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The topological analysis of the electron localization function ELF provides a partition of the molecular space
into basins of attractors which have a clear chemical signification. The hierarchy of these basins is given by
the bifurcation of the localization domains. In the caserafonor substituents (OH, NHF, CHs, CgHs, Cl),

the aromatic domain is first opened close to the substituted carbon and then in the vicinitynaftdoarbon;
whereas for attractor substituents (CN, CHO, INOR; and CCY}), it is first opened in thertho and para
positions. The orienting effects of the electrophilic substitutions are correlated with these bifurcations. The
experimental favored positions always correspond to the locally electronegative carbons (i.e., those which
keep their shell structure at the higher ELF values). This suggests that the local Pauli repulsion plays a noticeable
role in the orienting effects which are complementary to the charge transfer effect involved in standard quantum
chemical pictures.

1. Introduction refers to the isolated aromatic entity. As Bader’s, our approach
Since the early work of Kek(Jearomatic compounds have is only related to the first type of argument. The article is
played a major role in the development of chemical concepts. organized as follows: after a brief methodological introduction,
Though their reactivity, and more especially the so-called elec- the role of variousortho—para andmetaorienting substituents
trophilic substitution, has been widely studied and empirically on benzene is investigated in order to establish in which way
classified according to Holleman’s ruled as early as 1925, the topology of the ELF function accounts for the Holleman’s
the progressive appearance of a rationale has followed the proSules. The analysis is then generalized to multiple substitutions
gress of the electronic theory of molecules. The close interplay and to polyaromatic substituted hydrocarbons.
betwgen .experimgnt anitheory is illustrated by the fundamental 5 Methodology
;:ontlr;gqtlon of HickeP™ in the 1930s anq Whelafidand The quantum mechanical calculations have been performed
Ingold” in the 1950s and then by the classical I\/_IO_appr(l)ach, with the standard 6-31G** basis $&t3! at the Hartree Fock
|IIustrat2ed by the cLa_lssmaI works of Cogls_i—:ﬂ”i?@renWlesel% and hybrid Hartree Fock density functional Becke3L P35
Salem:2and Dewa¥in the 1960s and Epiof&™” in the 1970s. levels using the Gaussian94 pack&g€he aim of the topologi-

Recently, new proposals that constitute a revival of the topic
have appeared on the grounds of Bader's atoms in molecule
theory8-20 as well as of the molecular electrostatic potertial.
Even more recently, many applications of the Becke and
Edgecombe’s electron localization function (EEFHave proven
to allow for an efficient description of chemical bonding in
stable molecules and short-lived intermediates.

We propose here an investigation of Holleman’s rules in
electrophilic aromatic substitution using ELF methodology. Our
goal is dual. First, we hope to illustrate constructive new
concepts which, second, we will use as a pretext to comfort
ELF results with firmly established evidence.

Prior to the detailed account of our study, it is worth recalling
the general framework which is used in the investigation of
electrophilic substitution mechanism. Actually, two different

kinds of approaches are often made. The first one considers

the electronic properties of a suitably substituted aromatic ring
and deduces the preferential site of attack by the incoming
substituent. This method may be referred to as “reactant like”.
The second considers the relative stabilityoatho, metg and

para Wheland cationic intermediates and thus deduces the

resulting regioselectivity. The latter approach is typically
“intermediate like”, and upon the assumption that the transition

state closely resembles the intermediate species, it no longer
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cal analysis of ELF is to provide a mathematical model of the

ewis representation. The simplest mathematical structure
enabling the partition of the molecular space and accounting
for its evolution upon the variation of parameters (such as the
nuclear coordinates within the Bort©ppenheimer approxima-
tion) is a gradient dynamical system. A gradient dynamical
system is the gradient vector field of a scalar, continuous,
derivable function named the potential function. The potential
function carries the physical (or chemical) information. For
example, the gradient field of the electron density distribution
yields a partition into atomic basid&Many studies have shown
that the electron localization function (ELF) of Becke and
Edgecomb® yields a faithful description of the bonding
consistent with the Lewis approah?837-41 as well as it
accounts for its evolution during reactive proces@e®

The Gaussian wfn output was then treated with the TopMod
package written in our groufs. The latter program first
calculates the ELF, over the molecular space, according to its
definition

1

Di(r)

1)

whereD? stands for the excess local kinetic energy due to the

10.1021/jp992783k CCC: $19.00 © 2000 American Chemical Society
Published on Web 01/07/2000



Analysis of the Electron Localization Function J. Phys. Chem. A, Vol. 104, No. 4, 200853

Pauli restrictior?® i.e., the difference between the definite __ core C(Cy)
positive kinetic energy densityr) of the actual fermionic
system and that of the von Weiz$@r kinetic energy functional | core C(Cy)
Tuw(r).#” If the wave function is written as a single determinant,
D¢ is expressed in terms of orbital contributions: | core C(Cs)
oyn IVp(r)? —V(Cy, Hy)
D7(r) = z|v¢>< =0 ) (G, Hy)
(C3v H3)
Dy is the kinetic energy of the electron gas having the same V(C1, Cy)
density: —V(Cy, Co
—V(Cq, C3)
n(r) = CFP(r)5/3 ©)) valence —V(Cs, Cy)
—V(Cy, Cs)
whereCk is the Fermi constant. Where electrons are alone, or L V(Cs, Ce)
form pairs of antiparallel spins, the Pauli principle has little
influence on their behavior and the excess local kinetic energy —V(Cy, Ce)
has a low value and, therefore, ELF is close to 1, whereas at L V(Cy, Hy)
the boundaries between such regions the probability of finding ’
parallel spin electrons close together is rather high and the excess —V(Cs, Hs)
local kinetic energy has a large value and ELF is small. The L—V(Cs, Hs)
topological analysis is carried out in order to partition the
molecular space into basins of attractors denote@gyEach — core C(Cy)
basin is characterized by an attractor which is a local maximum
of ELF. One distinguishes core basins, labeB{d;), centered — core C(Cs)
on atomsX;, and valence basins, between atoms, lab¥le4,
X;, ...). For each basin one defines its synaptic order which is L— core C(Cs)

the number of core basins that it is connected to. Integration of
the electronic density over th@a basin yields its population.
The dependence of basin populations upon basis set and

correlation effects is consistent with the chemical intuition. On
one hand, the addition of polarization functions increases the

disynaptic (bonding) basin populations at the expense of the
monosynaptic ones (lone pairs), and correlatively the dissocia-

tion energy and the stretching force constants are enhanced. On

the other hand, correlation yields the opposite trend in agreement

with the lowering of the force constari$Moreover, there is

an overall very good agreement between the MP2 and DFT
value$8-3°though the former method appears to be much more

basis set dependent. In the systems investigated here, the electron l |

Figure 1. Localization domain reduction tree-diagram of benzene.

g

correlation is not expected to play an important role with respect
to the electronic state or to the structure; moreover it has been
shown that the properties related to the ELF topological analysis

are almost converged with a polarized split-valence basi& set. ( I aromatic

As it will be seen in the next sections, the value of the ELF domain
function at some particular critical points is of a great importance 9
in the present study. These critical points are located by a ‘ b

steepest ascent search which uses the analytical derivatives of

the norm of the ELF gradient.
Graphical representations of the bonding are obtained by C 0 V(C, H)
plotting isosurfaces of the localization function which delimit 6
volumes within which the Pauli repulsion is rather weak. These \!
latter, the localization domains, are called irreducible when they V(C, C)

contain one and only one attractor. e\r@\
izati ins i C(C)

3. f-Localization Domains in the Model Study of Benzene

These domains define the bodies limited by a given isosurface

n(r) = f, enclosing points for whicky(r) > f. They are said to Figure 2. ELF isosurface of benzene. Value of ELF is equal to (A_)

be reducible when they contain more than one attractor. For ag's’ (B) 0.64, a;nlcli (C) 0.65. Thbel grl?y sclale code l:sedtfcar the Iocahfanon
. . . . omain Is as 1ollows: core, black; valence protonated, gray; valence

low V?"“e Qf ELF th(_ere exists only one redumb_le localization disynaptic light gray. This figure, presented here in black and white,

domain which contains all the molecule population. Upon pro- s ayailable in color on the World Wide Web in Supporting Information.

gressive increase of ELF, the overall isosurface splits into reduc- Color code: magenta core, red= valence monosynaptic, green

ible valence and irreducible core domains. Thus, there exists avalence disynaptic.
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Figure 3. 1 = 0.65 localization domains of monosubstituted benzenes: @d}NH,, (b) CHsOH, (c) GHsF, (d) GHsCHs, () GHsCl, (f)
CsHs-CgHs, (g) GsHe, (h) GsHsCCls, (i) CeHsCFRs, (j) CeHsCN, (k) GHsCHO, (1) GHsNO.. This figure, presented here in black and white, is
available in color on the World Wide Web in Supporting Information. Color code: magextae, red= valence monosynaptic, greenvalence
disynaptic.

hierarchy of splittings which can be visualized as a bifurcation various domains yields the bifurcation diagram of Figure 1,
tree diagram, as displayed for the benzene of Figure 1. which summarizes the various preceding steps.

In Figure 2A,B,C are reported the ELF isosurfacessm) The analysis of a bifurcation diagram brings interesting
=0.5, 0.6, 0.65, respectively. The complete topology of benzene information about the electron localization on the various sites
might be displayed upon progressive variation of ELF. For a of a given aromatic compound. Indeed, electronic pairing is
low value of ELF,<0.5 (Figure 2A), one gets a contour which more pronounced around a site bearing some negative charge.
only reveals the 6-fold shape, all domains being fused. At ELF Consequently, the corresponding localization domains appear
= 0.6 (Figure 2B), the preceding bulk volume has split, at at larger ELF values than for their related less negative
critical ELF = 0.58 value, into six V(¢ H)i=1,6 protonated counterparts. Thus, the bifurcation diagram distinguishes the
domains and a distorted toroidal volume which is typical of preferential sites of electrophilic attack as these which separate
aromaticity. In coming discussions, it will be referred to as at highest ELF values.

“aromatic domain”. In turn, the aromatic domain splits into six ] o
distinct V(G, Cir1)i—1s and V(G, Ce) domains at the critical 4. Monosubstituted Benzene Derivatives

ELF value of 0.6449, as displayed in Figure 2C. The latter value  Figure 3 displays the localization domains bounded by the
of ELF will be used for the sake of comparison when dealing #(r) = 0.650 isosurface of benzene and 11 monosubstituted
with substituted compounds. This progressive splitting of the derivatives GHs-S. For the sake of the analysis it is useful to
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TABLE 1: Calculated Electrophilic Substitution Positional 0.2
Indices of Monosubsituted Benzenes
6-31G**/HF 6-31G**/Becke3LYP

S ortho meta para ortho meta para 0.0
NH; 0.042 —-0.021 0.029 0.039 —0.017 0.024 -
OH 0.035 -—0.019 0.024 0.030 —0.012 0.018 b 0.2
F 0.024 -0.012 0.011 0.019 —0.006 0.009 el
CHs 0.013 -—-0.007 0.010 0.016 —0.004 0.006 S
CsHs 0.007 —0.004 0.009 0.009 —0.002 0.004
Cl 0.004 —-0.004 0.001 0.008 —0.001 0.002 -0.5-
H 0.0 0.0 0.0 0.0 0.0 0.0
CCl; —0.009 0.001 —-0.011 -0.003 0.0 —0.004
CK —0.009 0.001 —0.011 -0.008 0.001 —0.006 0.8
CN —0.016 0.003 —0.016 -—0.010 0.002 —0.009 e ! L I I I
CHO -0.018 0.008 —0.017 —0.020 0.004 -0.011 -0.02 -0.01 0.0 0.01 0.02

NO, —0.032 0.009 —0.025 -0.030  0.006 —0.015 RI
P
partition the molecular space in two parts: on one hand, the Figure 4. Opara — 0’ VS Rbas(S): M Hartree-Fock, v Becke3LYP.
subspace formed by the basins which only belong to the
substituent S and, on the other hand, the remaining space
involving the phenyl group basins. The V(C, S) disynaptic basin
linking the substituent to the phenyl skeleton belongs to the
latter subspace. In the phenyl subspace the number and the type
of the basin are identical, therefore all the ELF gradient fields 0.0
are isomorphic. This means that the ELF gradient field within “
the phenyl subspace is structurally stable with respect to the ;
substitution which can be consequently considered as a weak b 0.1
perturbation. Moreover, the isomorphism implies that the critical
points located in the phenyl subspace are topological invariants.
The phenyl group localization domains as displayed in Figure
3 show two kinds of bifurcation diagram according to the nature
of the substituent. Fasrtho—para orienting substituents, namely
S = NH,, OH, F, CI, CH, and GHs, the first splitting of the -0.02 0.01 0.0 0.01
aromatic domain occurs at the level of the carbonaétaposi- ) ) ) )
tion whereas fometaorienting substituents as=S CCls, CF, RI
CN, CHO, and NQ": occurs at the |eVe| Of thertho andpara Figure 5. Ometa— O’ VS leetz{S): [ Hartree—Fock‘v Becke3LYP.
carbons. From a qualitative point of view, the graphical represen-
tation clearly indicates which carbons are the reactive sites. In made by examining the substituent localization domains of the
turn, the information provided by Figure 3 can be expressed in substituents in Figure 3. The cores of the most electronegative
terms of numbers by considering the valug€i; S) of the atoms are always surrounded by a single reducible localization
localization function at the (3;-1) critical points located on  domain which reproduces the atomic valence shell. Of course,
the separatrices of the V(G, C) and V(G, Ci+1) basins of the  this domain gives rise to irreducible localization domains at
S-substituted derivative. These values rule the bifurcation higher values of the ELF function. The larger the electronega-
diagram of the aromatic domain and are expected to enable &jvity, the higher will be the ELF value enabling the corre-
quantitative comparison of the effects of the substituents. Insteadsponding splitting of the domain. The ELF value at the<3)
of the 7(Cj) themselves it is more convenient to introduce critical point corresponding to the complete reduction of

0.1

0.2

m

electrophilic substitution positional indices defined as localization around a given center is a measure of its electrone-
gativity. The electrophilic substitution positional indices are
RI(S)=1(C;; S) — n(C; H) (4) therefore related to the in situ electronegativity of the carbons.

The effect of substituent ometa and para electrophilic

in which the subscript denotes the position of the carbon substitutions has been phenomenologically rationalized by the
labeled byi, i.e., ortho, metg or para The electrophilic Hammett equatiotf which expresses the rates or the equilibria
substitution positional index is just the difference of the ELF in terms of two parameters, andp. The former characterizes
values at equivalent topological invariants in the S-derivative the substituent and the site where the reaction takes place; the
and in benzene. They are local measures of the perturbation oflatter depends upon the nature of the reaction and the conditions.
the electron localization function by the substituent. The values ofo which account for the reactivity of thpara

The electrophilic substitution positional indices calculated at andmetapositions hamper its direct use to establish a positional
the 6-31G**/HF and Becke3LYP levels are listed in Table 1. hierarchy of the substituents; for example, though,Nidd F
As a general rule, for a given species trtho andparaindices are bothpara-director, theitopara CONstants have opposite signs
have the same sign and threetaindex has the opposite sign. A because the substitution is easier for aniline than for fluoroben-
positive index betokens a favored electrophilic substitution zene. This difficulty can be removed either by considering the
position. Though there are differences between the Hartree differences ¢meta— 0para) Or by the introduction of the so-called
Fock and Becke3LYP values for corresponding indices, the two polar substituent constant 4° which is used to formdpara —
approaches yield the same order with respect to the nature ofo’) and Emeta — 0"). Figures 4 and 5 compare our reactivity
the substituent. The chemical interpretation of the electrophilic indices Rpara and Rheta to these latter differences. A rather
substitution positional indices follows a remark which can be satisfactory linear correlation is observed which enables the
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0.4

0.05  -0.03 0.0 0.03  0.05
RI, - RI,

Figure 6. Ometa— Opara VS Rbara(S) — RlmedS): M Hartree-Fock, v
Becke3LYP.

Figure 8. Deformation electron density isosurfacds = +0.0005.

. Full volume electron density gain, wire frame electron density loss:
(a) anilineg = 0.0, (b) anilinep = 90.0, (c) toluene. This figure,
presented here in black and white, is available in color on the World
Wide Web in Supporting Information.

n(r)

Rlortho Might be among the causes of the breakdown of the
Hammett equation foortho substitution. In the case of aniline
the V(N) contribution appears to be the dominant one at the
equilibrium geometry ¢ = 0°), that due to the V(C, N) basin
being very weak. In the case of toluene, th€C) are
independent of the rotation of the methyl group. This follows

T T [ T . .
from the specific forms of they(C;)’s independently of the
90 -60 -30 00 3 6 % strength of the hyperconjugacy:
@ ()
Figure 7. Angular dependencg(C) vs ¢ for aniline: full line, ortho; cog ¢ + cos(¢ + 120)+ cos(p — 120)= 3/2 (7)

dashed linepara; dotted line,meta 4 4 ’ 9
cos ¢ + cos(¢ + 120)+ cos(p — 120)="/, (8)
proposal of the following approximate relationships: The electron transfers between the substituent and the phenyl
' ~ —40.2R ®) group are evidenced by the electron density deformatmen (
o= 2Rbara (CeHsS) — p(CsHe)). Figure 8 displays the isosurfacép =
Ometa— 0 ~ —17.8R, (6) +0.0005 e bohr2 for aniline (p = 0, 90.0) and for toluene.

For aniline the largest transfers occurgat= 0. As expected
from molecular orbital theory arguments it mostly involves the
m-system with losses on thmeetacarbons and gains on tleetho
andpara ones. Each corresponding isosurface is made of two
lobes centered on a carbon which strongly suggests the density
¢ of the 2, atomic orbital. Ther-transfer is weaker and in phase

opposition: gains imetg losses irortho—para. When the lone
pair axis is in the ring plane, the size of all lobes is decreased
| With respect to they = O situation. The remaining-transfers

Opara —

Finally, the behavior ofdpara — ometd With respect to (R,
— Rlnetd, Figure 6, looks very similar to the rate constant curves
of the solvolysis of aryt-propyl tosylates discussed by Raber
et al>o

In the standard molecular orbital framework, the substituen
effect is the sum of two contributions, one arising from the
m-system the other fromy-orbitals. In our approach, valence

basin contributions are considered instead of molecular orbita . >
are due to hyperconjugacy whereas the weakening aof thee

contributions. The importance of the lone pair basin of the < ST .
substituent can be discussed in the case of aniline which hasMght be due to the participation of the lone pair. The toluene

one lone pair borne by the nitrogen atom. Figure 7 shows the @€ unequivocally illustrates the hyperconjugacy effect.
variation of(C;) for the ortho, metg and para position as a
function of the dihedral angle made by the plane containing
the C-N bond and the V(N) attractor with a plane perpendicular  In the previous section it has been shown that the substitution
to the ring. The three curves have a periodicity of 2L8he of a hydrogen by another functional group weakly perturbs the
para and metacurves have their maximal amplitudesgat= localization gradient field of the phenyl group. The electrophilic
0° whereas as the twartho positions are not equivalent because substitution positional indices are the linear response coefficient
the maxima are ap ~ +10°. The decomposition in terms of  of the ELF function at the (3;-1) critical points of the aromatic
even powers of cog shows that themetaand para curves domain. The addition of another substituent is expected to also
behave essentially as dog and theortho one as cd%gp + be a weak perturbation for which the linear response ap-
10). This different behavior of thertho #(C;) and therefore of proximation holds. The reactivity indices of a polysubstituted

5. Polysubstituted and Polyaromatic Derivatives
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TABLE 2: Calculated and Estimated Electrophilic TABLE 4: Additivity of the Electrophilic Substitution
Substitution Positional Indices of Polysubstituted Benzenes Positional Indices of Fluoro Naphthalenes
molecule C1 C2 S S calc est 1,4-GoHeF
0-CgH4F meta ortho F F 0.012 0.013 position 1-GoH/F 4-CyoH-F calc est
meta para F F 0.003 0.003 G 0.002
para meta F F 0.003 0.003 _ .
otho meta F  F 0.012  0.013 < oo 0.026 0.020 0.019
m-CeH4F> ortho ortho F F 0.039  0.038 C4 0,003 0012 0.010 0.009
para ortho F F 0.028  0.028 c 0001 —0.005 _0006  —0.006
meta meta F F —-0.012 —0.012 CG 0.005 0,002 0.003 0.003
ortho para F F 0.028  0.028 c 0005 0.001 —0004  —0.004
p-CeHaF> ortho meta F F 0.013  0.013 C" 0.024 —0.004 0.027 0.020
m-CeH4(CHz), ortho ortho CHs CHs  0.027  0.026 10 : : : :
ortho para CH; CHs; 0.023 0.023 . . o
meta meta CH; CHs —0.013 -0.014 cycle itself acts as a substituent. Nonetheless, a qualitative
para ortho CH; CHs 0.023 0.023 reasoning holds. The values of Table 1 show thatdidho/
0-CH,OHCI ortho meta OH  ClI 0029  0.031 para director substituents, thertho electrophilic substitution
meta para OH ClI  —0.020 -0.018 positional index has always the largest absolute value. For the
meta ortho OH CI —0.015 -0.015 c bon the total tributi f the oth le is of the f
para meta OH Cl 0.021 0.020 3 carbon the total contribution of the other cycle is of the form
Rlortho + Rlmeta@nd larger than that of namely Rpara + Rlmeta
TABLE 3: Value of the ELF Function at the (3, —1) The same arguments hold to explain whyi€also the reactive
Critical Points of the Aromatic Domains of the Naphthalene center in anthracene.

and Anthracene Molecules For substituted and polysubstituted polyaromatic molecules

position naphthalene anthracene it is convenient to generalize the electrophilic substitution
Cs 0.6704 0.6836 positional index concept. The definition is the same as previ-
Cs 0.6674 ously cited (see eq 4), thg(Ci; H) being the values of the
Cs 0.6674 0.6691 hydrogenated compound. Table 4 reports the calculated values
Cs 0.6704 0.6650 of these indices for the 1- and 4-fluoro naphthalenes and for

the 1,4-difluoro naphthalene. In the monosubstituted molecules,
Ghe largest indices correspond to thrtho-like position within
a cycle; they are of the same order of magnitude as fluoro
A benzene: slightly larger in 1-fluoro naphthalene in which there
Rlcyc,.. (SuSpe) ¥ Rlg(S) + RIe(S)) + .. © is only oneortho-like position whereas in 4-fluoro naphthalene
the average of the twortho-like indices is theortho value of
fluoro benzene. The transferability of the fluoro-benzene indices
to fluoro naphthalene is very good for theetapositions. The
fulfillment of the additivity property is verified by the estimated
values given in the last column of Table 4.

benzene should therefore be a sum of monosubstituted derivativ:
indices:

The notation is consistent with that used eq 4 for monosubsti-
tuted derivatives: the successiyéndices are the positions with
respect to the successive substituentsTBe additivity of the
electrophilic substitution positional indices has been verified
on the three difluoro-benzene isomers, on thetadimethyl
benzene, and on thetho chloro phenol. Table 2 compares the 6. Conclusion

electrophilic substitution positional indices of these molecules  Tne results presented in this report show that the topological
explicitly calculated on the disubstituted molecules themselves gpa\ysis of the electron localization function is a sound basis
and estimated by eq 9 with the values of Table 1. There is an ¢or the determination of the electrophilic substitution site and,
excellent agreement between the two series of values. Themgre generally, for the localization of the reactive sites in

additivity of the electrophilic substitution positional indices is  ygjecules. The ELF analysis provides ready-for-use qualitative
consistent with the correlation with the Hammett constants since i information through the graphical representation of the

these latter are al§o additive. . localization domains. Quantitatively, the electrophilic substitu-

_ The generalization of the method to polyaromatic molecules tjon positional indices make a link between the results of the

is straightforward. The carbon labels of naphthalene and cgicylation and the Hammett constants. As these latter, they

anthracene are as follows: are additive, which makes possible reliable predictions on a large
number of polysubstituted derivatives without explicit calcula-

c c C . . ; .
/C‘\ /Ca\c o5 1\C ~ “\C ~ 5\C tions of their wave functions. This method complements the
Cio G 4 by ? ¢ "’ description of the reactivity already provided by the frontier
’ } | I orbital and the atoms in molecules theories. The use of the ELF
AN /07\ /‘35 RN /C“\C /C"\C /C’ function emphasizes the importa_npe of the local Pauli repulsion
Cs Ce Crz 10 8 as a token of local electronegativity.
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