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Abstract—An additivity scheme of electronegativities of univalent substituents has been proposed on the
basis on the Van Vleck orbital model of valence states of atoms. The electronegativity of any organic or
heteroelement-containing substituent can be calculated from the orbital electronegativities and hardnesses
of atoms constituting that substituent. The proposed additivity scheme is the most consistent among those
currently available for calculation of orbital electronegativities of univalent substituents. The scheme was
substantiated with the aid of quantum-chemical scale of group electronegativities.

In 1916, Lewis [1] advanced an idea that the elecEN scales should coincide with an accuracy of linear
tron pair connecting two dissimilar atoms is attractedcaling, i.e., they should differ only in theero points
to one of these more strongly. According to Lewis, inand units of measurements. Otherwise, one cannot
the general case, a covalent bond has partially ioniassure that these scales refer to the same quantity.
character due to displacement of the bonding electrons () Ejectronegativity is a formal parameter which
to one of the atoms. Further development of thisas no physical sense but can be used in correlation
concept led to the introduction of the teratectro- analysis of physical properties and reactivity of
negativity (EN) as a valence state parameter charaGarigys classes of organic and heteroelement-contain-
terizing the ability of an atom to attract the bondinging compounds. Then, each EN scale should have its
electron pair. It was postulate_d that ionic qharacte6wn scope of application, but we ought to deal (and
of a covalent bond is determined by the differencgqy)ly " deal) with 20 to 30 different EN values for
in the atom ENSs. o ~ the same atom or substituent.

At present, the term electronegativity also applies It should be emphasized that the second concept

to univalent polyatomic substituents and is widely redominates: most of the proposed schemes were

used in organic and organometallic chemistry. | . L ,
particular, atom and group ENs have found wide eveloped with the goal of obtaining correlation

application not only in correlation analysis of reactiy- €duations or formal calculation procedures for various

- - L7 . _applications. An example is our inductive EN scale
ity of various compounds but also in mterpretatlondeveloped in [24]. Obviously, the atom and group

and prediction of their structure and physical pro- Ns obtained therei ¢ I " hich
perties. However, quantitative data on ENs of organi¢ > OPtaln€d erein are formal parameters which can
used for both calculating the substituent inductive

and especially heteroelement-containing compoun A
are very few in number and unreliable; most of theconstants and establishing the structure of organo-

proposed EN scales poorly correlate with each othePhosphorus compounds on the basis of NMR data [5].
The reason is that the known methods for calculation However, the first answer to the above question
of EN are based, as a rule, on unproved assumptioseems to be much more attractive from the theoretical
and that they make use of laborious calculation procepoint of view. Therefore, in the present work we tried
dures. Therefore, an important problem is analysis an@ trace the evolution of the electronegativity term
understanding of the available approaches rather thash the basis of the Van Vleck orbital model of valence
development of new EN systems. states. It can be regarded as a connecting link between

First of all, a question should be raised: Howthe phenomenological theory of covalent structures
should the term electronegativity be treated. There ar@nd quantum-chemical approaches. The main task of
two possible answers: our study was to elucidate physical sense of electro-

(1) Electronegativity is a physical quantity which negativity and analyze calculation procedures pro-
can be calculated directly by quantum-chemicaposed in the literature for determination of orbital ENs
methods (at least, in principle). In this case differenbf atoms and univalent substituents.
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614 ZUEVA et al.

Orbital electronegativities of atoms. One of the of an ordinary covalent bond can be expanded into
first problems of the electronic valence theory washe covalent and ionic constituents. By analyzing the
development of a phenomenological theory of Lewis energies of atomization of rigid molecules in the gas
Langmuir ideal covalent structures and establishmemthase he found that the covalent contribution resulting
of empirical relations between the length and energfrom interference of coupled electrons can be given
of covalent bond, on the one hand, and valence stat®yy the sum of atomic incremenB, andDg and that
parameters of the atoms involved therein, on théhe ionic contribution resulting from charge transfer
other. The energy of formation of an ideal covalents proportional to the squared difference of the atom
structure,AE, consists of the energy of promotion of ENs x, and yg.
atoms into valence stat\E(A), and the energy of
covalent bonds between therd(AB): D(AB) = (Dp + Dg) - b(xa - %p)* (1)

_ atoms bonds Summarizing the above stated, let us stress out two
AE = ZAE(A) + X D(AB). important points which must be kept in mind while

This equation does not take into account mutuafOnsidering physical interpretation of EN of atoms
influence of atoms that are not linked directly. This@nd discussing empirical methods for estimation of

influence is finally reduced to interactions betweerEN: First, EN is an atomic parameter which was

bonds and unshared electron pairs (UEP) and is Coﬂﬂ_troduced to describe ionic character of bonds in

iofdeal covalent structuresrepresented by chemical
theory. In terms of the given (zero) approximation, thestructural formulas. Therefore, while —developing

length and energy of a covalent bond depend only offMPirical scales of EN of atoms it is necessary to use
hysical quantities intrinsic to ideal structures rather

the valence states of the atoms, and these parametﬁ1 | I | h ties inevitabl
remain the same for all molecules having such two!'@N réal moiecuies wnose properies inevitably

atom fragment. depend on spatial, inductive, and resonance interac-

A irical relation betweeB(AB) and val tions. In this respect, the Pauling thermochemical
t tn emplrlc? rea:clo:l evfe é B) an &’adenc‘ii scale limited to valence states of atoms with equiv-
State parameters of aloms A and b was deduced Qifant single bonds is the unique one, for it involves
Pauling [1] who leaned upon speculative mathematical :

o-called average bond energies

constructs of the valence scheme procedure. Further
on, these were replaced by more illustrative orbital 1
models of covalent bonds. Therefore, we state here E(MX) = D(MX) + — AE(M) + AE(X)
intuitive Pauling’s ideas in terms of the qualitative v
theory of molecular orbitals, which underlies modern _ _
structural chemistry. According to Pauling, valencdY i the valence of atom M), which can be estimated

state of an atom is characterized by a set of orientedo™ the energies of atomization of isovalence-sub-
hybridized atomic orbitals (AO) which determine Stituted molecules M, ;. In this scale the unit
standard geometric bond configuration of a giverPf measurement will further be referred to taermo-
atom in various molecules. The hybrid AOs arephemlcal unlt(TU)._Second, Pauling’s atomic EN is
occupied by unshared electron pairs of that atom an} €SSence an orbital or (more exactly) one-electron
electrons of bonds with the rgdiboring atoms. guantity charactenzmg the aplllty of a given single-
A covalent bond is described by localized molecula€!€ctron state to increase its population on bond
orbital consisting of singly occupied hybrid AOs of formation. Thls intuitive reasoning led Hinze and
the atoms bound. Coupling of bond electrons igl@ffe [6] to introduce the terrarbital EN of an atom
accompanied by interference of electronic waves an§ne same authors defined Pauling’s atomic EN using
charge transfer to the atom with greater EN. Charg&'e following formal mathematical expression:
transfer is responsible for ionic character of a bond,
which is characterized by the difference in the popula- o _(Ej @
tion of AOs of the linked atoms. It should be 4 ann =1
emphasized that ionic character of a bond is not
equi\_/alent to its polarity. The Iatt_er is characterized Here, E is the energy of valence state of an atom,
by dipole moment of the bond, which depends on thendn, is the occupation number of thth hybrid AO
shape and size of hybrid AOs of the linked atoms.  occupied by bond electron. By definition (2), the
On the basis of the above qualitative patten ofjuantity x; characterizes the rate of decrease in the
electron coupling, Pauling presumed that the energgnergy of valence state of an atom at an infinitely
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small increase oh; relative to unity. Clealrly, it is coupled electrons inside a molecule are indistinguish-
guite possible to choose such a quantity as a measuasble: each bond electron behaves as a half of electron
of the ability of an atom to attract bond electrons. pair possessing a zero spin.

From the physical point of view, Eqg. (2) is a formal (2) Van Vleck’'s hybrid AOs are orthogonal in
mathematical rule which makes it possible to obtairpairs, and they reproduce standard geometric con-
a quantum-chemical expression fqr. For this figuration of bonds formed by an atom in various
purpose, it is necessary to skt as a function of molecules.

occupation number of hybrid AOs and differentiate et ¢ (r) be hybrid orbitals describing standard
the resulting expression with respect | Hence geometric configuration of bonds of a given atom.

we should specify qualitative description of valencea relation is set between each electron of an atom and
state of an atom in terms of hybrid AOs and introduceyne-electron density matrix of the following form:

the corresponding one- and two-species electron

density functions. These points are considered belowy(r)o* (r)o(s s), o(s;S) = 0% (e’ (S) + of B(YP*(S).

in the framework of the orbital model of valence

states proposed by Van Vleck [7]. The electron spin is determined by the weight
Valence state represents the electronic state ekctor

an atom in various molecules. It is a fundamental and

simultaneously most speculative term in chemistry.

According to the classical theory of molecular struc-

ture, valence state of an atom is characterized b‘ﬂ‘/

a graphical descriptor indicating its formal integer

charge and bond multiplicities. By definition, the (1/2,1/2) unsaturated valence

valence state is transferrableg., it does not depend W =

on the environment of atom in the molecule. This

property allows us to consider atoms to be primary _ S

structural elements of molecules and treat covalent The overall one-electron density matrix is given

w o= WEwWh), we o+ wh o=

hich is set according to the following rules:

(1,0) or (0,1) electron of unshared pair

bond as a relation between these elements. by the sum
Van Vleck’s model is the first (and still the only) N
that specifies the above speculative views. Van 7106X) = Zne(n) e (r)o(ss),
i=1

Vleck's valence state characterized by a formal
integer charge of atom and multiplicities of its bonds , ,
is rggarded gas a mixed state ofpa free atomiopr, Where N is the number of electrons, am is the
which is described with the aid of one- and two-°occupation number of one-électron state, which is
electron density matrices, by analogy with quantum&dual (by definition) to unity.
mechanical states of open systems. Van Vleck valence Two-electron density matrix is built up as the sum
state density matrices are built up according to th€f pair contributions in the independent species
graphical state descriptor in the independent speci@pproximation which takes into account only spin
approximation. We have formulated general rules fogorrelation between species, postulated by the Pauli
construction of one- and two-species density matriceBrinciple.
and deduced a generalized formula for the energy 1N
of Van Vleck’s valence state. The algorithm is based T2 (X X XiX5) = Z T niny Gy (Xq X3 X X5);
on the following postulatés f=1j=i+

(1) Each valence stroke of a descriptor denotes

an electron of a bond. An electron of a bond, which is Gjj (X1 %2, X1 X2)

also calledunsaturated valence of an atpraccupies = @ (r) @ (1) @ (ry) o (r5) o (Sy; )i (S5;59)
a hybrid atomic orbital and exists in a mixed spin . . J , , . ,
state where both values of the spin projection are  — @i(F)®;(r2) @i (r2) ¢ (11) 5i (Sy; ) 0 (S 8)-

equally probable. The latter condition means that
The average energy of Van Vleck’s valence state

* _ is determined by the formula
The termvalence statedoes not follow from the first
principles of quantum mechanics; therefore, any quantum- N _ . N-1N o o
mechanical model of valence state is based on specific E =_Zlni<| |hli>+Z Zn, n; [<ij lij> - (w;, wy) <ji |ij>];
i= j=

i=1

speculative postulates. o ©))

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 38 No. 5 2002



616 ZUEVA et al.

(wiw) = wowe + whwd, (3a) a bond. This principle was proposed in [10] for cal-
culation of orbital ENs of univalent substituents.
<i|h|i> = f(Pi* (Nhei(r)or; (3b) Numerical values of orbital ENs are usually obtain-
L ed by the empirical procedure based on the Mulliken
. . . uadratic interpolation formula:
ilii> = [of (6 1) — @D oryory P
12 (3c) @ Ai(1)
I, v vV
1 nx T 7
<iilii> = [of (D} (1) — @) ey (1) ory 07
12 (3d)  where I and A are the ionization potential and

L. _ _._electron affinity corresponding to Van Vleck’s orbital
Here, <|h|i> are one-electron integrals describing

of ith electron. The quantities included in Eqg. (7)

the kinetic energy of electrons and the energy of theifgfer 1o vertical processes, and they can be estimated
attraction to the nucleus, andjj> and i |ij> are

the Conlomb. and o . s 1 I from atomic electron excitation spectra [6, 11]. The

_ te OtL_‘ omb an et)'(c Iangle Ir};l‘?gr?sthor t‘"t’o'etecm?['gpectroscopic scale of orbital ENs, developed on the
Interaction, - respectively. In ne further treatmeénty,a i of interpolation formula (7), is usually called

Eq. (3) will be referred to as Van Vleck's formula, Mulliken’s scale

though we were the first to represent it in such . .
a gegneral form. P It should be emphasized that Mulliken’s formula

(6) does not define orbital EN, as it is often believed.
In fact, it is merely an interpolation formula derived
Yrom the complete data sample in keeping with the
general quadratic interpolation rules. Had we used
oE a more rough linear interpolation, two strongly dif-

( jni =1

Let us introduce Van Vleck's orbital chemical
potentials (CP) of an atom, which are defined b
formal derivatives like (4):

o= =1, 2., v 4) ferent estimatesy, ~ I® and 3, ~ AY) would be

i,v

obtained. The abovédefinitions’ of orbital EN of
an atom were also discussed in [12].

on;

Here,E is Van Vleck’s energy of an atonv, is its . . :
valence, andn, is the occupafion number of one- Orbital electronegativities of substituents. Van

electron states (or hybrid AOs) occupied by bond”/!€ck’s valence state model can readily be extended
electrons. Differentiation of Eq. (3) with respect to!© Univalent substituents where the unsaturated
n gives quantum-mechanical expression (5) for th&/@lence occupies hybrid orbital of the central atom.

quantity p: The orbital EN of a substituent is determined by the
' formula
N
w = <i[h[i> + Tnf<ilij> - (w;,w)<ii[ii>]. (5) [ 2E] .
j#i = _ ; = B — ,
71,6 1.6 M1,6 Lon in =1 (6)

It follows from Eq. (5) that the orbital CP is the
average energy of bond electron in Van Vleck’s atomyhere u,  is the orbital CP characteristic of group

and that the orbital EN [6] valence state. The quantity, ¢ is the average energy
of unsaturated valence of substituent, which depends
%= H (6)  on its composition and structure.

. . , The definition ofy, s allows it to be estimated by
coincides with the absolute value of this energy. Tq o LG :
our knowledge, we were the first to obtain Eg. (S)nonemplrlcal mdtods of quantum chemistry [13].

which determines Van Vleck’s orbital EN of an atom Nevertheless, approximate procedures for calculation

in the explicit form, though many authors [8, 9] statedOf orbital ENs of substltue_nts are usually usfed, 'WhICh
that in the physical sense EN is an equivalent oft'® based on.the following tvvo.assumptlons.

the average energy of an electron. The tevfan (1) The orbital EN of a substituent may be re-
Vleck’s orbital chemical potentiahas not been used Presented by the equation

previously, though the close relation between orbital
CP and orbital EN, which is expressed by Eq. (6),
underlies the principle of leveling of orbital CPs of

bonds of M

%,6 = Yam t %AXk(M_X),
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wherey; \, is the orbital EN of the central atom, and  The coefficients in this series, orbital CRg), and
Ax(M—X) are small perturbations of the quantity orbital hardnesses,, \,, are parameters characterizing
x1,m resulting from polarization of bonds between thevalence state of the central atom for which all occupa-
central atom and neighboring atoms. Polarization ofion numbers are equal to unity. Empirical values
each M-X bond is characterized by populations ofof these parameters are selected in such a way that
hybride AOs involved in the formation of that bond. Eq. (7) would reproduce vertical ionization potentials
(2) Populations of AOs that constitute a bond carand Van Vleck’s electron affinity of the M atom,
be determined according to the principle of orbital CPestimated in [6, 11] from spectral data. In particular,
leveling. spectroscopic values qf, and n, (eV) for valence
In other words, the first of these assumptionsStates with equivalent single bonds are calculated by
suggests that influence of bonds on the unsaturatdfe following formulas:
valence of a substituent is transmitted through the
overlap areas of hybrid AOs of the central atom. 1+ A(vl)_ 1 - A(vl)_
Therefore, the substituent valence state energy in W= - =
Eq. (6) may be replaced by the energy of electron
motion in the vicinity of nucleus M. It is also assumed 1@ _ o (@
that this energy (denoted &,) can be expanded into Ny = -~ v (8)
a power series with respect to occupation numbers 2
of valence orbitals, which are determined in terms
of the principle of orbital CP leveling. Now, we make use of the first postulate to deter-
Unfortunately, the calculation schemes availablénine the orbital EN by the equation
from the literature are fairly cumbersome and un-
reliable since they utilize either simplified expressions bonds of M
for orbital CPs [10] or semiempirical expression for %6 = Yam t §2n1k,|v|(1 = Mw)
Ev" [14, 15], which is not quite consistent in terms

of Van Vleck's valence state model. Analysis Of\yhich is obtained by differentiation of interpolation
the above approaches led us to introduce the ter@ 5 (7) with respect to occupation number of the
Van Vleck's orbital hardnes®f an atom, and We iia) corresponding to unsaturated valence of the
developed an analytical additive scheme of thepgtityent. Herepy, , is the nondiagonal orbital
quantity x, ¢ [16]. Here, we give very briefly the o ynesq of the central atom, which characterize the
main point of the developed approach and focuse OBttact of ionicity of kth bond ony, y;; andn, , is the

discussion of the Lesqlts.h |  th I orbital population of théth bond of the M atom.
Let us assume that is the valence of the centra The polulations of atomic orbitals of bonds in

atom In a SUbSt'tu?nt' Expansion of the enefgy a substituent can be determined using the principle of
into multiple Taylor's series with respect to OCculoa'leveling of orbital CPs of a bond. According to this

tion numbers of bond AOs gives expression*(7). principle, an M-X bond is characterized by two
orbital CPs, (9a) and (9b), which become leveled

E-E = éuk vy = 1) upon synchronous polarization of bonds of the M and
k =™ ’ X atoms.
* Zgm (v — Dym — 1) ) 5E
T 2 m( = My w)
_[aE]_ _1[ PE ] kM
MM = Lon  dor WM = 5 LG oy 10 bonds of M _
’ ' " (7a) = X2 m(L - Ny w); (9a)
I#k
I the case of integer occupation numbers this expression OE
is not reduced to Van Vleck's formula (2) written with P Mx = 7T = Hx — 2Mex(L = ngx)
account taken of the assumptions made in [14, 15]; also, it o x
does not reproduce Van Vleck’s energies of atoms estimated
w16, 11, S e (= ). (9b)
Here, E, is Van Vleck's energy of the M atom. mek KmX m X
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618 ZUEVA et al.

By equalizing expressions (9a) and (9b) for each Our additive formulas are interpreted very readily
bond of a substituent under the constramt,, + in terms of the Ingold electron shift theory [17].
N, x = 2, we arrive at a system of algebraic equationget us consider it as applied to methoxy group as
which can be solved in terms of the perturbationan example. In the ideal covalent structure approxima-
theory with an accuracy of up to members of firsttion polarization of the €O bond is proportional
order of smallness inclusivelyAs a result, we obtain to the difference in ENs of oxygen and carbon atoms
additive expression (10), which relates orbital EN ofand inversely proportional to the doubled sum of their
a substituent to valence state parameters of its atomsgiagonal hardnesses:

bonds of M

Y6 = am %[Axk + AAyem + AAy xl (1 - nep 9O = E (o = %) .
(10) ' 2 (M11,c * M11,0
M1k, M . . .
Ay = —————(x — %m)s  (10a) This charge determines the correctian, to x; c.
kM + Mk X The next approximation takes into account inductive
bonds of influence of geminal bonds on charge transfer along
Adyy gy = —%- Tk MK, M the C-O bond. Polarization of the €H bond induces
' (MmN (Mime + i x) additional charge transfer along the-O bond, thus
increasing its ionicity.
x Gux — 1w (10b) g y
_bonds of X M1k M Mkm X (1 ' C)(l) - _E an,C(XH - XC)
AlTx = _Zk + + co. 2 (Mygct Mo ct Ny
m (Mg + M) Mmmx + Mmmy) 11,¢™ Mig,0Mla,c™ Mg,
X Umy = mx)- (10c) The inductive effect of geminal bonds of the central

: L , atom is described by the correctionsAy, . Like-
Equations (10) reflect the additivity gf; g, which yvise, polarization of the ©H bond induces the

is postulated by the classical structural theory o
organic compounds. As follows from these equations{,evers‘e charge transfer along the-Q bond toward

perturbation ofy, , by M—X bond consists of three
terms. The greatest contributiody,, corresponds
to the ideal covalent structure approximation and(1 e QW = -
depends only upon valence states of thended <o,
atoms. The quantitiea Ay, \, and AAy, x are small
additive corrections ta\y,, which take into account
the effect of neighboring bonds of M and X on charge
transfer along the MX bond. Neglecting these cor-
rections leads to simple additive formula (11):

he carbon atom.

1 N12,00H — %o)
2 (M11,c* N11,0M11,0F N1z, W

Such effects are included iAAy, .

Analytical formulas (10) make it possible to cal-
culate EN of any univalent substituent provided that
spectroscopic ENs and hardnesses of its atoms are
bondsofM M1, M known. Using Eq. (8) and the data of [6, 10, 11, 18],
1,6 = am T ' Gl x = %, M) we estimated spectroscopic valuesy@f, ny; 4 and
(11) N1z A (€V) for some elements (Table 1). The values

of %7 o andn3; o were calculated from (Y and ALY
which is equivalent to the graphical calculationtaken from [6, 11], and nondiagonal hardnesses of
scheme given in [10T. atoms Ne’tetete V,), PEppp, Va), and Ote’te’tete

V,) were estimated by Eq. (11) using g (G = NH,,
According to the results of our calculations [16], this ap-PH,, OH) taken from [10]. An analogous estimation

proximation is almost equivalent to precise solution of thegf nondiagonal hardness Sé}()zpp, V,) for the sulfur

system.

: S
** Formula (11) can be obtained by solving the equation systerr?tom gslves an unreaiy; s value of-24.2 eV. There

with respect to populations of atomic orbitals of a substit-fore, ny, swas estimated by formula (8c) USim&) =
uent in the zero approximation, i.e., in the ideal covalent34 2 eV [18]; as a result, we obtaine@z s=5.1eV.

structure approximation. In other words, Eq. (11) is obtaine ..
by taking into consideration only the first two terms qut should be noted that variation OﬁZ,Sfrom —24.2

Egs. (9a) and (9b). to 5.1 eV reduce$(fSH by only 0.1 t.u. Thereason

k MmN x

*
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is that spectroscopic ENs of the S and H atomsTable 1. Spectroscopic orbital electronegatigs and
SEp°pp, V,) and HE, V,) differ by only 0.2 eV. hardnesses of atoms

Hence %7 g4 almost coincides withy? . . .
It is important that Van Vleck’s orbital EN of A1,A NiL,A | M12,A
an atom strongly depends on teerder of the bond ~ Atom (A)
electron orbital. The hybridization of AO is defined ev tu. ev
unambiguously only for univalent atoms, such as
H(s, Vy), F&p%p%p, V,), CI($p%p®p, V,), and valence H(s V) r2 | 2121l 64 1 00
states like Btrtr, V;), C(teteteteV,), and Sifetetete  B(rr.Va) 63 | 17 (20
V,) with a trigonal or tetrahedral bond configuration. C(teteteteVy) 80 | 24 (25 | 66 | 25
These valence states of elements were used to defifdteteteteV,) 7.3 2.1 (1.8)
scaling transformation (12): F(szpzpzp,vl) 12.2 4.1 (4.0) 8.7 0.0
CI(s’p?p?p, Vv 9.4 | 3.0 (3.0 56 | 0.0
Stu) = 2.1 + 043V) - 7.2, (12) Briszzzzzz,vﬂ 84 | 26 EZ.S; 47 | 00
which converts spectroscopic ENs of atoms and sutN(t€’teteteVy) 115 | 3.8 (3.0) | 74 | 40
stituents from eV to t.u. The data in Table 1 show thaP&*opp Va) 61 | 17 (21) | 47 | 50
spectroscopic ENs of K( V,), F(sp%p%p, V,), Ofelte?teteV,) | 152 | 53 (35) | 9.1 | 86
CI(S’p°p?p, V), and Cfetetete V,) coincide with the  s&p?pp, ) 74 | 22 @5 | 50 | 5.1
corresponding Pauling values (given in parentheses)

within the error of determination (01lu.). The differ-

ence between the spectroscopic and thermochemic@lence states of their atoms could be described in
ENs of tervalent boron and quadrivalent silicon isterms of Van Vleck’s model. This also applies to
0.3 t.u.Valence states of the N(lll), P(Il), O(ll), and “normal’ valence states of nontransition elements and
S(I) atoms should be drawn using hybrid orbitalsaimost all valence states of transition metals. Excep-
with a partial s-character, which reproduce standardions are so-called hypervalent states of nontransition
geometric bond configuration of the atom in its com-elements belonging to the 3rd and 4th Period (e.g.,
pounds. There are no published data on ionizatiouinquevalent phosphorus in Pand sexivalent sulfur
potentials and electron affinities of such valencgnp Sk).™

states. Therefore, Table 1 contains spectroscopic Table 2 contains orbital ENs of substituents, cal-
parameters of the Niftetete Vy) and Ofete’tete V) ¢ ateq by Egs. (11) and (10) (the latter takes into
states with overestimatesiorder of bond orbitals and account mutual effect of geminal bonds), and also the

2 ; ) X
19rfo :Tt:enzsi]@%?id\i/;é (;an(;ir b?tgzl 2.p2\’s\/§3< S(tai'f[isd bgg’;gtl?osgorrespongmg values taken f;om [10,815]. Mulliken’s
copic ENs of N{eftetete V;) and Ofe’te’tete \V,) are  Values ofx; ¢ calculated fro”ukhA andny  (Table 1)
much greater than thermochemical ENs of N(Ill) andVeT€ converted to thermochemical units through
o(ll), for increase of thes-character of the bond EU: (12) which interrelates Mulliken’s and Pauling’s

electron orbital leads to sharp increase of Van Vieck'$Cales. It can be seen that orbital EN of a substituent

orbital EN* The same factor is responsible for the'S;détermined mainly by EN of the central atom (cf.

; t.u., in Table 1); additive corrections in formulas
reduced spectroscopic ENs of {pp, V,) and %X1,a bU- ; : . o
SEp%pp, V,) relative to the corresponding. thermo- (11) and (10) give an appreciable contributionyiog
chemical values. According to our assessmertte only for substituents whose atoms are characterized by

difference between spectroscopic and thermochemic k:s much exceeding that of the central atom. Group
ENs of the N, P, O, and S atoms should be negligiblE NS calculated by formula (11) almost coincide with
provided that hybrid orbitals reproducing standard0S€ obtained in [10] by the graphical method. Smal
bond configuration are used. deviations (0.03_ to 0.07 t.u.)' are likely to resul_t from
roundoff errors in the graphical procedure which are

; 2 : evitable in such calculations. These errors attain
organic and heteroelement-containing substituents |

*%

In terms of Van Vleck’s model, description of such valence
In particular, EN of tervalent nitrogen increases from 2.2 t.u.  states requires electron excitation to high-lying vacant

*

for p orbitals to 3.8 tu. forsp-hybridized orbitals. Even d orbitals. Thermochemical estimates suggest that in these
stronger effect is observed for bivalent oxygen: Its EN varies cases the promotion energy cannot be equalized by the
from 3.1 to 5.3 t.u. energy of covalent bonds.
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Table 2. Spectroscopic electronegativities of substituentsatom, which originates from polarization of its bonds

756 7 ¢  |Published data
. Eq. Eq. | Eq. | Eq.
Substituent a1 | o) | 1) | o) [10] [15]
eV t.u.
CH, 754 | 7.72| 224 231| 230 | 2.32
CH,F 8.38 | 8.22| 257|251 | 261 | 255
CHF, 9.22 | 8.78| 291 2.73| 2.94
CFK; 10.06 | 9.39| 3.24| 298| 3.29 | 3.10
CH,CI 7.98 | 799 2.41| 2.42| 2.47
CHCI, 8.42 | 826|259 252 | 2.63
CCly 8.86 | 851|276 2.62| 2.79
CH,Br 7.78 | 7.87| 2.33| 2.37| 2.40
CHBr, 8.02 | 8.02| 243 | 243 | 2.49
CBrg 8.27 | 8.15| 2,53 | 2.48| 2.57
CH,CH, 7.69 | 7.72| 2.30| 2.31 2.35
CHFCH,; 8.53 | 8.24| 2.63| 2.52
CHCICH; | 8.13 | 8.00 | 2.47 | 2.42
CHBrCH; | 7.93 | 7.88| 2.39| 2.37
CH(CHg), | 7.85 | 7.73| 2.36 | 2.31 2.38
C(CHy), 8.00 | 7.74 | 2.42 | 2.32 2.41
CH,OH 8.84 | 780 2.76 | 2.34 2.50
CH,OCH; | 8.84 | 7.88| 2.76 | 2.37
CH,SH 756 | 7.72| 2.24 | 2.31
CH,SCH; | 7.56 | 7.79 | 2.24 | 2.34
CH,NH, 8.32 | 7.75| 255 2.32 2.42
NH, 9.01 | 9.73| 282|311 282 | 3.15
NHCH;g 9.25 | 9.77| 292 | 3.13 3.19
N(CHg), 9.50 | 9.81| 3.02| 3.14 3.24
PH, 7.09 | 6.64| 2.06| 1.88| 2.06
PHCH; 7.44 | 6.63| 2.20 | 1.87
OH 10.76 |10.76| 3.52| 3.52| 3.53 | 3.97
OCH;g 11.26 |11.00| 3.72| 3.62 4.03
SH 731 | 731 214| 214| 235 | 242
SCH; 7.66 | 7.46| 2.28 | 2.20 2.46

in the ideal covalent structure approximation. Insofar
as bond incrementay, depend only on the valence
states of the linked atoms, they remain the same in
isovalence-substituted molecules. Perturbations arising
from mutual influence of geminal bonds are taken into
account by the next approximation of the chemical
perturbation theory, given by Eq. (10). The nontrans-
ferrable perturbations were also considered in [14, 15].
However, the authors did not made attempts to obtain
an analytical additive scheme of group ENs. Numeric-
al values ofy, g were determined by direct solution
of algebraic equation system derived on the basis of
the principle of orbital CPs leveling for each bond
of a substituent.

Proceeding to analysis of geminal contributions to
X1, It should be noted that in the calculation of
group ENs [15] the following array of atomic ENs
[14] was used: Hf, V;) 2.1, Ctetetete V,) 2.5,
F(Sp°p%p, V,) 4.0, Ntetetete Vy) 3.4, OEp%pp, V,)

3.2, SEp’pp, V,) 2.5. These values differ from both
spectroscopic (Table 1) and Pauling’s thermochemical
ENs. Orbital ENs of the oxygen atom used in our
calculations and in those performed in [15] differ so
strongly that comparison of the results for oxygen-
containing substituents makes no sense. The reason
is that Mullay [15] used ENs of the orbital of
O(s?p’pp, Vo) while we, as well as Hinzet al. [10],
utilized the data for the valence statet@ie’tete V.)

with tetrahedral hybrid orbitals. However, neither the
former nor the latter choice of the valence state is
correct. In terms of the spectroscopic model of atom
valence states, according to which Van Vleck’'s atom
is regarded as a mixed state of free atom and param-
eters of this state (orbital ENs and hardnesses) are
estimated from spectral data using quadratic interpola-
tion formula, the state of bivalent oxygen atom should
be built up from hybrid orbitals having a partial

s order and reproducing the standard geometric
configuration of bonds formed by oxygen in its com-

a maximum (0.2 t.u.) for; ¢ As noted above, the pounds. Our data suggest that EN of such state should

quantity x; sy Is especially sensitive to such errorscoincide with or at least be very similar to Pauling’s

because of similarity in spectroscopic ENs_of sulfu
and hydrogen atoms. Therefore, the valuqﬁfSH in

thermochemical EN. However, this is the case for

neither Ote’te’tete V,) nor OEp°pp, V,). The same

[10] is slightly overestimated. The perfect coincidencedlso applies to the nitrogen atom and, to a lesser

of the analytical and graphical valuesx.ﬁ

c for NH,,

extent, to phosphorus and sulfur.

PH,, and OH groups is explained by the fact that the Comparison of group ENs calculated by Egs. (11)
nondiagonal hardness of nitrogen, phosphorus, arghd (10) (Table 2) shows that corrections for geminal
oxygen was estimated by us via reverse calculatiointeractions are as a rule much smaller that transfer-
with the aid of Eq. (11) using the corresponding grouprable polarization contributions tq, e However,

ENs from

[10].

for substituents with a large number of geminal bond

Formula (11) takes into account only the transferpairs the contribution of nontransferrable perturbation
rable part of perturbation of orbital EN of the centralmay be as large as0.2 t.u., i.e., it cannot be
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neglected. Here, we do not consider oxy%en-containTable 3. Quantum-chemical electronegativities of sub-
ing groups since spectroscopic EN of t&e’tete  stituents (eV)
V,) is strongly overestimated, as compared to ENs of

the other atoms, so that a considerable reestimatiorSubstit- | oca || Substit- oca | Substit-| oca
of perturbations is necessary. uent | *L.G uent | “LG || yent | %16
The difference between thg, s values calculated
by Eq. (10) and those given in [15] does not excee®Hs 5.20 |CHCICH; | 4.65 |COCI | 5.69
~0.15 t.u. provided that the data for oxygen-containCH,F 5.18 |ICHBrCH; | 4.67 |COH | 5.77
ing groups are excluded. The only exceptions are SRHF 5.44 ||CH,OH 4.24 |CCH 8.36
groups, but in this case the discrepancie8.g t.u.) CHCI 5.06 |CH,OCH; | 4.11 ||ICN 8.84
result mainly from the difference in ENs for&p?pp, CHCl, 5.20 ||CH,SH 4.26 |NH, 6.21
V,). Thus Eq. (10) and the scheme proposed in [15}H:Br 5.05 |ICH,SCH; | 4.02 INHCH3 | 5.20
give similar results when spectroscopic ENs do notHBr 5.18 |CH,NH, 3.50 (OCH; | 6.84
differ strongly from atomic ENs [15]. CHCH3 | 4.49 |CHCH, 5.24 |SCH; | 5.88
We believe that the additive scheme proposed bgHFC"b 4.68 | CHO 4.55

?osr Iiatlgﬁlamgit (():fO g?llasi:c[gIntE?\ln;nggstggsﬁ'ﬂgx?s S%hcsvmgsem”p ENs calculated by Eq. (13) in terms of HRCSD
.. : method using 6-311++@(p) basis set and geometric param-

ever, before bringing the developed approach t0 giers of substituent G in molecule HG.

practical application, it is necessary to substantiate

speculative assumptions forming its basis. For thigorresponding to standard geometry of a substituent
purpose, we tried to take advantage of nonempiricah compounds containing it.

quantum-chemical methods. Generally speaking, the choice of the calculation
Nonempirical scale of orbital electronegativities scheme is ambiguous: The only necessary condition
of substituents. Variation procedures of molecular is the use of an extended basis set including diffuse
quantum mechanics are designed for studying stdunctions for proper description of anionic systems.
tionary states of atoms, molecules, or radical specie®n the basis of the results of test calculations of alkyl
primarily in the ground electron state. The applic-and haloalkyl groups we selected the coupled cluster
ability of variation procedures to such imaginaryprocedure CCSD/6-311++@f) with account taken
molecular systems as substituents requires specigi one- and two-electron excitations in optimized
discussion, for the fact that valence state of an atom qjeometric configuration of nuclei, which reproduces
substituent should fit some variation principle followsthe geometry of substituent in its hydrogen compound
from nowhere. At present level of theory developmen{19]. Using the above procedure we calculated orbital
we can rest only upon Van Vleck’s orbital model of ENs of 26 organic and heteroelement-containing
valence states. In the framework of this model, thgubstituents (Table 3).
application of quantum-chemical methods for calcula- gy ever, the results of quantum-chemical calcula-
tion of group ENs of univalent substituents is justified(ons still do not give nonempirical scale of orbital
if their ground electronic state is described DYEng of substituents. In order to built up such a scale
a single-determinant wave function allowing localiza-j; g necessary to define a scaling transformation to
tion of molecular orbitals of a closed shell [19]. In ¢onyert quantum-chemical ENs from eV to t.u., since
these cases orbital EN of a valence state is numerigrg |atter units are traditionally regarded as standard
ally equal to the absolute value of electronic CP of thg)nas for measurement of EN. For this purpose the

ground state of a substituent, and it can be calculatetect of orbital compression on Van Vieck’s atomic
by interpolation formula (13): ENs should be estimated.

Remind that the original formulation of Van
(13) Vleck’'s model reflects the concepts specific for 1930s,
2 when interference and polarization were considered
to be the only effects of electron coupling which
Here, E(G") and E(G") are electronic energies of influence the energy of a covalent bond between
cation and anion, respectively, which are calculatedtoms. Detailed analysis of the energy of covalent
by the restricted Hartre&ock (RHF) procedure with bonding shows [20] that the above ideas are generally
and without account taken of electron correlation. Thénaccurate. Interference of coupled electrons induces
calculations are performed for geometric configuratiorcompression of orbitals of the linked atoms; as

EGY) - EG)

X1,6 ®
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Table 4. Recommended spectroscopic values (eV) ofion of the potential energy of coupled electrons in
orbital electronegativities and hardnesses of atoms  the vicinity of nuclei which they link together. There-
fore, Van Vleck’'s hybrid orbitals should reflect

Atom (A) 73 A Y51 A Y52 A compression of the electron shell depending on the
valence state of the atom, and they cannot be regarded
H(s, Vy) 7.2 6.4 0.0 as atomic orbitals in the exact sense.
C(tetetete V,) 8.2 6.6 2.5 The effect of orbital compression is automatically
F(&p%?p, V) 12.0 8.7 0.0 included into qgantum-chemical calculgtions of orbital
CI(sp%2p, Vy) 0.4 5.6 0.0 ENs of substituents, performed with the use of
202020, 9.0 47 0.0 extended basis sets, but it is not taken into account
Br(s’ppp. V1) in spectroscopic ENs of atoms and substituents. With
N(te’tetete Va) 9.4 7.4 4.0 the above in mind, we compared quantum-chemical
PEPpp Va) 7.2 4.7 5.0 ENs of univalent substituents, calculated by the
O(te’te’tete V.) 10.7 9.1 8.6 coupled cIu_ster procedure, wifth those derived from
SEp%pp, Vy) 8.2 5.0 5.1 spectroscopic parameters using formulas (10). In

keeping with our data (Tables 2, 3), the difference
between spectroscopic and quantum-chemical ENs
almost does not change in the series of substituents
Table 5. Orbital electronegativities (t.u.) of substituents \ith the same central atom. This means that it is

determined mainly by the nature and valence state
Substituent 7 ¢ | x2% ||Substituent 77 & | x2&  of the central atom rather than by its environment in

the group. For example, this difference is 8.3 eV
CHs 236 | 251 || CH,SH | 238 | 235  in the series of alkyl and haloalkyl substituents. We
CH,F 2.56 | 2.50 || CH,SCH;| 2.42 | 231  presumed that the average value i §i% — 3 g is
CHF, 2.77 | 255 || CHNH, | 237 | 222 determined mainly by orbital compression of the
Ck3 3.00 CHCH, 251  central atom and that it can be used for correction of
CH.CI 2.48 | 2.48 | CHO 2.40  gpectroscopic ENs of elements. Then, approximate
CHCl, 2.58 | 2.51 | COH 260  quantum-chemical EN of quadrivalent carbon is
CCly 2.69 SOCI 259 49 eV. Analogous estimates corrected for orbital
CHoBr 2.46 | 2.48 | CCH 3.05  compression were found for nitrogen (7.5 eV), oxygen
CHBr, 2.54 | 2.50 | CN 313  (11.0 eV), and sulfur atoms (5.7 eV). However,
CBry 2.62 NH; 263 | 268  quantum-chemical data necessary for determination
CH,CHs 237 | 239 || NHCH; | 2.65 | 251  of orbital ENs of the above atoms are very limited;
CHFCH; | 2.56 | 2.42 || N(CHj), | 2.67 therefore, the corresponding estimates are less reliable
CHCICH; | 2.48 | 2.41 || PH, 2.10 than for quadrivalent carbon.
CHBrCH,; | 2.46 | 2.41 ) PHCH 2.09 If electronegativity is a physical quantity defined
CH(CHy), | 2.37 OH 2.73 with an accuracy including the origin and units of
C(CHy)s 2.38 OCHg 283 | 2.79 measurement, any valid scale of orbital ENs of
CH,OH 238 | 234 SH 2.33 elements should be linearly related to Pauling’s
CHOCH; | 2.42 | 2.32 | SCH 240 | 262 thermochemical scale. By correlating the quantum-

chemical estimates of atomic ENs with the corre-
sponding Pauling’s values we obtained scaling trans-
formation (14) which is necessary to convert quantum-
chemical data to thermochemical units:

& Group ENs calculated by Eq. (10) with the use of refined
spectroscopic parameters of valence states from Table 4.

P Group ENs calculated by Eq. (13) in terms of t®@CSD
method using 6-311++@(p) basis set and geometric param-
eters of substituent G in molecule HG.

7 QC(tu) = 2.1 + 0.174°%eV) - 2.8]. (14)

a result, the potential energy of the bonding electron

pair decreases, providing the main contribution to the Correlation of the quantum-chemical scale of

covalent bond energy. This conclusion explains whyrbital ENs of substituents with Mulliken’s scale is

the interference contribution to the bond energy isomplicated, for the available spectroscopic values
additive, so that it may be approximated by the sunof orbital ENs and hardnesses of many elements have
of atomic increments [see formula (1); Pauling’sbeen determined with the aid of improper valence

interference increments originate mainly from reducstate models and are to be refined. Our estimates [19]
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suggest that the error in the calculation of spectro-
scopic ENs of substituents by additive formulas (10)
may be reduced considerably through the use of

thermochemical atomic ENs converted into eV scale 2.

by formula (12). The orbital ENs of elements, ob-
tained in such a way, are given in Table 4. We recom-

mend these values for use in the calculation of groupg.

ENs according to the proposed additive scheme.
Clearly, our recommendations reflect the present state-
of-the-art and will lose validity when orbital ENs and

hardnesses of elements will be determined for correct

Van Vleck’'s valence state models based on orbitals
with intermediate hybridizations.

5.
Table 5 contains corrected spectroscopic and

guantum-chemical ENs of univalent substituents,

expressed in thermochemical units using scaling

transformations (12) and (14), respectively.is seen

that spectroscopic and quantum-chemical values of -

EN for 20 substituents coincide within 0.2 t.u.

A greater error could be expected only for trifluoro- 8.

methyl group since the effect of-~ bonds on orbital

EN of the central atom in the series of fluoromethyl 9.

groups is slightly overestimated in terms of the

principle of orbital CP leveling. 10.

In keeping with our results, the principle of orbital

CP leveling and the additive scheme of group ENg1.

based thereon provide a qualitatively valid physical

pattern of the influence of bond polarization on orbital; 5.

EN of the central atom and reproduce the results of
rigorous nonempirical calculations with a sufficient
accuracy. Therefore, we recommend the develop

approach for wide practical application in the calcula-

tions of orbital ENs of any organic and heteroelement-14

containing substituents.
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