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Abstract The electron localizability indicator (ELI-D) is

suitable to describe certain aspects of the bonding situation

of molecules and solids. ELI-D is based on integrals of

electron pair density over very small regions. Recently

proposed functional Cp, derived from the electron popula-

tion in regions of fixed amount of electron density inho-

mogeneity, is based on the same approach as ELI-D, that is,

x-restricted space partitioning. The electron density inho-

mogeneity is given by the distance of electron density

values to the averaged density within chosen region. Thus,

in contrast to ELI-D, Cp is a single-electron property. The

distance measure depends on a parameter that can be

optimized in such way that Cp mimics the topology of the

ELI-D distribution for atoms. Such an optimization was

performed for the atoms Li to Xe. The optimal parameter

p = 0.6 yields the functional C0.6 that was exemplary

applied to a few chosen molecules. In case of molecules the

topology of the inner shell and lone-pair regions as given by

C0.6 is comparable with that of the ELI-D representation.

However, in the bonding region between the atoms the

topology of C0.6 is dominated by the low density gradient

close to the bond critical point. This may result in rather

different topologies when comparing C0.6 and ELI-D.
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1 Introduction

The onerous vision of chemistry is to understand molec-

ular and solid state systems in terms of descriptors refer-

ring to relation between their atomic components.

Therefore, the chemical bond remains in the foreground of

ongoing theoretical research. Unfortunately, there is no

quantum mechanically defined operator for the chemical

bond. This gives rise to rather ambiguous interpretations

of bonding situations. Despite this rather pessimistic

statement (or possibly just because of it) it is necessary to

utilize several different approaches, each of which

accentuating specific viewpoint, to shed more light on this

problem.

There are various methods used to examine the bonding

situation even when focusing on the real space analyses

only. For instance, the quantum theory of atoms in mole-

cules (QTAIM) of Bader is widely applied concept [1]. The

most important quantity in QTAIM is the electron density

serving as the basis on which the atomic basins are defined,

the critical points and bond paths (forming a molecular

graph) are determined, as well as other related properties,

like the density Laplacian, virial ratio or the populations of

atomic basins, are evaluated. The QTAIM basins are often

used for partitioning schemes, for example, for the energy

decomposition [2, 3]. Another function derived from the

electron density is the logarithmic density gradient [4]

which can also be utilized for the bonding analysis [5]. The

ratio between the density Laplacian and the distance to a

reference position defines the local source [6]. The integral

of local source over chosen region (e.g., QTAIM basins)

yields the source function, describing how the region par-

ticipate on the reconstruction of the electron density at the

reference position [7]. From the electron density, its gra-

dient and Laplacian the one-electron potential (OEP) can
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Nöthnitzer Str. 40, 01187 Dresden, Germany

e-mail: kati.finzel@cpfs.mpg.de

123

Theor Chem Acc (2012) 131:1106

DOI 10.1007/s00214-012-1106-1



be computed [8]. The negative of OEP is connected with

the kinetic energy of an electron. Regions of negative OEP

(where electrons are classically allowed) can be attributed

to atomic shells [9, 10], lone-pairs and bonds between

atoms [8], respectively.

Yet another bundle of methods for bonding analysis is

based on the electron pair density. The evaluation of

specific part of pair density integrals over basins leads to

the localization and delocalization indexes [11]. Approa-

ches utilizing the pair density are often connected with the

notion of ‘electron localization’, for example, the electron

localization function (ELF) [12], which is a ratio between

two functions—the curvature of Fermi hole at the exam-

ined position and that of a uniform electron gas (arbitrary

chosen reference system) with the same electron density.

Related to ELF is the spin-pair composition [13]. Here, the

number of same-spin pairs is compared to the number of

opposite-spin pairs in small but otherwise arbitrary region.

Likewise, with the integrals of pair density (and electron

density as well) is defined the electron localizability

indicator ELI [14]. ELI follows different philosophy than

the spin-pair composition. The values of its variant ELI-D

[15–17] are proportional to the electron populations

(charges) in regions enclosing fixed amount of electron

pairs. The space partitioning into such regions (micro-

cells) is given at once for the whole system and is con-

trolled by so-called x-restricted space partitioning (xRSP)

[18]. In contrast to the spin-pair composition, which is a

continuous function, ELI is a quasi-continuous distribution

of values [18].

Recently, the charge sampling functional Cp was pro-

posed [19], which is proportional to charges in micro-cells

enclosing fixed amount of electron density inhomogeneity

(note the similarity with ELI-D where the charge is sam-

pled over region of fixed electron pair fraction). The

inhomogeneity measure is given by the distance of func-

tion values to the average value within chosen region (in

case of Cp the electron density in a micro-cell). Thus, only

single-electron functions are involved in the determination

of Cp. As the distance measure depends on the parameter

p (cf. next section) that can be freely chosen, this approach

offers the opportunity to approximate ELI-D with the

charge sampling functional by choosing proper distance

measure. In the following the optimal inhomogeneity

measure parameter p is determined for which the Cp dis-

tribution resembles the topology of the ELI-D distribution

for atoms as close as possible. This procedure tries to

approximate the so-called pair-volume function (con-

nected with ELI-D) by single-electron functions. In a

certain sense this means that the electron density inho-

mogeneity measure (functional of the electron density)

was assumed to be related to the Fermi-hole curvature at

the electron coalescence.

2 Theory

The concept of x-restricted space partitioning (xRSP) is a

possible access to local interpretation of quantum

mechanics [18, 20]. According to this approach, the space

is subdivided into compact non-overlapping mutually

exclusive space filling regions (micro-cells), each con-

taining the same fixed amount of so-called control prop-

erty. The idea behind this partitioning scheme is to ‘probe’

samples of the same ‘quality’ . After establishing such

partitioning a second quantity is sampled within the micro-

cells. The result is a discrete distribution of the sampled

property values. Of course, the sampled values will scale

with the chosen restriction value (which determines the

actual size of the micro-cells). To remove this dependency,

the sampled values are rescaled. The distribution of

rescaled values is discrete by definition. However, because

the restriction value is not specified, the distribution can be

made as dense as one wishes (considering infinitesimally

small restriction value). Distribution with such behavior is

termed a quasi-continuous distribution [18] (with the limit

after rescaling being a continuous function). Depending on

the control and sampling functions, xRSP gives rise to a

family of quasi-continuous distributions.

If a single-electron function fs is sampled, the resulting

distribution {Fi} can always be approximated by the

following:

Fi � fs � VxðliÞ ð1Þ

where Vx(li) is the x-restricted volume of the micro-

cell li. The xRSP procedure assures all micro-cells to

enclose the same amount of the control property x. Dis-

tributions having either the sampling or the control func-

tion in common can easily be compared. In the following

we compare the charge sampling functionals Cp and ELI-

D. Both functionals are based on the sampling of electron

density over micro-cells. The functionals differ in the

function controlling the volume of the micro-cells, which

are the pair density in case of ELI-D and the electron

density inhomogeneity in case of Cp, respectively. In

contrast to pair density, the electron density inhomogeneity

measure is a single-electron function.

The distance dp(f, g) between the position r dependent

functions f(r) and g(r) in a micro-cell li having the volume

V(i) can be given by the integral:

dpðf ; gÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z

li

jf ðrÞ � gðrÞjp dVp

v

u

u

t

ð2Þ

with positive exponent p. This measure of distance is

defined in the space Lp(li) of functions f and g integrable

with p-th power. If g is the average of the function f(r) in

the region li, then the resulting distance can be interpreted
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as an inhomogeneity measure of the function f(r). In our

case we are interested in the inhomogeneity Ip(i) of the

electron density q(r) in the i-th micro-cell:

IpðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z

li

jqðrÞ � �qij
p dVp

v

u

u

t

ð3Þ

where the averaged density �qi in the region li with the

volume V(i) is given by:

�qi ¼
1

VðiÞ

Z

li

qðrÞdV : ð4Þ

Expanding Eq. 3 in a Taylor series around the position ai

(for instance the center of the micro-cell li) and successive

integration yields for sufficiently small volumes:

IpðiÞ �
1

2ðpþ 1Þ1=p
jrqðaiÞj VðiÞðpþ3Þ=3p: ð5Þ

For an inhomogeneity Ip fixed at the value xIp
the above

equation can be rearranged yielding the approximation of

the corresponding micro-cell volume:

VIp
ðiÞ � x3p=ðpþ3Þ

Ip

2ðpþ 1Þ1=p

jrqðaiÞj

" #3p=ðpþ3Þ

: ð6Þ

In sufficiently small micro-cell li centered around the

position ai the charge is directly proportional to the volume:

qi ¼
Z

li

qðrÞdV � qðaiÞ VIp
ðiÞ: ð7Þ

Thus, the charge in a micro-cell with volume restricted by

fixed electron density inhomogeneity is given by the

expression:

qi � x3p=ðpþ3Þ
Ip

qðaiÞ
2ðpþ 1Þ1=p

jrqðaiÞj

" #3p=ðpþ3Þ

: ð8Þ

We define the charge sampling functional Cp in the Lp(li)

space of the xRSP micro-cells controlled by fixed

infinitesimally small inhomogeneity value as the quasi-

continuous distribution of rescaled charges (whereas

CpðaiÞx3p=ðpþ3Þ
Ip

is a discrete set of charges):

CpðaiÞ ¼
qi

x3p=ðpþ3Þ
Ip

� qðaiÞ
2ðpþ 1Þ1=p

jrqðaiÞj

" #3p=ðpþ3Þ

: ð9Þ

The limit after rescaling (which is a continuous function):

~CpðrÞ ¼ lim
x!0
fCpðaiÞg ¼ qðrÞ ~VIp

ðrÞ ð10Þ

includes the corresponding inhomogeneity-restricted

volume function ~VIp
given by:

~VIp
ðrÞ ¼ 2ðpþ 1Þ1=p

jrqðrÞj

" #3p=ðpþ3Þ

: ð11Þ

Cp is based on charges in micro-cells of fixed electron

density inhomogeneity value. The volumes of the

corresponding micro-cells are derived exclusively from a

single-particle function, namely the electron density

gradient. This can be compared to ELI-D (symbol !D)

which is based on charges in micro-cells enclosing fixed

fraction xD of an electron pair [17]:

!DðaiÞ ¼
qi

x3=8
D

� 1

x3=8
D

qðaiÞ VDðiÞ ð12Þ

with the volume VD(i) of the xD-restricted micro-cell li.

For sufficiently small micro-cells the volume VD(i) can

be approximated by the Fermi-hole curvature at the

coalescence g(ai) (derived from the pair density) [17]:

VDðiÞ � x3=8
D

12

gðaiÞj

� �3=8

: ð13Þ

For ELI-D the limit after rescaling (continuous function) is

given by:

~!DðrÞ ¼ qðrÞ 12

gðrÞ

� �3=8

¼ qðrÞ ~VDðrÞ ð14Þ

where ~VD is the so–called pair-volume function. If

the volumes of the micro-cell li should be identical in

both space partitioning procedures, i.e., VIp
ðiÞ ¼ VDðiÞ,

the following condition had to be satisfied, cf. Eqs. 6

and 13:

x3p=ðpþ3Þ
Ip

2ðpþ 1Þ1=p

jrqðaiÞj

" #3p=ðpþ3Þ

¼ x3=8
D

12

gðaiÞj

� �3=8

: ð15Þ

For an infinitesimally small micro-cell li the ratio of

restrictions producing identical micro-cell volumes

approaches the value:

x8p=ðpþ3Þ
Ip

xD

" #3=8

¼ ~VDðaiÞ = ~VIp
ðaiÞ: ð16Þ

The problem is to find such inhomogeneity measure

parameter p for which for all r the ratio ~VDðrÞ= ~VIp
ðrÞ is as

close as possible to a constant. The optimized p varies with

the atomic species in the range of roughly 0.3–1.0 when p

is evaluated in the atomic core regions.

For the application of Cp to molecules a single value

(independent of atomic species) for the parameter p would

be desirable. Thus, instead of the equivalence of the micro-

cell volumes, the focus was set to sufficient reproduction of

the ELI-D topology. As a suitable prescription seems to be
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the equivalence of the logarithmic derivatives of the vol-

ume functions, i.e., r ln ~VIp
ðrÞ ¼ r ln ~VDðrÞ; which leads

to the condition:

r ~VIp
ðrÞ

~VIp
ðrÞ

¼ r
~VDðrÞ

~VDðrÞ
: ð17Þ

The relation to the ELI-D topology is given through:

r ~!DðrÞ
~!DðrÞ

¼ r qðrÞ
qðrÞ þ

r ~VDðrÞ
~VDðrÞ

ð18Þ

and

r ~CpðrÞ
~CpðrÞ

¼ r qðrÞ
qðrÞ þ

r ~VIp
ðrÞ

~VIp
ðrÞ

: ð19Þ

3 Results and discussion

The optimal inhomogeneity measure p, evaluated by least

square fit to Eq. 17, was determined for atoms Li to Xe

using the wave functions of Clementi and Roetti [21]. The

volume functions have been calculated with the program

DGrid [22]. The least square fit was performed within the

distances from the nucleus ranging from 10-4 bohr up to

the distance confining all but 0.1 electrons of the corre-

sponding atom. The formalism of the theory part can be

applied to the total density as well as to the majority and

minority densities, respectively. The least square fit

searching for the optimal inhomogeneity measure was done

separately for each spin channel. The majority and

minority volume functions ( ~V
a
Ip

and ~V
b
Ip

, i.e., using the

gradient of the corresponding r-spin density) were adjusted

to the corresponding same-spin pair-volume function ( ~V
aa
D

and ~V
bb
D ), whereas the total volume function ð ~VIp

Þ was

adjusted to the triplet pair-volume function ð ~V
ðtÞ
D Þ [17].

The results of the least square fit procedures are shown

in Fig. 1. As desired, the parameter p for the optimal

inhomogeneity measure is nearly independent of the

atomic number. Except for the fit of the minority compo-

nent referring to the atoms B, C and N, all optimal inho-

mogeneity measures are concentrated around the value

p = 0.6. Nevertheless, even for those atoms p = 0.6 is an

acceptable choice for the minority channel. For the fit using

the total electron density gradient the smallest value

p = 0.49 is found for the B atom, the highest with 0.63 for

the Mg atom. For further proceedings the inhomogeneity

parameter was fixed at p = 0.6, in which case Eq. 9

reduces to:

C0:6ðaiÞ �
8

55=6

qðaiÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jrqðaiÞj
p : ð20Þ

The limit after rescaling can be expressed as:

~C0:6ðrÞ ¼
8

55=6

ffiffiffiffiffiffiffiffiffi

qðrÞ
p jrqðrÞj

qðrÞ

� ��1=2

: ð21Þ

Thus, the continuous function ~C0:6 can be interpreted as a

weighted average orbital. The weighting function can be

linked with the local ionization potential -|rq| / q [4].

This interpretation applies only to the limit after rescaling.

In contrast, the quasi-continuous distribution, cf. Eq. 20, is

proportional to charges in micro-cells of the underlying

space partitioning. The values are approximated by a

product of the electron density and the volume function.

Note that ~C0:6 bears similarity to the inverse of the

reduced density gradient s = |rq|/(2kF q) � |rq|/q4/3

which plays an important role for the generalized gradient

approximation [23–25] (in fact C1 is proportional to s-3/4

[19]). Recently the local behavior of the reduced density

gradient was used to identify energetically important

regions in solids [26].

Figure 2 shows the functionals C0.6 (from total density)

and triplet ELI-D, respectively, for the atoms Ne and Xe on

logarithmic scale. In contrast to the standard triplet ELI-D,

where the density of triplet-coupled electrons is sampled,

the total electron density was sampled for better compari-

son with C0.6. The distributions in Fig. 2 exhibit for both

atoms similar structuring. While the atomic shell radii

given by the minima of C0.6 and ELI-D, respectively, are

very similar, the maxima of C0.6 are closer to the nucleus

than the maxima of ELI-D. In case of the Ne atom even the

values of C0.6 are relatively close to the ones of ELI-D.

This is no more valid for the heavier Xe atom, where the

C0.6 values are much higher than the ELI-D values,

10 20 30 40 50

atomic number

0.5

0.6

0.7

0.8

p op
t

Fig. 1 Optimal inhomogeneity measure parameter p for the atoms Li

to Xe. Squares fit using the total density gradient, up triangles fit for

the majority spin component, down triangles fit for the minority spin

component

Page 4 of 8 Theor Chem Acc (2012) 131:1106

123



especially in the inner shell regions. Note that the inho-

mogeneity measure parameter p was chosen for C0.6 to

reproduce as closely as possible the ELI-D topology (the

shell structuring), not the values itself. The charge sam-

pling functional C0.6 is easily transferable to molecular

systems since the optimal inhomogeneity measure is

independent of the atomic species.

The triplet ELI-D (sampling the total electron density)

and the functional C0.6 were compared for a few closed

shell molecules. The wave functions have been calculated

at the HF/cc-pVQZ level using Gaussian09 [27]. The cal-

culation of the functionals as well as the evaluation of the

basins was performed with DGrid [22]. A few remarks

about C0.6 can already be given without doing explicit

calculations. C0.6 is expected to show similar shell struc-

turing as ELI-D in the region close to the atomic nuclei as

it is not expected that the inner shell regions change sig-

nificantly in molecular systems. However, in the valence

region the topology of C0.6 may deviate from that of ELI-D

as C0.6 is dominated by the low density gradient close to

the bond critical point. There will be an attractor in C0.6 at

every bond critical point in the molecule, cf. Eq 20. Thus,

from this simplistic viewpoint it can be expected that C0.6

will display certain chemical signatures of a bound

molecular system.

The diagrams in the left column of Fig. 3 show the

functionals ELI-D and C0.6 for the water molecule. The

upper left diagram in Fig. 3 displays the 2.33-localization

domains of ELI-D and the middle left diagram the

1.62-localization domains of C0.6. The distributions differ

in the number of attractors and, hence, in the number

of irreducible domains. With ELI-D each O-H-bond is

characterized by a single irreduzible domain around the

corresponding hydrogen atom. In contrast, C0.6 displays

two separate domains for each O–H-bond (confront also

later the discussion of Fig. 5). One of the C0.6 attractors

between the oxygen and hydrogen is due to the bond

critical point of the electron density. The second C0.6

attractor closer to the oxygen core is formed by the valence

shell of oxygen (the C0.6 shell maxima are shifted towards

the nucleus, cf. Fig. 2 for the Ne atom). Thus, in the O–H-

bonding region the topology of both functionals differs

significantly. However, the core and lone-pair regions are

similar for both distributions, with one attractor for the

oxygen core and two separate attractors for the lone-pairs.

The electron populations in the basins of ELI-D and C0.6

for the water molecule, listed in Table 1, are roughly the

same (sum of two basins in case of the C0.6). Observe, that

in a broad spherical region around the oxygen the values of

ELI-D and C0.6 are very similar, cf. the green belt (dif-

ferences close to zero) in the bottom left diagram in Fig. 3

mapping the difference between ELI-D and C0.6.

The upper and middle diagrams of the middle column in

Fig. 3 display the 2.1-localization domains of ELI-D for

the nitrogen molecule and the 1.3-localization domains of

C0.6, respectively. Both functionals exhibit the same

number of attractors, but, except for the core basins, with

very different electron populations in the respective basins,

cf. Table 1. The basin corresponding to the triple bond

contains 3.9 electrons in case of ELI-D, whereas

5.7 electrons are found for C0.6. The electron population

for the lone-pair basin is 3.0 and 2.2 for ELI-D and C0.6,

respectively. Interestingly, the population of the lone-pair

basin given by C0.6 is closer to the ‘expected’ 2 electrons

(and correspondingly the population of the bond basin

closer to 6 electrons expected for a triple bond). The dif-

ferences between the two functionals, shown in the bottom

middle diagram, highlight the green colored region around

the N2 molecule (except close to the nuclei) where ELI-D

and C0.6 attain similar magnitudes. Only in a narrow cor-

ridor around the bond midpoint the C0.6 shows much higher

values than ELI-D due to the low density gradient close to

the bond critical point.

The 2.42-localization domains of ELI-D for the ethene

molecule are presented in the upper right diagram in Fig. 3,

the 1.2-localization domains of C0.6 are shown in the

middle diagram of the right column. While in the core

regions both functionals show the same topology, differ-

ences appear in the C–C bonding region. ELI-D displays

two separate attractors for the C–C bond, one above and

the second below the molecular plane. The corresponding

basins contain 1.7 electrons each, cf. Table 1. In case of

C0.6 this region exhibits a single attractor whose basin is

populated by 3.5 electrons (which is close to twice the

1.7 electrons, the total population of the ELI-D C–C

0.01 0.1 1

r / bohr

1

10

fu
nc

tio
na

l v
al

ue

Fig. 2 Charge sampling functionals for the atoms Ne and Xe. Black
solid line ELI-D for the Ne atom, black dashed line C0.6 for the Ne

atom, red solid line ELI-D for the Xe atom, red dashed line C0.6 for

the Xe atom. All data were computed from total density matrix
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bonding region). In the C–H bonding region both func-

tionals display a single attractor with the corresponding

basins enclosing 2.1 electrons (there is a spurious attractor

for C0.6 in the proximity of each hydrogen atom, due to the

utilization of Gaussian basis set [28]). All the C0.6 bonding

attractors arise from zero electron density gradient at the

bond critical points. This is also the reason for the large

difference between the C0.6 and ELI-D values around the

bond midpoint, cf. the difference plot shown in the bottom

right diagram. Like for the previous examples the differ-

ence of C0.6 and ELI-D values is very low in a belt-like

region around the carbon atoms.

For all examined molecules the following general trend

can be observed. The localization domains of ELI-D are

more wide spread (voluminous) around the molecular

skeleton, whereas the localization domains of C0.6 are

relatively narrow. In regions close to the respective nuclei

the C0.6 values are lower than the ELI-D ones, cf. Fig. 2

and the three difference diagrams for the molecules in

Fig. 3. The C0.6 attractors representing the lone-pairs as

well as the valence shell maxima are shifted towards the

corresponding nuclei when compared with the ELI-D

attractors.

As C0.6 was optimized to resemble the ELI-D topology

for atoms as close as possible, it appears quite natural that

H2 NO 2 C2H4

Fig. 3 C0.6 and ELI-D for some molecules. Left column H2O,

mid column N2, right column C2H4. First row triplet ELI-D from

total density and localization domains for the isovalues

!DðtÞ ¼ 2:33ðH2OÞ;!DðtÞ ¼ 2:1ðN2Þ;!DðtÞ ¼ 2:42ðC2H4). Second row

C0.6 from total density and localization domains for the isovalues,

C0.6 = 1.62 (H2O), C0.6 = 1.3 (N2), C0.6 = 1.2 (C2H4). Third row
the difference !DðtÞ � C0:6

Table 1 Electron population in basins of C0.6 and !DðtÞ

H2O N2 C2H4

!DðtÞ C0.6 !DðtÞ C0.6 !DðtÞ C0.6

Core 2.1 2.0 2.1 2.0 2.1 2.0

LP 2.2 1.8 3.0 2.2

Bond 1.7 1.4 O 3.9 5.7 2 9 1.7 3.5 CC

0.8 H 2.1 2.1 CH

Page 6 of 8 Theor Chem Acc (2012) 131:1106

123



the inner atomic shell regions show similar structure.

Remarkably, the lone-pair regions reveal similar topology

of the ELI-D and C0.6 distributions as well. In contrast, the

bond regions exhibit some differences. ELI-D indicates the

majority of bonds by a single attractor, whereas C0.6 shows

singly, doubly and triply indicated bonding regions,

respectively. The bonding region of a diatomic molecule

will always be at least singly indicated in C0.6 due to the

presence of the bond critical point in the electron density.

An example for a singly indicated bond is the nitrogen

molecule. Figure 4 shows C0.6 along the internuclear axis

(bond distance 2 bohr). The core regions are marked by a

peak of high C0.6 values around the atomic positions, the

lone-pair attractors are located roughly at 1.7 bohr from the

bond midpoint, that is, about 0.7 bohr from the nearest

nucleus. In the bonding region between the two nitrogen

atoms only one separate attractor is visible. The bond peak

is sharp around the critical point and broadens after a

shoulder (located about 0.7 bohr from the nearest nucleus).

Observe that the shoulders are at roughly same distance

from the nuclei as the lone-pair attractors. It seems that the

shoulders are atomic shells superimposed by the C0.6 bond

peak due to the bond critical point. The singly indicated

bonding region is found for non-polar bonds.

In case of a polar bond the bond critical point is usually

shifted towards the electropositive atom. This is illustrated

in Fig. 5 showing C0.6 along the O–H bond line for the

water molecule. The oxygen nucleus is located at

r = 1.8 bohr with a peak of C0.6 indicating the oxygen core

region. The two smaller peaks left and right from the core

region mark the valence shell of the oxygen. The hydrogen

atom is located at r = 3.5 bohr. The C0.6 from the

Gaussian09 calculation (solid line) exhibits a discontinuity

slightly before the hydrogen position, stemming from a

non-nuclear density maximum due to the rater poor per-

formance of Gaussian functions at the atomic nuclei [28].

For the wavefunction from the ADF [29] calculation, using

Slater-type functions, this discontinuity does not appear,

cf. the dashed line in Fig. 5. The bonding attractor,

resulting from the O–H bond critical point, is located at

r = 3.2 bohr, close to the hydrogen atom. The C0.6 bond-

ing attractor does not spread widely over the bonding

region, allowing the valence shell attractor of the oxygen

atom to remain visible (at the position r = 2.4 bohr). Thus,

polar-bond regions are expected to be doubly indicated.

It may also happen that the region between two atoms is

described by triple indication. This case is illustrated in

Fig. 6 showing C0.6 along the internuclear line for the neon

dimer (3.78 bohr was used for the interatomic distance).

The peaks around the nuclear positions indicate the core

regions. To the left and right of the core peaks the valence

shells are visible. The C0.6 attractor caused by the bond

critical point of the electron density is located at the mid-

point between the atoms. As the corresponding peak is

extremely narrow, it does not disturb the forming of the

valence shell attractors. The triply indicated interatomic

region of the neon dimer is an example of a non-bonded

situation.

The volume function ~VIp
for the inhomogeneity measure

parameter p = 0.6 is not able to mimic sufficiently good

the pair-volume function of ELI-D for molecules over the

whole space. Polar bonds reveal significant differences

between the inhomogeneity-restricted volume function and

the pair-volume function. Whenever the bond critical point

is shifted strongly towards one of the bonding participants,

an attractor will emerge for the valence shell of the more
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Fig. 4 C0.6 for N2 along the internuclear axis
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Fig. 5 C0.6 for H2O along the O-H bond line. Solid line C0.6 for

Gauss-type orbitals wavefunction (Gaussian09 HF/cc-pVQZ level),

dashed line C0.6 for Slater-type orbitals wavefunction (ADF HF/

QZ4P level)
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electronegative atom. Thus, C0.6 will display two separate

attractors for polar bonds, whereas ELI-D usually shows

just a single attractor. In non-polar bonds only a single

attractor for C0.6 is expected in the bond region, similarly

to ELI-D for single bond (for double bond ELI-D may

exhibit two attractors). In lone-pair regions the number of

attractors usually coincides between C0.6 and ELI-D.

In general, the attractors of C0.6 are shifted towards the

corresponding nucleus, cf. Fig. 2.

4 Conclusions

C0.6 is a functional based on the sampling of electron

populations in very small regions (micro-cells) of fixed

extent of electron density inhomogeneity. The inhomoge-

neity measure used is given by the distance of function

values to the average within the chosen region. The dis-

tance measure depends on a parameter that can be deter-

mined by least-square fit procedure in such way that C0.6

mimics the ELI-D topology for atoms. The optimal value

(in the above sense) of the inhomogeneity parameter is

p = 0.6. The optimal parameter value is more or less

independent of the atomic species, which allows for the

transferability to molecules. C0.6 shows for molecules the

inner atomic shell structure comparable to that of ELI-D.

This applies also to the lone-pair regions. C0.6 is not able to

mimic ELI-D in the bonding region where both distribu-

tions may deviate significantly. In contrast to ELI-D the

functional C0.6 is applicable to experimental electron

densities and thus analyses of the bonding situation using

the C0.6 signatures can be made independent of the

underlying theoretical calculations.
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Fig. 6 C0.6 for Ne2 along the internuclear axis
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