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For a variety of molecules and earth materials, the theoretical local kinetic energy d&tsi}y,ncreases

and the local potential energy densit(r ), decreases as the-MD bond lengths (M= first- and second-row

metal atoms bonded to O) decrease and the electron des(sidy,accumulates at the bond critical points,
Despite the claim that the local kinetic energy density per electronic ch@&gg/o(rc), classifies bonded
interactions as shared interactions when less than unity and closed-shell when greater, the ratio was found to
increase from 0.5 to 2.5 au as the local electronic energy demity) = G(r.) + V(r.), decreases and
becomes progressively more negative. The ratio appears to be a measure of the character of a-Given M
bonded interaction, the greater the ratio, the larger the valpérgf the smaller the coordination number of

the M atom and the more shared the bonded interactitin,)/p(rc) versusG(rc)/p(re) scatter diagrams
categorize the MO bonded interactions into domains with the local electronic energy density per electron
charge,H(r¢)/p(rc), tending to decrease as the electronegativity differences for the bonded pairs of atoms
decrease. The values Gi{r.;) andV(r.), estimated with a gradient-corrected electron gas theory expression
and the local virial theorem, are in good agreement with theoretical values, particularly for the bonded
interactions involving second-row M atoms. The agreement is poorer for shar€dahd N-O bonded
interactions.

Introduction The second classification, proposed by Cremer and K#aka,
) ) is also based on the accumulation of the electron density, at
During the latter part of the last century, two important . rather than being based on the sigrv8p(ro), it is based
strategies were forged for studying and classifying the bonded ,, ine sign of the local electronic energy denstrc) = G(ro)
interactions of a material in terms of the bond critical point +V(ro). When|V(rd)| > G(ro) andH(r o) is negative, the bonded
a_nd _the !ocal density properties displayed by an electron _de”Sityinteraction is indicated to be shared, but wi@ng) > [V(ro)|
distribution, p(r). The one proposed by Bader and Egsis andH(r,) is positive, the interaction is indicated to be closed-
based on the accumulation of the electron dengifys), and shell. In general, the larger the value |d{r¢)| and the more
the sign and magnitude of the Laplaciarfp(rc) = 4(2G(rc) negative the value oH(ro), the more shared the bonded
+ V(r)), at the bond critical point,c, of a bonded interaction  jneraction and the greater the stabilization of the structure. Both

wherﬁ tkl‘e Iolcal kine_ticl: energy densicy(rc),. is ?Iways positjve strategies have been used with varying degrees of success but
and the local potential energy densi(r ), is always negative. neither has been found to be universal in its application.

> . .
When V(| > 2G(rc) such thatVep(r) is negative and the Early this century, a third classification by Espinosa et al.

value ofp(r¢) is relatively large, a shared interaction is indicated, was proposed on the basis of the bond degvée)|/G(r.) ratio

but when Z(r;) > [V(r¢)| such thatV2p(rc) is positive, an 5 A

interaction is indicated to be either intermediate or closed-shell, ;astgirsg;?en d%ry (é)r(::n%:Pg:(;r}z)rérllglgtldaunail%élr;\évt?jna}zsc?;z%’
. . 2 — -

depending on the proximity af to theV2p(r) = 0 nodal surface shell wherH(r) = 0 and that it is shared whe¥o(ro) < 0. as

of the Laplacian. Wherr. is distant from the surface, the
: i | -shell hen itis in cl asserted by Bader and EsdeFor the case whergl(r) = 0,
interaction is indicated to be closed-shell, but when it is in close Glro) + V(r.) = 0 and for the case whef@p(ro) = 0, 26(r)

proximity, the interaction is indicated to be intermediate in - i ~

character, such that the closer thais to the surface, the more + V(r) = 0, the two equalltle$V(rc)|/G(rC) =1 and|V(r?).|/

shared the interaction G(ro) = 2 each hold, respectively. With these equalities, a
' bonded interaction is indicated to be closed-shell when the ratio

- Auth o p hould be add 4 Email IV(rollG(re) < 1, shared whef\(r)|/G(ro) > 2, and intermedi-
gvgibg;é’\r/t.tef’du"_" om correspondence should be addressed. E-mall: 410 when the ratio falls in the range between 1 and 2.

T Department of Geosciences, Materials Science, and Engineering and A survey of the literature shows that all three classifications

Mathematics, Virginia Tech. ; ; ;
* University of Western Australia, have t_he merits of being stra|ghtf_orward, easy to gpply, gnd
8 Pacific Northwest National Laboratories. useful m_advancmg our understanding of thfa bondeo_l interactions
' Department of Chemical Engineering, Virginia Tech. for a variety of materialé.The Bader and ES$eéclassification
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does an adequate job evaluating and classifying the bondedparametrization of the correlation potential. Further, the basis
interactions particularly for a wide range of diatomic molecules sets used in the calculations, as described in more detail
and materials consisting of first-row atoms but, as discussed elsewheré?2% were specifically optimized for the atoms

below, it may be inadequate for the classification of transition- comprising each crystal. The bond critical point and the local

metal-bonded interactio®s? There may also be a problem
when the bond critical point,, is located in close proximity
with the nodal surface d¥2p(r) whereV(V2p(r)) may be large
to the extent that the inaccuracy of the determinatiovf-
(ro) is potentially large?

The Cremer and KraKaclassification considers a bonded

energy density properties for the theoretical electron density
distributions for the crystals were generated with TOPOND,
kindly supplied for our use by Professor Carlo Gatti. Those for
the molecules were generated with software kindly supplied by
Professor Richard Bader.

The results of the calculations embody a range of properties

interaction as either closed-shell or shared, but it does notfor each M-O bonded interaction that provide a basis for
provide a classification for bonded interactions of intermediate exploring how the properties vary with the experimental and
character. Nonetheless, for a given shared bonded interactiongeometry optimized MO bond lengths and Allen’s spectro-
H(r¢) is indicated to be negative and to decrease in a regular scopic electronegativity differencedy, for the bonded atoms
way with increasing shared character and, as such, can provideM and 02! An earlier calculation of the bond critical point

a straightforward and adequate method for determining whetherproperties for many earth materials shows that as the magnitudes
a given bonded interaction has a greater component of sharedf V2p(rc), p(rc), and the three curvatures pfrc), 4, each

character than another.
Although new and not thoroughly tested, thér)|/G(rc)

increase and the bonded radii of the M and O atoms /&nd
decrease, the MO bond lengths decrease. As these results have

ratio® has provided an adequate classification for a variety of been reported and examined elsewH&f8 they will not be

M—X (X = O, F) and M-M bonded interaction¥}12 but as

discussed in more detail below, it does not appear to manifest

examined further here.
With the calculated local energy density properties, scatter

a change in the character of a bonded interaction as thediagrams were prepared to explore the connection between
coordination number and the net atomic charge conferred on aR(M—0) andG(r¢), V(rc), G(rc)/p(rc), H(rc)/p(rc), and so forth

bonded atom decrease ands:) increases in valu&

to learn whether meaningful connections emerge for a relatively

In the current study, the three classifications together with wide range of M-O bonded interactions that may add to our

the ratiosG(r¢)/p(re) and H(ro)/p(rc) will be examined for a
relatively large number of non-transition-metal oxyger-M

understanding of the local energy density properties. In addition,
diagrams forG(r¢)/p(rc) versusH(re)/p(re) and [V(ro)|/G(r)

bonded interactions in terms of their experimental and theoretical VersusH(rc)/o(rc) will be generated to explore how well the
bond lengths. For reasons that are not entirely clear, it is bonded interactions involving different M atoms bonded to O

generally accepted that the local kinetic energy per electronic can be categorized. It will be of interest to learn the extent to

charge G(rc)/p(r¢), is less than unity for shared interactions and
greater than unity for closed-shell interactidris* However,

which the ratiosG(r¢)/p(re) and H(re)/p(re) categorize the
bonded interactions into discrete classes, for example, and

for a large number of earth materials and several molecules, awhether the ratioV(r¢)|/G(rc) classifies the M-O bonded

connection will be examined between the-i®@ bond length,
R(M—0), and theG(r¢)/p(r¢) ratio that suggests that the ratio

interactions for non-transition-metal oxides in a self-consistent
way. It will also be of interest to learn whether a connection

actually exceeds unity for several shared bonded interactionseXxists between the ratigS(rc)/p(rc) and H(rc)/p(rc) and the

such as the shared triple=D bonded interaction for the carbon
monoxide moleculé.A second connection between REND)
and the local electronic energy per electronic chakfec)/p-

properties of the bonded atoms. Last, we will examine the extent
to which the values for local potential and kinetic energy
densities generated in our calculations match those estimated,

(ro), indicates that the ratio may be related to some intrinsic USing an expression on the basis of the gradient-corrected
property such as the electronegativity difference and the sharedelectron gas theors the p(rc) and V2p(r¢) values obtained in

character of the bonded M and O atohfEnally, the theoretical
local kinetic and potential energy densities will be compared

our calculations, and the local virial theorem.
Scatter Diagrams.The local kinetic energy density(rc),

with those estimated with an expression on the basis of the evaluated for the earth materials and molecules, is plotted against
gradient-corrected electron gas theory and the local virial R(M—O) A in Figure 1a. As observed for bojr.) and V2p-

theorem.
Local Energy Density Properties for Earth Materials and

Molecules.In an exploration of how the local energy density
properties vary with bond length for a variety of-ND bonded

(r¢), G(r¢) increases nonlinearly along two separate power law
like trends with decreasing bond length, the lower trend in the
figure consists of bonded interactions that involve first-row M
atoms bonded to O and the upper consists of interactions that

interactions (where the M-atom represents the first-row atom involve second-row M atoms bonded to'®The increase in
sequence Be to N and the second-row sequence from Na to SG(fc) with decreasing bond length is expected, given that the
each bonded to O), the properties were calculated for moleculesvalues ofp(rc) and V2o(r) both increase and that?p(rc) is

and a large number of earth materi&dsThe calculations for
the crystalline earth materials were completed with CRYS-
TAL985 and TOPOND® and those for €0 and N-O bond-
bearing molecules were completed with GAUSSIAN98 at the
BLYP/6-3114++G(2d,p) level3 The electron density distribu-
tion for each crystal was computed using Bloch functions

largely positive, particularly for the second-row M atoms. Thus,
as the local kinetic energy of the bonded interactions increases,
o(r) is progressively accumulated and locally concentrated at
re. Accordingly, shorter M-O bonds not only embody larger
local kinetic energy density valuesat but they are indicated

to have more shared character than those with smaller local

expanded as linear combinations of atomic centered Gaussiarkinetic energy density values given thafr ) tends to increase
basis sets. Self-consistent field wave functions, solved in asAy?' decreases anglr) increases in valué
reciprocal space, were computed for each structure at the density On the basis of the local virial theorem, 12b(r¢) = 2G(r )

functional theory level, using the local density approximation
for the exchange potentidland the Voske-Wilk —Nusaif8

+ V(ro), Badet* “anticipated” that the local kinetic energy
density per electronic charg&(r)/p(r), is less than unity for
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Figure 1. Scatter diagrams of the observed bond lengths, RQ)I A, for a relatively large number of earth materials and geometry optimized
bond lengths for molecules with-€0 and N-O bonded interactions plotted against (a) the local kinetic en&(gy (au) calculated with TOPOND

for the crystals and with EXTREM for the molecules and (b) the r&in.)/p(rc) wherep(rc) is the value of the(r) at the bond critical point;..

The red circles represent N® bonded interactions, the green diamond-M@ the blue triangle A+O, the black square SiO, the orange
pentagon PO, the violet hexagon SO, the dot-centered dark cyan diamond-B2, the dot-centered olive triangle-8), the dot-centered navy
square G-O, and the dot-centered purple pentagonl

shared bonded interactions and greater than unity for closed-tm(] of the valence shells of the bonded atoms and the
shell interactions. Th&(r)/p(r¢) ratio is plotted for the M-O electronegativity differenceg)y, for the bonded pair. It was
bonded interactions against. R(ND) in Figure 1b. For each  assumed that a&y and mboth increase, the atomic orbitals
interaction, the ratio increases linearly with decreasing bond comprising a bonded interaction become more poorly developed
length. The ratios for the NaO and Mg-O bonded interactions  and lose their directed properties as the bonded interactions
are greater than unity and, as expected, classify as closed-shellchange from shared to closed-shell. When scatter diagrams of
In addition, the ratios for the single-€0 and N-O bonded (mOversusAy were prepared, the bonded interactions were
interactions are less than unity and, as expected, classify agpartitioned largely into disjoint domains, populated with struc-
shared. However, the ratios for the remaining-® bonded tures with different coordination numbers. The ones with four-
interactions are greater than unity and classify as closed-shell,coordinated atoms with more directed shared bonded interactions
including the double €0 bonded interaction for carbon dioxide  were found to consist of atoms with small@and Ay values
and the triple &O interaction for carbon monoxide. than those populated with structures with six-coordinated atoms.
For each bonded interaction, @§ )/o(r ;) increases, notonly ~ Further, those populated with structures with six-coordinate
do the M—O bond lengths decrease but, as expected, the atoms were found in turn to involve atoms with smallirand
coordination numbers of the M atoms decrease. The coordinationAy values than those for structures with eight-coordinate M
number of an M atomyy, denoted by a Roman numerical atoms. As such, the more open structures with atoms with
superscript, is attached to the atomic symbol for convenience smaller coordination numbers such as cubic boron nitride,
of discussion. In the case of the-® bonded interactions, as 'VB'VN, for example, were indicated to consist of shared bonded
G(r)/p(ro) increases in value from~1.5 to ~2.0 au, the pairs of atoms with directed bonded interactions whereas the
coordination numbers of the B atoms comprising the tetrahedralmore densely packed structures such as cesium chloride,
VBO, and triangulat! BOs coordinated polyhedra decrease from V" Cs!"'Cl, with larger coordination numbers were indicated
4 to 3, respectively, as R(BO) decreases from 1.45 A to 1.35 to consist of more poorly directed closed-shell bonded interac-
A. A similar trend holds for the bulk of the remaining bonded tions.
interactions with the lengths of the bonds and the coordination In a highly cited follow-up paper on the “ionicity” of the
numbers of the M atoms decreasing@s)/po(rc) increases. For ~ chemical bond on the basis of dielectric theory, Phiffips
example, as the ratio for the AD bonded interaction increases generated a spectroscopic-based “covalent energy gap versus
from ~1.5 to~2.0 au, R(A-0) decreases in succession from jonic energy gap” separation diagram foPX# " tetrahedrally
R("'AI-0) ~ 1.95 A to RVAI-0) ~ 1.85 A to R{VAI-0) ~ coordinated semiconductors and crystals with octahedrally
1.75 A, respectively. In addition, as the ratio increases from coordinated rock salt structures that shows that the tetrahedrally

~1.0 to~2.7 au, R(S+0) decreases from RGi—0) ~ 1.75 coordinated structures with shorter bond lengths are character-
Ato R(VSi—0) ~ 1.62 A and as the ratio increases frovd.5 ized by large “covalent energy gaps” and the octahedrally

to 2.5 au, R(G-0) decreases from RC—0) = 1.39 A to coordinated rock salt structures are characterized by large “ionic
R("C-0)=1.29 Ato R{C-0)=1.16 Aand to RC—0) = energy gaps”. On the basis @illversusAy and the energy

1.12 A. TheG(r)/p(rc) versus R(G-O) bonded interactions  gap separation diagrams, it was concluded that substantial
obtained in the study of several transition-metal carbonyl “covalent character” favors the formation of less dense open
clusterg fall along the R(C-O) versus3(r)/p(r) trend displayed  structures with four-coordinated atoms with well-directed

in Figure 1b. Accordingly, as the ratio increases in value for a honded interactions whereas high ionicity favors the formation

given bonded interaction, R(MO) andvw both decrease. of dense closely packed structures with six-and eight-coodinated

The increase in th&(r)/p(r) ratio with decreasing R(M atoms. More recently, the decrease in the bond length with
0) andwvy is consistent with the famous MoosePearsoft decreasing coordination number was firmly established for the
separation diagrams foriM; (i, ] = 1-3; M = Na, Mg, Ca, M—0 bonded interactions for a larger number of oxide materials

Be, etc.; X= Cl, O, S, C, etc.) normal valence solid-state by Shannon and Prew#$.With these results, the decrease of
materials on the basis of the average principal quantum numbersR(M—0) andvy with the increasings(r)/p(r¢) ratio displayed
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Figure 2. Scatter diagrams of the observed bond lengths, RQ)I A, for a relatively large number of earth materials and geometry optimized
bond lengths for molecules with-80 and N-O bonded interactions plotted against (a) the local potential endigy, (au) and (b)V(rc)/p(r o).

See Figure 1 legend for a definition of the symbols.

in Figure 1b conforms with a trend of increasing shared rather 0.40 A to 0.15 A, indicating that the bonded interactions

than increasing closed-shell interactiité
The capacity of th&(r)/p(r ) ratio to categorize the data for
each given bonded interaction into largely disjoint trending

comprising d" SiO, polyhedron is intermediate in character and

that the shared character of -8D increases as both the

coordination number and bond length decrédda. addition,

domains (Figure 1b) suggests that the ratio is connected to thethe net atomic chargeH3.17e) conferred on th&Si atom in
extent to which the shared component of a bonded interactionforsterite, MgSiO,, is smaller than that#3.39 e) conferred

is developed. The greater the value of @@)/p(r ), the shorter
the bond length, the smaller the valuengf, the larger the value

on theV'Si atom in silica polymorph stishovite, further evidence
that the shared character for tH&i—O bonded interaction is

of p(ro), the greater the strength of a given bonded interaction, greater than that for th&'Si—O bonded interactio® The
and the greater the shared component of the bonded interactionrelationship between the distance betwegrand the nodal

On the basis of these results, the assumption that theGét)o

surface has not been examined to our knowledge for the

p(r¢) is less than unity for shared interactions and greater than remaining second row MO interactions.

unity for closed-shell interactions does not appear to hold for

Figure 3a shows that the local electronic energy demity)

the M—O interactions for the earth materials examined in this tends to decrease with decreasing—® bond lengths as

study, but the converse appears to hold.

expected from the trends displayed in Figures 1la and 2a and as

Figure 2a and 2b shows that the local potential energy density, calculated for the MO and M—N bonded interactions for the
V(r.), decreases nonlinearly for each bonded interaction with molecules studied by Hill et a¥’, Feth et al3! and Gibbs et
several nonlinear trends displayed for the bonded interactionsal.1%32:33The decrease iHi(r¢) is relatively small for the M-O

that are shorter than1.6 A. As expectedy(r.) decreases at a
faster rate thas(r¢) increases for all of the bonded interactions
except for the NaO and Mg-O interactions for whictG(r¢)

> |V(r¢)|. Unlike the local kinetic energy density, plotting R{M
0) against the rati®/(rc)/p(r¢) results in trends similar to those
displayed by plotting R(M-O) againstV(r¢). SinceG(r¢) >
IV(r¢)| for the Na-O and Mg-O bonded interactions, the
electronic energy density valuell(rc), must necessarily be
positive for these interactions. According to Cremer and Kraka,

bonded interaction involving the more electropositive M atoms
(Figure 3a), but it decreases more rapidly for the interactions
involving the more electronegative atoms. The small positive
H(rc) values for the NaO and Mg-O interactions can be
explained in terms of the small magnitudesGi{f ) andV(r.),

both of which approach zero as the bonds adopt lengths of 1.75
A and longer. As th&s(r() values for the two interactions are
slightly larger than the magnitudes of th&ifr¢) values, the
H(r¢) values for all three are small and positive, also indicating

these bonded interactions are indicated to be closed-shellthat they are closed-shélFor the remaining interactions, the

whereas the remaining bonded interactions with neg#tive)

magnitude ofV(r¢) exceeds that o6(rc), with the magnitude

values are indicated to be shared with varying degrees of sharedf V(rc) increasing at a substantially faster rate thar.)

character. Th&?p(r) values for all of the bonded interactions
are positive, except for NO and several €0 interactions.
Indeed,V ?p(r¢) is positive and increases regularly for second-
row bonded interactions from4.5 e/ for the Na—O bonded
interaction to~ 15 e/ for the SO interaction as the value
of p(r¢) increases from 0.15 efAto 1.90 e/R. Rather than
decreasing and becoming progressively more negativ&yas
decreasesy?p(r¢) is positive and actually increases in vafde.
As asserted by CoppefsjegativeV2p(r.) values, typical for

increases with decreasing bond length, and hengg) de-
creases substantially with decreasing bond length. For example,
H(rc) decreases from0.41 au to—0.97 au as the bond lengths
shorten from~1.40 A for the single €O bonded interaction
for the H,CO, molecule to~1.12 A for the triple GO
interaction for the CO molecule.

The bonded interactions comprising Figure 3a appear to be
organized in linearly trending domains, particularly for the
interactions involving the more electropositive M atoms. For

shared bonded interactions between first-row bonded atoms, mayexample, the NaO interactions are organized along one, the
not be typical for a shared bonded interaction involving second- Mg—O interactions are organized along a second, the@\
row atoms such as Si bonded to O. However, as the coordinationinteractions are organized along a third, and so on. When-R(M

number of the Si atom decreases from six to four and theSi
bond length decreases from 1.76 A to 1.62 A Y¢8iOs and

VSiO,4 coordination polyhedra, respectively, the distance be-

0) is plotted against thél(r)/p(r¢) ratio, the organization of
the bonded interactions into largely disjoint linear domains is
more pronounced (Figure 3b). The fact th#tc)/p(rc) can be

tween the critical point and the nodal surface decreases fromused to organize the bonded interactions into such domains, as
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Figure 3. Scatter diagrams of the observed bond lengths, RQ)I A, for a relatively large number of earth materials and geometry optimized
bond lengths for molecules with-680 and N-O bonds plotted against (a) the local electronic energy densty) (au) whereH(rc) = G(r¢) +
V(r¢) (b), H(r)/p(re). See Figure 1 legend for a definition of the symbols.
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Figure 5. A scatter diagram of the “bond degree” ratjo(r¢)|/G(r¢)

vs H(ro)/p(rc). According to Espinosa et athe bonds that fall in the
interval 1 < | V(ro)|/G(r¢) < 2 are classified as intermediate-bonded
interactions, those in the interval © |V(r¢)|/ G(re) < 1 are closed-
shell interactions, and those with=2 |V(r¢)|/G(rc) are shared interac-
tions. The coordination numbers of the carbon atoms are specified by

displayed in Figure 3b, suggests that the ratio is connected tORoman numeral superscripts. For exampl€—0 denoted the €0
some intrinsic property of a given bonded interaction such as bonded interaction comprising the @nion in calcite, CaC® The
Ay, particularly given that the shared bonded interaction is coordination number of the C atom increases with increaBiiig)|/

indicated to increase ad(r;) decreases and becomes more
negative in valué:

With the observation that the rati@(r)/p(rc) and H(r)/p-

G(re) vsH(ro)/p(rc). See Figure 1 legend for a definition of the symbols.

interactions, a feature that may be related to the negative
V2o(r o) values calculated for the -NO interactions.

(ro) can be used to organize the bonded interactions into largely  as gbserved above, it was propo&état bonded interactions

linear trending domains when plotted against R(®), a scatter
diagram ofG(r)/p(r¢) versusH(r)/p(rc) was prepared to examine

can be classified on the basis of th&r)|/G(r¢) ratio with a
bonded interaction defined as a closed-shell when the ratio

whether the bonded interactions can be likewise organized into vy )|/G(r.) < 1, shared whet\V(ro)|/G(ro) > 2, and intermedi-
linear trending domains as displayed in Figure 4. From the ate when the ratio falls between 1 and 2. As the rgtiro)|/

bottom to the top in the figure, R(MO) andvy both decrease,

o(r¢) appears to be connected Ay, a scatter of\V/(r¢)|/G(r¢)

p(rc) and Az both increase, and the strengths and directed versusH(ro)/p(rc) was prepared (Figure 3}.The ratios for the
properties of the bonded interactions are indicated to increaseM—0O bonded interactions scatter along the diagonal of the

in each domain as thé(r)/p(r¢) ratio increases in value. Albeit
not perfect, the ratiéi(r)/p(r;) orders the bonded interactions
into separate linear domains from right to left in the figure as
Ay decreased) With a few exceptionsAy decreases from right
to left in the figure in the order NaO, Ay = 2.74; Mg—0, Ay

= 2.32; AI-0, Ay = 2.00; SO, Ay = 1.69; B-0O, Ay =
1.56; P-0, Ay = 1.36; S-O, Ay = 1.02; C-0O, Ay = 1.07;
N—O, Ay = 0.54. The N-O bonded interactions display a
strikingly different trend than that displayed by the other

figure asAy decreases with decreasiHgr ¢)/p(r c) with the Na-

0, Be-0, and Mg-0 bonded interactions classifying as closed-
shell and the A+O, SO, B—0O, and P-O interactions
classifying as intermediate interactions. The-@ bonded
interactions that fall in the intermediat®(r)|/G(r¢) region
between 1 and 2 are the ones with multiple bonds \W(n)|/
G(r) ratios ranging between 1.66 and 1.97 while the remaining
single C-O bonded interactions with ratios greater than 2
classify as shared. In short, th(r¢)|/G(r ) ratio indicates that
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the shared character for the-© bonded interaction increases
from the triple'C=0 bonded interaction for carbon monoxide
to the doublé'C=0 interaction for the carbon dioxide molecule
to the single'VC—O interactions in the KCO, molecule,
contrary to the trend betwedt(rc), vm, and shared bonded
interaction discussed above. It is also contrary todfarbital

rule that the electronegativity (highest to the lowest electrone-

gativity) decreases in the order spsp? > sp? with the greater
the percentage of s-character, the larger the electronegéfivity.
As the s-character for the tripllC=0O bonded interaction
(smallerAy) is greater than that for a single-® interaction,
the o-orbital rule indicates that th€=O0 interaction is a more
shared interaction than that for tNe&C—O interaction, contrary

Gibbs et al.

generated with the(r.) and V2p(r) values for the molecules,
approximateG(r¢) very well for the weaker H-N interactions
with G(r¢) values less than 0.02 au. For the stronger-M
bonded interactions, the values@{r ;) Clikewise correlate with
G(r¢) values, but they depart from the 45ne and become
progressively larger &S(r ) increases to 0.06 au beyond which
the trend is lost. Despite tha¥p(r) = 0 in the spatial
intermolecular region, Galvez et #found that the truncated
gradient-corrected electron gas theory approximation can be
reliably used in this region and along the bond paths to generate
accurate estimates df5(r)0for (HF), and (HO), dimers.
However, as expected, the approximation yielded unreliable
values for those regions in close proximity with the atomic

to placing of the single-bonded interactions in the shared region nuclei whereVp(r) is typically very large.

of Figure 5 and placing the triple interaction in the intermediate
region1334 On the whole, for the MO bonded interactions
considered in this study, the ratjo/(r¢)|/G(rc) appears to do
an adequate job classifying the bonded interactions involving

Each of these studies lend support to Abramov’s strategy
for estimating the local energy density properties for a material
with the Galvez et at® study demonstrating the usefulness of
[G(r ;) Ofor studies of intermolecular interactions in termspef

the more electropositive M atoms, but it appears to be inadequate(r) andV2p(r). Further, in the case whergis in close proximity

for the bonded interactions involving the more electronegative
M atoms and a variety of coordination numbers.

Expectation Values for Local Energy Density Properties.
Given that almost all recent experimental electron density

analyses report bond critical point properties, to our knowledge,

there is no straightforward way of obtaining the local energy
density properties from an experimental electron density dis-
tribution. However,G(r) can be estimated with the gradient-
corrected electron gas theory approximatidg(r)C = (3/
10)(373)23p°3(r) + A[Vp(r)1¥p(r) + 1/6V2p(r).3> At a bond
critical point whereVp(r) = 0, the expression reducesis(r )]

= (3/10)(379)%3p%3(ro) + 1/6V2o(r). With the experimental
values forp(r¢) and V2p(r), [G(rc)0can be evaluated at the
bond critical point with varying degrees of success. Wi ;)]
and the local virial equation, an estimate of the local potential
energy densityV(rc), can also be made using the expession
V(ro) = 1/4V2(r o) — 2[G(r o) LP2 With the estimates dlV/(r )0
and [G(rc)0) the ratio |[W(ro)VIG(r )] for example, can be
determined. The accuracy with whiék/(r;)Jand [G(r)Ocan

be determined is highly dependent on the accuracy with which
p(ro) and V2p(rc) are determined in a multipole modeling of
p(r). Further, the estimated values faf(r ) Jand [G(r ) Owill

necessarily reflect model-dependent errors as well as the validity

of the approximation. As observed above, if accurate experi-
mental values fop(rc) and V2p(r¢) are known, then semiquan-
titative to quantitative expectation valué&§(rc)OJand [V(r )01

for G(rc) andV(r¢), can be obtained.

The[G(r)OandV(r ;) values generated for several diatomic
molecules were found by Abram®&\to agree typically within

or intersects thé72p(r¢) nodal plane at a point wheré(V2p-

(r)) is very large, for example, as reported for {8e=O bonded
interaction in carbon monoxidethe determination o¥2p(rc)

can result in a substantial error. As such, the determination of
[G(ro)Oand V(r)Omay be necessarily inaccurate. Further, if
the position ofr ¢ is not located accurately in a theoretical study,
the errors in the expectation values may also be l&#ddso,

a large error inv2o(r¢) can lead to an unsatisfactory classifica-
tion of a bonded interaction on the basis of the valuélff),

for example.

In a determination of how well the expectation valu€Xy ;)]
and[V(r ;)] obtained with the theoretical(r ) andV2p(r ) values
generated in this study reprodu@¢r ) andV(r), respectively,
Figure 6 was constructed. The agreement between the expecta-
tion and the theoretical values for the second-row®bond
interactions displayed in Figures 1a and 2a is good. On the other
hand, the agreement is poorer for the stronger first-row shared
C—0 and N-O bonded interactions. Abram®&ikewise found
poorer agreement for the stronger shared bonded interactions
for the hydrocarbons. Likewise, as observed above, Knop et
al3” found poorer agreement for the stronger-N bonded
interactions. Despite the potential problem encountered in
determining the Laplacian for carbon monoxide, the values
[G(ro)CandV(r ) Cobtained in this study are in reasonably good
agreement with the theoretic@(r;) andV(rc) values, particu-
larly for the second-row MO bonds.

To establish how well th&s(r ) Cand [V(r ) Cdata reproduce
the trends in Figures 1b and 4, the rati@(rc)Zp(rc) and
H(r)[p(rc) were calculated and plotted in Figure 7a and 7b,
respectively. The scatter of the bonded interaction data in Figure

~5%, on average, with those calculated, whereas the agree_menib and Figure 4 is similar to that displayed in Figure 7b and
for several hydrocarbon molecules was found to be substantlally7a respectively. The linear trends for the second-row bonds

poorer, within~35%. In a later studyp(r) was calculated in
an evaluation of the bond critical point and the local energy
density properties for~40 H---F closed-shell interactiors.
With the theoretical values fqi(rc) and V2p(r.), the gradient-
corrected electron gas theory approximation and the local virial
expression[G(r¢)[) was determined and found to be highly
correlated with the values @(r¢), closely following the 45
line with a coefficient of determination of 0.998. With the
electron density distribution generated for NI0O),o, Farrugia
et al® found thatlG(r ;) Jand [V(r ;) Care also in good agreement
with those calculated at BLYP/6-3#1G* level.

In addition, Knop et a¥” geometry optimized the structures
for ~50 small molecules containing linear or near-linearH
N bonded interactions and found that values [@fr )]

are likewise strikingly similar with those displayed by the
theoretical data. As expected, the trends displayed by t@,C
and particularly by the NO bonded interaction data in the two
figures, differ somewhat from the theoretical trends. All in all,
it is clear that the Abramad¥ use of the local kinetic energy
density estimate provides quantitative estimates of )i3(
particularly for second-row MO and the B-O bonded
interactions, but a less quantitative estimate for first-row\
and C-0O bonded interactions, both of which display negative
V2o(r ) values.

Concluding Remarks

The Bader-Essa! strategy for classifying bonded interactions
not only has the merits of being relatively simple and straight-
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expressionV(r )= 1/4V?p(ro) — 2[G(r)[J See Figure 1 legend for a definition of the symbols.
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forward, but it has been used with considerable success intions. However, it can display a substantial error when estimated
advancing our understanding of the bonded interactions for awith experimentaV2p(r.) values, but it appears to be the most
wide range of materials. However, for materials with 3d universal and adequate of the three classifications at this time.
transition-metal atoms, the strategy has been found to be Finally, the scatter diagram @&(rc)/p(rc) versusH(r¢)/p(rc)
inadequate in the classification of the bonded interactions ratio serves to categorize the-ND bonded interactions for the
because the valence shell charge concentratiopé pére often earth materials examined in this study into linear domains that
poorly developed and the signs Gfp(r.) are largely indeter- appear to be connected fy, the greater the value d(r¢)/
minate? indicating that they may well represent a separate class p(r.), the smaller the value aky. Further, within the domains,
of bonded interaction®. G(r¢)/p(r¢) increases as R(MO), vv, andH(r¢) each decrease
The strategy based on the bond ind¥exr)|/G(r o) ratio® has and p(r¢) increases. It will be of interest to see whether
been found to be a useful and adequate strategy for a variety ofinteractions involving transitional-metal atoms bonded to O and
bonded interactions with closed-shell, shared, and transition- meta-metal interactions can be classified accordingly. How-
metal atom interactions. For example, Bianchi et%ahnd ever, as the range in the MD bond lengths displayed by
Gervasio et at! observed that the ratio seems to provide a transition-metal atoms is typically smaller than those displayed
powerful strategy for characterizing and classifying a variety by non-transition-metal atoms, the REND) versusG(r¢)/p(r )
of interactions, including metalmetal interactions.Yet, as trends, for example, will likely display a smaller range of
observed above, the ratio does not appear to manifest changesalues?®
in the M—O interactions related to changes in the coordination
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