shaped domains on the terminal O atoms. Clearly, the
intermolecular As-O bonded interaction qualifies as Lewis
acid-base pair interactions. Although not shown, the O-O
interactions qualify as Lewis base-base pair interactions. All
of the intermolecular As-O bonded interactions have positive

H(rc) values and qualify as closed-shell interactions (Table 1).
As evinced by Figure 13, the layers in AsO2 are interlocked
tightly by the intermolecular As-O bond paths that radiate from
the terminal O atoms of the tetrahedral AsO4 units to the As
atoms in the adjacent layers.

In contrast, As2O5 is a nonmolecular structure consisting of
a framework of corner-sharing AsO4 tetrahedral and AsO6

octahedral units with six-membered rings of alternating tetra-
hedra and octahedra and three-membered rings of two octahedra
and one tetrahedron. The average IVAs-O and VIAs-O bond
lengths are observed to be 1.675 and 1.818 Å, the four
nonequivalent VIAs-O-VIAs angles have an average value of
128.6°, and one nonequivalent VIAs-O-VIAs angle is wider,
136.1°. The bcp property data in Table 1 shows that the F(r)
and 32F(r) for the shorter IVAs-O bonded interactions are larger
than those calculated for the VIAs-O interactions with both
interaction qualifying as shared interactions. An L(r) composite
isosurface map of a representative moiety of the structure shows
that each O atom is capped by a banana-shaped isosurface on
the reflex side of the As-O-As angles as observed for all of
the other arsenates (Figure 14).

Bond Critical Point Properties

The bcp properties and the local energy density properties
for the M-O bonded interactions involving first- and second-
row nontransition and third-row (Mn, Co, Fe) transition M atoms
bonded to O in oxides and silicates are highly correlated with
bond length.29 For purposes of comparison, the properties were
calculated for the intramolecular and intermolecular As-O
bonded interactions for the three As2O3 polymorphs, for the
molecular crystal AsO2,27 for the intramolecular bonded interac-
tions for As2O5,28 and for a variety of arsenate molecules (Table
1). The |V(rc)|/G(rc) ratios for intramolecular As-O bonded
interactions in these materials range between 1.47 and 1.57,
whereas the intermolecular interactions range between 0.74 and
0.94. On the basis of these ratios, the intramolecular interactions
classify as intermediate interactions as observed above for the
As4O6 molecule and intermolecular ones classify as closed-shell
interactions. As displayed in Figure 15, F(rc), 32F(rc), and G(rc)/
F(rc) both increase in value as R(As-O) decreases for both the
intermolecular and the intramolecular bonded interactions, a
result that suggests that a continuum of bonded interactions

Figure 10. Pictures of L(r) isosurface maps for claudetite I viewed down [001], displaying its directed (a) O-O bond paths, (b) As-O bond paths,
and (c) As-As bond paths. The O-O paths connect the banana-shaped lone pairs on the O atoms, and the As-O paths connect the acid sites on
the As atoms. The lone pairs on the O atoms and the As-As pairs are comparable with the intermolecular As-As paths in arsenolamprite.

Figure 11. Picture of the claudetite II structure displaying its
intramolecular and intermolecular bond paths. The arsenic atoms are
colored red, and the O atoms and the intramolecular bond paths are
colored silver. The intermolecular As-As bond paths are colored green,
and the As-O bond paths are colored blue. The layers in claudetite II
are much less corrugated than those in claudetite I, a feature that is
ascribed to the absence of a van der Waals As-O bonded interaction
within the sheet.
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exists between the two interactions. H(rc) 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(rc) is largely independent of
R(As-O). The |V(rc)|/G(rc) ratios for both the intramolecular
and intermolecular interactions are also largely independent of
bond lengths. On the basis of the H(rc) values, all of the
intermolecular As-O bonded interactions with bond lengths
greater than 2.8 Å classify as closed-shell interactions and all
of the intramolecular interactions with bond lengths less than
2.1 Å classify as shared interactions. As observed by Bone and
Bader,30 the sign of H(rc) is determined by the energy density
itself, and therefore, it is negative for all interactions that result

from an accumulation of ED at rc. As such, the greater the
accumulation, the more negative the value of H(rc) and the more
shared the bonded interaction. But as displayed in Figure 15a,
F(rc) actually increases with decreasing bond length for the
intermolecular interactions, yet the value of H(rc) remains
largely unchanged. A similar result has been reported for closed-
shell Na-O and Mg-O bonded interactions. Bader and Essen21

have asserted that a bonded interaction is shared when 32F(rc)
< 0 and either an intermediate and closed-shell interaction when
32F(rc) > 0. But in the case of the M-O bonded interactions
in oxides and silicates,29 32F(rc) is positive and becomes
progressively larger as F(rc) increases and as H(rc) becomes
more negative in value. The same trends for the As-O bonded
interactions are plotted in Figure 16a where it shows that 32F(rc)
increases in value with increasing F(rc). With the exception of
the As-O closed-shell intermolecular interaction, H(rc) is
negative and decreases in value as 32F(rc) increases (Figure
16b). The fact that 32F(rc) > 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.21

As observed for the M-O bonded interactions for oxides and
silicates, and organic metallic oxides, G(rc)/F(rc) increases with
decreasing bond length. Likewise, for the As-O bonded
interactions, G(rc)/F(rc) also decreases with decreasing bond

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 AsO2, a molecular
crystal consisting of layers of corner-sharing AsO3 and AsO4 units.
All of three corners of the AsO3 pyramids share edges with AsO4

tetrahedra, and three of the four corners of the AsO4 tetrahedra shared
edges with AsO3 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.

Figure 14. L(r) isosurface map for the framework crystal As2O5.
Unlike the other arsenates, all of the bond paths are intramolecular
As-O interactions.
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length with the closed-shell interactions exhibiting G(rc)/F(rc)
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(rc)/F(rc) 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(rc)/F(rc) actually increases as the bond length decreases and
H(rc) decreases.

Closed-Shell O-O Interactions

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

tion polyhedra are not uncommon features in the ED distribu-
tions of earth materials.23,24,31 As the H(rc) 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 Mn2(CO)10 molecules in
the binuclear carbonyl crystal structure32 as well as making a
non-negligible contribution to the structure and stability of

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 F(rc) in units of e/Å3 at the bond critical point rc, (b) the value of the Laplacian of F(rc), 32F(rc), in units of e/Å5, (c)
the local energy density, H(rc) ) G(rc) + V(rc), in atomic units, au, where G(rc) is the positive definite local kinetic energy density and V(rc) is
the negative definite local potential energy density, and (d) the value of G(rc)/F(rc) in units of au e-3. Data are taken from Table 1.

Figure 16. Scatter diagrams of 32F(rc) plotted with respect to (a) F(rc) and (b) H(rc) for arsenate molecules (blue squares) and crystals (red
squares). Data taken are from Table 1.
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nucleic acids.33 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 compounds34 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-�-diketones were found to impart 16 kcal/mol to
the total energy of the 1,8-naphthalenediol molecule when
optimized at the MP2 level.35

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.36 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.23 As the O-O separations, R(O-O), for the
closed-shell O-O interactions reported for oxides and silicates23

decrease, the values of F(rc) and 32F(rc) 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 AsO2.
The F(rc) and 32F(rc) 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, F(rc), 32F(rc), and G(rc) each
decrease nonlinearly while V(rc) increases nonlinearly such that
H(rc) decreases to a minimum values at R(F-F) ) 2.65 Å and
then increases slightly with increasing R(F-F). Thus, G(rc)
decreases while V(rc) increases and becomes less stabilizing with
increasing separation, whereas H(rc) decreases and then in-
creases slightly for F-F separations greater than 2.65 Å. G(rc)
also decreases and V(rc) decreases nonlinearly for the O-O
interactions for the oxides and silicates while H(rc) 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.37 But, the orthorhombic layered structure adopted by
the Cl2 molecules in solid chlorine belies this belief in that a
critical examination of the structure38 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 Cl2 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 Cl2

molecules can be understood by considering parallel sets of
mainstay directed van der Waals Cl-Cl bond paths that involve
base and acid domains of ED6 where the directed character of
the van der Waals bonded interactions conforms with theoretical
studies2,3 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.25 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, R- and �-dimorphite, As4S3, and
uzonite, As4S5)39 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.40

observed that the bonded interactions in graphite and the solid
fullerene C60 are strikingly similar where the C layers of graphite
and the C60 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

Figure 17. Scatter diagram of O-O separations, R(O-O), for O atoms connected by bond paths for silicates and arsenolite, claudetite I, and AsO2

plotted with respect to (a) F(rc) and (b) 32F(rc). The silicates data (ref 23) are plotted as blue squares, and those for arsenolite, claudetite I, and
AsO2 data are plotted as red squares.
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intermolecular C-C bond paths. At room temperature, the
evidence indicates that the molecules in solid C60 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.41 Given the similarities
of the bonded interactions in graphite and solid C60, 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 C60 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 C70 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.42
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