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A New Look at Electron Localization **

By A. Savin* A. D. Becke, J. Flad, R. Nesper, H. Preuss
and H. G. von Schnering

Ubiquitous chemical terms such as “‘the electron pair” and
“the chemical bond” do not correspond unambiguously to
directly measurable physical quantities. Because of their un-
deniable conceptual utility, however, clear and rigorous
physical definitions are essential. The chemical bond is often
described by localized molecular orbitals (see for example
ref. [1]), but localized orbital sets are not unique. For ex-
ample, two possibilities for bond localization of the n or-
bitals in benzene are shown in 1 and 2, yet other, indeed
infinitely many, mathematically equivalent schemes are also
possible.!?] The localized molecular orbital description of
chemical bonding is physically and mathematically arbi-
trary.

GENOL

In this work it will be demonstrated, through a series of
examples, that a new quantity, the Electron Localization
Function (ELF),!% is especially well suited to describe chem-
ical bonds and electron pairs. ELF is based on measurable
quantities and, moreover, the problem of nonuniqueness of
localized molecular orbitals is not shared by ELF, at least in
closed-shell systems.

In 1952 Lennard-Jones had already shown how, with the
help of quantum mechanics, regions of space could be relat-
ed to bonds and lone electron pairs.'*! He employed the
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two-particle density for electrons of parallel spin, a function
of two electrons’ coordinates (x, y, z and x', y', z') which
gives the joint probability of finding one electron at position
x, , z and another electron of the same spin at position x’,
y’, z'. The analysis showed that electrons of parallel spin
restrict themselves to separate regions of space, and hence
follows the notion of localized etectron pairs. A well-known
application of these concepts are the Gillespie and Nyholm
rules.t®!

Becke and Edgecombe investigated another way of defin-
ing such regions of electron localization. They likewise made
use of the two-electron density, exploiting its behavior at
small interelectronic distances.[®] They showed that the
probability of finding two electrons of the same spin close to
one another is highly position dependent, leading to regions
of both particularly high and particularly low pair probabil-
ity. In the latter case, the electrons are “well localized”. As
a measure of this, Becke and Edgecombe introduced the Elec-
tron Localization Function (ELF), defined so as to have the
convenient range of values 0 < ELF < 1. Regions in which
the value of ELF is close to 1 correspond to well-localized
electrons, and may be identified with atomic shells, chemical
bonds and lone electron pairs. It is remarkable that the be-
havior of only the parallel-spin electrons so clearly discerns
these details. The nature of electron pair correlation for op-
posite spins will not be considered here.

Technical details: Let us consider two electrons with parallel spins at posi-
tions x, y, z and X', y', z' {(with separation r,,). The two-particle density is a
function of both x, y, z and x’, ¥, z’. Upon averaging over a sphere centered on
X, y, z, one obtains a function of x, y, z and r,,, whose power series in r,; has
the leading term D(x,y,z)r?,. The definition of ELF is then given by equation
(a), where D,(x.y, z) is the value of D for a homogeneous electron gas with

1
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(a)

density g(x,y,z). In the Hartree-Fock approximation (closed shell) one obtains
the explicit expression given in equation (b), where @, are the occupied orbitals

D/D, = 0.3483¢7°7 [Z‘,IV%I2 - % IVQIZ/Q] (b)

and all quantities are expressed in atomic units. In this work, ELF has been
calculated at the Hartree-Fock level [6], with pseudopotentials used for the tin
compounds [7].

Itis, in principle,possible to determine ELF from measured data. Knowledge
of only the single-particle density matrix Y ¢(r)@,(r') is required at the Hartree—

Fock level and methods to determine this from experimental data have been
proposed long ago [8]. In many cases the experimental electron density was
used to determine the density matrix. Knowledge of the density should be
supplemented, however, by additional information from sources such as Comp-
ton spectroscopy [9, 10].

Here we present, using a newly developed computer graph-
ics program,!'!! the first extensive study of the utility of the
Electron Localization Function. In the graphical representa-
tions of Figure 1, we see how well ELF reflects various intu-
itive concepts of atomic and molecular structure. The pro-
gram calculates both the electron density and ELF for
selected molecular planes, which generally contain atomic
nuclei, and portrays them simultaneously. Electron density
is represented by point density (i.e., electron clouds) as, for
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example, in Frame 1 for the electron density of the NH;,
molecule, 3. With white points on a black background, one

H““IN\H 3
H

immediately recognizes the high-density maxima at the posi-
tions of the N nucleus and the H nucleus. Representations of
this kind were introduced in 1931.1121

In addition our points are assigned colors depending on
the local value of ELF and inspired by geographical maps:
the blue color of the sea corresponds to low ELF and the
white of the mountains to high ELF, with green and brown
in between. The color scale is given on the left in Frame 2.
Thus our backgrounds remain black, and white points now
indicate very highly localized electrons. This representation
of ELF conveys considerable additional information. One
now identifies in 3, for instance (compare Frames 1 and 2),
three regions of higher localization: one around the N
nucleus, one containing the N and H atoms (lower right) and
one on the free side of the N atom (top). These regions can
be attributed to the core, the N-H bond and the lone pair.

At this stage it should be pointed out that the Electron
Localization Function, like the electron density, always pos-
sesses the full symmetry of the molecule, and therefore all
symmetry-equivalent planes will give the same ELF. For
NH; (3) all planes containing the C, axis and one of the N-H
bonds will yield the same picture. Furthermore for linear
molecules both the electron densities and ELF have axial
symmetry. In the case of the Ne atom, ELF yields two spher-
ical regions of higher localization which correspond to the
core and valence shells (Frame 3). The same sharp separa-
tion between core and valence shells is also visible in mole-
cules such as Li, (Frame 4).

In the C, molecule ('Y state) the m-orbital bonding is
discernible (Frame 5). In the N, molecule there exists within
the valence shell a clear separation between the bonding
region and the lone pair electrons, not as distinct, however,
as the separation between core and valence regions (Frame
6). The F, molecule (Frame 7) shows a weak bond, whereas
two Ne atoms at the same interatomic distance merely show
a distortion of their valence shells (Frame 8).

Even with simple hydrides we find a large variety of bond-
ing forms. The LiH molecule consists of a Li® core (Frame
9, left) and a polarized H® ion (right, white). In the BH
molecule (Frame 10, B middle, H right) there exists along
with the B-H bond an additional electron lone pair (left). In
the HF molecule (Frame 11) the region of space to which one
would assign the H-F bond is smaller and more difficult to
discern from the region of the free electrons than in, for
example, the BH molecule. We see already an indication of
the tendency to form H®F®. In the LiF molecule we have
essentially an ionic bond (Frame 12; compare with LiH,

Li®
H, H H
Fe Fe 4 //,B TN B\\ 5
. rONoTN
Li® H H H

Frame 9), as implied by the nearly spherical structure of the
ELF around each nucleus and the appearance of an interven-
ing region with very low ELF values. This ionic character
also appears, of course, in the dimer Li,F, (4, Frame 13). In
contrast, a polarized bond is found in the CIF molecule
(Frame 14).

410  © VCH Verlagsgesellschaft mbH, W-6940 Weinheim, 1991

0570-0833/91/0404-0410 8 3.50+ .25/0

The more complicated case of three-center bonding ap-
pears in diborane (5, Frame 15). Here also, the agreement
with classical concepts is very clearly illustrated by the elec-
tron density and ELF. In planar Li, and Lig clusters, calcu-
lated to be stable, the three-center bonds likewise appear.[6!
In these cases, however, one might also expect bonds involv-
ing more than three centers. According to ELF (Frames 16
and 17), these clusters are held together almost exclusively by
peripheral three-center bonds.

When H bridges two strongly electronegative partners the
bonds show distinct ionic character, as indicated by the
formic acid molecule 6 (Frame 18) and its dimer 7 (Frame
19). What happens, though, if the H atom lies symmetrically

o _O--HO _
6 H-C

“OH on07" T

between two equally electronegative atoms as in the FHF
anion (Frame 20)? Here one notices a region of high ELF
around the proton clearly separated from those of the neigh-
boring atoms. A similar picture results if, in 7, one imagines
the transition state for the transfer of a proton from one O
atom to another. In the change from an asymmetric to a
symmetric H bridge the ionic nature of the bond is largely
lost.

With the Electron Localization Function weaker effects,
such as change in delocalization, can also be recognized. Let

Fig. 1. Electron density p as “cloud” and the color pattern of the Electron
Localization Function, ELF (scale in Frame 2: small values of the ELF are
represented as blue, large values as white; scale for remaining frames: blue,
green, brown, white; background: black). Frame 1: p(3) as white cloud. The
selected plane contains the N nucleus (middle), a H nucleus (bottom right) and
the center point between two other H nuclei. Frame 2: p(3) and the ELF. The
white regions correspond to the core, the lone electron pair and the N-H bond.
Frame 3: Core and valence shells of the Ne atom. Frame 4: Core and bonding
regions (white) in the Li, molecule. Frame 5: Core and © bond (white periphery)
in the C2 molecule. Frame 6: Core, bond and lone electron pair (white) in the
N, molecule. Frame 7: Core, cylindrical symmetric regions of the lone electron
pair (white) and weak covalent bond (yellow-brown) in the F, molecule. Frame
8: Deformation of the electron density in the Ne, molecule (compare Frame 3).
Frame 9: LiH molecule with Li® core (left) and H® ion (right). Frame 10: BH
molecule with the lone electron pair, the B core and the B-H bond as white
regions from left to right. Frame 11: HF molecule with the cylindrical symmet-
ric regions of the lone electron pair, the F core and the F-H bond. Frame 12:
LiF molecule with Li® (left) and F® (right). Model for an ion pair with separat-
ed region (small ELF values: blue). Frame 13: 4 with Li® cations (top and
bottom) and F® anions (left and right). Frame 14: CIF molecule with Cl (left)
and F (right); core and lone electron pair regions (large white regions); weak,
polarized bond (brown-yellow region). Frame 15: 5 (plane of the B,H, ring
with the B atoms left and right) with core and two three-center bonds (large
white regions around the H atoms). Frame 16: Planar Li, cluster with core and
two three-center bonds. Frame 17: Planar Liq cluster with core and three pe-
ripheral three-center bonds; one notices that a central three-center bond is
absent. Frame 18: 6 with cores, bonds and lone electron pairs (ketone oxygen
at top right). Frame 19: 7 (compare Frame 18) shows the ionic character of the
hydrogen bonds (blue regions between the monomers). Frame 20: FHF® jon
with a small area of high ELF values around the H nucleus. Frame 21: 8
(selected plane is 1 Bohr above the nuclear plane) with the C-H and C--C bonds
(white regions). Frame 22: 9 (plane same as in Frame 21) shows a larger n
region at the central C—C bond than 8. Frame 23: CIF, molecule emphasizing
the difference between the axial and equatorial C}-F bonds. Frame 24: SnO
molecule with Sn (left) and O (right) and the lone electron pair on the Sn (large
white region). Frame 25: Sn,0, molecule with the Sn atoms lying horizontally.
Frame 26: 12 (plane through the Sn nuclei splits the H-Sn-H angle; the H nuclei
are located top right and bottom left above and below the plane), see text for
discussion. Frame 27: Sn,H, molecule with hypothetical planar structure (Sn
atoms sit right and left from the center point of the picture: all H atoms are
located in a plane perpendicular to the represented plane. Frame 28: Cu,Sn,
molecule with heterocubane structure (Sn atoms top, Cu atoms bottom), for
discussion see text.
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us compare the C-C bonds in butadiene (8, Frame 21), and
acrolein (9, Frame 22). The illustrations present ELF values
in a plane lying 1 Bohr above the plane of the nuclei and
intersecting the n-bonding region, and show that the = com-
ponent of the C-C bond is larger in 9 than it is in 8.

H. e o ™ E )
A=0 =C _ —C19 —_®
Se=cl o= m T (" F ;316
F
8 9 10 1

That ELF also represents three-center—four-electron
bonds is shown by the example of CIF, (Frame 23). The two
axial CI-F bonds clearly have a weaker covalent character
than the equatorial bond, corresponding well to the canoni-
cal forms 10 and 11.13!

The core electron densities vanish if one uses a pseudo-
potential method rather than performing all-electron calcu-
lations. We have done this in the case of Sn compounds, and
therefore our representations of the Sn compounds exhibit
no high electron densities around the nuclei but only the
black background. The lone-pair electrons in Sn" com-
pounds are nicely illustrated by ELF. The spatial distribution
of the lone pair in the SnO molecule (Frame 24) is clearly
deformed and remarkably large. The Sn,0O, dimer (Frame
25) shows a similarly expanded spatial distribution of these
electron pairs and is an impressive indication of its stereo-
chemical activity. Unlike their carbon analogues, Sn,R,
molecules are not planar. The explanation involves the influ-
ence of the electron lone pairs.'4! For the bent Sn,H, mole-
cule 12, ELF actually shows a strong deformation (Frame
26), and the influence of the lone pairs is especially clear in
comparison with the hypothetical planar structure of Frame
27. The large white region is intermediate between the case of
two isolated lone pairs (as in Frame 25) and the case of a
pure double bond (as in Frame 27).

H.H.ISn=Sn‘°<H 12
H

The heterocubane cluster Cu,Sn, possesses an Sn, tetra-
hedron. Here one finds multicenter bonding with participa-
tion of the Cu atoms. The plane depicted in Frame 28 con-
tains an edge of the Sn, tetrahedron (Frame 28 top,
connecting the dark nuclear positions) and the middle of the
opposite edge (Frame 28 bottom, middle of the yellow re-
gion). Two Cu atoms also lie in this plane (Frame 28 bottom,
outer nuclear positions). Here again, the distribution of the
Sn lone pairs is deformed.

In this first survey of the potential applications of the
Electron Localization Function, ELF, we have demonstrat-
ed that notions such as atomic shells, chemical bonds, and
lone electron pairs are readily manifested by a function that
is based, in principle, on measurable physical quantities. Em-
pirical findings, such as those expressed in the Gillespie—Ny-
holm rules, may be easily visualized thereby. Perhaps further
investigations with the Electron Localization Function will
prove beneficial in cases where classical concepts and chem-
ical intuition fail.
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Synthesis of a Biologically Active Taxol Analogue **
By Siegfried Blechert® and Andrea Kleine-Klausing

The taxanes from the plant family Taxaceae form a group
of very unusual tricyclic diterpenes.!"! An eight-membered
ring with two geminal methyl groups, an annulated six-mem-
bered ring, and a C3-bridge results in a strained half-spheri-
cal ring system, that has many oxygen functionalities. One of
the most interesting members is taxol 1,1} which at present
is being intensively studied as a promising chemotherapy
agent for several types of tumors.!3! Till now it has remained
the only known naturally occurring compound that acceler-
ates the polymerization of tubulin and blocks its depolymer-
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