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Abstract: A consistent set of atomic electronegativities of main block and d-block transition elements has
been obtained from the position and value of the molecular electrostatic potential bond critical point of the
C—E bond of a methyl-element-hydride system, H;C—EH,, (E is an elementand n =0, 1, 2, 3, 4, and 5
depending on the position of E in the periodic table). The new scale shows very good agreement with the
popular electronegativity scales such as Pauling, Allen, Allred—Rochow, Mulliken, and Sanderson scales
of electronegativity, especially for the main block elements. The present scale of electronegativity for
transition elements is expected to be more accurate than the previously derived values because of a more
consistent approach. Further, the same approach has led to the evaluation of group electronegativities
when the hydrogens of E are replaced by other substituent groups. These group electronegativity values
are found to correlate well with Inamoto and Mullay scales.

Introduction One can see several different scales of atomic electro-
negativity ) in the literature,~1# which are based on different
criteria and methods of computation. Among the various scales
of atomic electronegativity, the Pauling scabased on thermo-
chemical data is perhaps the most famous. Other than the
Pauling scale, the popular electronegativity scales for atoms are
due to Allred-Rochow (based on the electrostatic force of
attraction between the nucleus and the valence electrons);Allen
(based on the average one-electron energy of the valence shell
electrons in the ground-state free atoms), Mullfkétefinesy

as the average value of the electron affinity and ionization
potential of the atom), Sanders8ifa modification of Pauling
scale), and Gordy’s electrostatic potential scale of electro-
negativity'2 In density functional theor} electronegativity

is identified as the negative of the chemical poterifialhe
applicability of this definition to atoms and diatomic and
polyatomic molecules has been explored in the recent litera-
turel’

Though there are several different scales of electronegativity,
good linear correlations between any two scales can be found
only for the main group elements. In fact, there is no conclusive
work regarding the electronegativity of transition elements
(TEs). Even a precisely defined experimental way to obtain this

A quantitative knowledge on the electronic effect of an atom
or a substituent group on a molecular system is extremely useful
to understand the chemical reactivity of that system as well as
to design new molecular systems with desired properties. A
quantity very often used in chemistry in this regard is
electronegativity; 14 which is originally defined by Paulirfg
for atoms as “the power of an atom when in a molecule to attract
electrons to itself”. Extension of this definition to a substituent
group leads to the definition of group electronegativity as the
power of a bonded group of atoms, say “G” to attract electrons
to itself from another atom or another bonded group of atoms.
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unrealistic for TEs. They also noted that a very high precision ated by a molecule can be calculated rigorously from its electron
on the electronegativity value (at least three significant figures) density,p(r), distribution by the equation

is necessary to distinguish 30% of the main group elements and
75% of the TEs. If we include thousands of substituent groups
in the electronegativity scale, the accuracy levey dias to be
even higher.

Group electronegativity has been derived by a number of
methods including both experimental and computational
onest1825 Following Gordy's work!2 on atomic electro-
negativity, Inamoto and co-workéthave calculated the group

electronegativities of more than 150 substituents. Using an nqerstanding molecular reactivity, intermolecular interactions,
empirical equation, which mcorporatesf both hybridization and \s1ecular recognition, and a variety of chemical phenoni&rfa.
charge on atoms, Mulldy proposed a simple way to calculate  From 3 theoretical study of 25 ground-state atoms, Politzer et
the atomic as well as group electronegativity. Marriott et al.’s 5142 have established some relationships between atomic
23 ivity i i . . . . !
work? on group electronegativity is based on the atomic electron hemjcal potentials, electrostatic potentials, and covalent radii.
population on the hydrogen atgm in compounds HX as Rpecently, Wiener et @ have showed that the minimum of the
calculated at the ab initio 6-31G* Hartre€ock level wave  mgacylar electrostatic potential (MESP) along an internuclear
functions. Grgellngs et &f. have u;gd the_ density functional axis provides a more realistic boundary point between two
theory formalism of electronegativity (it is the same as the }),nged atoms than the electronic density minimum. Gadre and
Mulliken formule for electronegativity, viz.y = (I + A)/2, co-workerd’ reported electrostatic-potential-derived radii for
wherel andA are ionization potential and electron affinity of 55 mic ions as well as sizes and shapes of polyatomic anions
the system, respectively) for the calculation of the electro- ., the basis of MESP. Boyd and Mark&isproposed an
negativity of several groups at ab initio level. In a relatively  gjectrostatic model to calculate a nonempirical electronegativity
recent work, Boyd and Boy# have used a bond critical point  scaje for the first 54 elements. According to their model, the
model based on the topological properties of electron density gjectronegativity of an atom is identified with the electrostatic
associated with AH bond (A is an atom or a group) to obtain  ¢4ce petween the effective nuclear charge and an electron at a
atomic as well as group electronegativities. In their method, gistance equal to the relative radius of the atom. There are also

the electronegativity of Ay, in the Pauling unit is defined  goyera| other treatments on electronegati#ity In this paper,
using an empirical equation, vizga = 1.938 4702592 Here,
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Nz ()
O=3 iR W

Ir—r

whereZ, is the charge on nucleus A, locatedRy.2873 It is
also defined as the energy required to bring a unit test positive
charge from infinity to the point.

The use of this quantity in chemistry is widespread for

point to the hydrogen nucleudla is the number of valence ) Cadr
electrons of the atom directly attached to H, aid) is the

electron density at the critical poing andray is the internuclear
distance. This method at HartreEock level provided atomic

electronegativities for main group elements, which agreed well
with the Pauling scale as well as those from nonempirica
electrostatic methot’. However, in group electronegativity, the

values obtained by them were found to be very less sensitive
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we report a new method based on the MESP topography of
substituted methanes for the calculation of atomic and group
electronegativities.

V,, = 0.6094 a.u.

Method

——
0.7662

—
0.7662

In a very recent work® we have showed that the atomic rad®a}
of an element can be obtained from the methyl group substituted
elemental hydrides (MEH systems) of the forgCG+EH, (E is any
main block or d-block transition elements ands O, 1, 2, 3, or 4
depending on the position of E in the periodic table) as thee®ond
distance minus one-half the<C bond distance of ethane. For instance,
for atoms H, Li, Be, B, C, N, O, and F, thes&—EH, systems used  ;5eq which contains 6-34G(d,p) for C and H, and LanL2DZpol
were HC—H, H,C—Li, HsC—BeH, {C—BH,, H:C—NH;, H,C—OH, for the other elemen5! (here, “pol” indicates an extra polarization
and HC—F, respectively. Basically, the idea used in that work was 10 ¢nction). This method is expected to give reliable geometries. Further,
connect an ele.ment.with a methyl group and then saturate its remaining, i ational analysis of all the MEH systems are done to ensure that all
normal valencies with hydrogen atoms. Because both C and E atoms¢ them are minima on the potential-energy surface. Moreover, stability
were saturated, C has no lone pair electrons or no vacant p or d orbitalSyt 5| the closed-shell “wave functions” for the TE systems are checked.

Figure 1. MESP bond critical point\(m) of ethane. The distances are in
A

and C is not a high electronegative atom, there was little chance for
electrons of other atoms to interact with the-E bond electrons. As

a result, the inherent nature of the atomic size of E was retained in
their C—E bond distances. It is expected that a periodic property such

Calculation of molecular electrostatic potential (MESP) is based on
eq 1. Between two bonded atoms, one can always find an axial
minimum (a critical point) in the MESP. Because at this p&il(r) is
zero and the Hessian matrix ®(r) has two negative eigen values,

as electronegativity can also be studied systematically using such ay;q point is called as a (3;71) bond CP (following Badé®) in the

model by monitoring the electronic property of the-E bond. To do
this, we consider the MESP bond critical point (CP) of theECbond

of MEH systems and evaluate the deviation in the position and values
of it with respect to the position of E in the periodic table. The model

MESP topography. For all the MEH systenV, that exists between
C and E of a G-E bond will be located at the DFT level of theories
mentioned in the previous paragraph.

MEH systems used for the main block elements are the same as thatResults and Discussion

used for our previous wofkon atomic radii. For group 3, 4, 5, and 6
transition elements, 2, 3, 4, and 5 methydrogen bonds will be used.
For example, in Sc, Ti, V, and Cr, the corresponding MEH systems
are C—ScH,, HsC—TiH3, HsC—VH,, and HC—CrHs, respectively.

In other words, all these systems afesgistems. It means that all their
outermost electrons are used for bonding (maximum six electrons in
Cr from six outermost orbitals), and therefore they are similar to the
main block MEH systems, particularly the early half. For group 7, 8,
9, 10, and 11, the number of metdlydrogen bonds used in this work

is 4, 3, 2, 1, and 0, respectively. It means that the number of bonds

1. Atomic Electronegativity. (a) Main Block Elements.Let
us first consider the MESP bond CP of ethane (cf. Figure 1). It
is a (3,—1) CP and located exactly at the midpoint of theC
bond. The MESP value at this point suggests that the energy
required to bring a unit test positive charge from infinity to
this point is 0.6094 au. What other chemically meaningful
information can be obtained from this point? Does this point
say anything about the electronegativity of the carbon atom?
The answer to this question is perhaps no because of the

around the metal is equal to the number of unpaired outermost elewonshomogeneous nature of the-C bond. However, if we change

in its atomic state. The other electrons of the metal occupy lone pair
orbitals. This construction can also be compared with the main block
MEH systems. For example ;8—NiH and HsC—Cu can be considered

as similar to HC—OH and HC—F, respectively. In Zn, Cd, and Hg,
the corresponding MEH systems argG+2ZnH, H;C—CdH, HC—
HgH, respectively. It is expected that the—E€ bond will show

one of the CH group by another atom, say in generdt, with
single valency or an atom having all but one valency is satisfied
with other atom or group of atoms, sayEXYZ, the C—E bond

will show aV,, closer to either C or E. This behavior as well as
the value ofV, is expected to change depending on the

comparable behavior whether E is a main block element or a TE becauseelectronegativity of-E or —EXYZ. To further understand this

of the pairing of all outermost electrons of E.
On the basis of the above strategy, the geometry optimization of
closed-shell MEH systems containing elements up to bismuth (except

and to make a systematic approach, first we consider the
substituents directly attached to E to be equal to H.
In Table 1, the values of the€E bond distance, the MESP

Ce to Lu and noble gases) has been done at density functional theoryminimum located along the -€E internuclear axis\(m), the

level using B3LYP function&f in Gaussian 98 set of prograrfis-or
molecules containing elements up to bromine, 8-31(d,p) basis sét

distance oV, from methyl carbond,), the distance o, from
E atom (), and various electronegativity scales for main block

is used in the calculations. For other molecules, a general basis set isl\/IEH systems are depicted. The valuesdafand dy clearly
. 2
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Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Revision A.3;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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indicate that the location o, along the C-E bond changes
considerably depending on the position of E in the periodic table.
According to Wiener et af8 d; is an indicator of the covalent
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R.; Hay, P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadt, W. R.
J. Chem. Phys1985 82, 299. (c) LANL2DZ basis set for fourth-raw (Rb
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Elsevier: New York, 1984.
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Table 1. MESP Minimum (Vi) on the C—E Bond of CH3—EH,, Systems and the Distance of Vi, from Carbon (d1) and E Atom (d,)?

atom dl dZ Vm XA X Pauling X sanderson X Allred—Rochow X Mulliken X Allen

H 0.6954 0.3973 0.8142 3.382 2.20 2.59 2.20 2.25 2.300

Li 0.9856 0.9998 0.1009 0.771 0.98 0.89 0.97 0.97 0.912
Be 0.8351 0.8420 0.4133 1.770 1.57 181 1.47 1.54 1.576
B 0.7726 0.7848 0.5782 2.402 2.04 2.28 2.01 2.04 2.051
C 0.7662 0.7662 0.6094 2.555 2.55 2.75 2.50 2.48 2.544
N 0.7407 0.7241 0.7260 3.117 3.04 3.19 3.07 2.90 3.066
(0] 0.7288 0.6957 0.8068 3.542 3.44 3.65 3.50 3.41 3.610
F 0.7253 0.6739 0.8745 3.938 3.98 4.00 4.10 3.91 4.193
Na 1.0648 1.2461 0.0481 0.934 0.93 0.56 1.01 0.91 0.869
Mg 0.9443 1.1545 0.2347 1.342 131 1.32 1.23 1.37 1.293
Al 0.8741 1.0911 0.3707 1.748 1.61 1.71 1.47 1.83 1.613
Si 0.8385 1.0503 0.4648 2.109 1.90 2.14 1.74 2.28 1.916
P 0.8362 1.0401 0.4947 2.279 2.19 2.52 2.06 2.30 2.253
S 0.8281 1.0089 0.5580 2.620 2.58 2.96 2.44 2.69 2.589
Cl 0.8244 0.9807 0.6169 2.960 3.16 3.48 2.83 3.10 2.869
K 1.1197 1.6244 —0.0350 0.760 0.82 0.45 0.91 0.73 0.734
Ca 1.0154 1.4953 0.1068 0.991 1.00 0.95 1.04 1.08 1.034
Ga 0.8702 1.0949 0.4029 1.922 1.81 2.42 1.82 2.01 1.756
Ge 0.8510 1.0941 0.4616 2.166 2.01 2.62 2.02 2.33 1.994
As 0.8581 1.1168 0.4582 2.189 2.18 2.82 2.20 2.26 2.211
Se 0.8617 11177 0.5004 2.472 2.55 3.01 2.48 2.6 2.424
Br 0.8637 1.1035 0.5332 2.686 2.96 3.22 2.74 2.95 2.685
Rb 1.1600 1.8229 —0.048 0.930 0.82 0.31 0.89 0.69 0.706
Sr 1.0334 1.6607 0.0932 1.018 0.95 0.72 0.99 1.00 0.963
In 0.9247 1.2268 0.3070 1.667 1.78 2.14 1.49 1.76 1.656
Sn 0.9013 1.2446 0.3710 1.918 1.96 1.49 1.72 2.21 1.824
Sb 0.9055 1.2814 0.3713 1.945 2.05 2.46 1.82 2.12 1.984
Te 0.8969 1.2694 0.4244 2.22 2.10 2.62 2.01 241 2.158
| 0.8993 1.2637 0.4652 2.487 2.66 2.78 2.21 2.74 2.359
Cs 1.1750 2.0329 —0.069 0 0.894 0.79 0.22 0.86 0.62

Ba 1.0565 1.8584 0.0477 0.88 0.89 0.68 0.97 0.88

Tl 0.9568 1.3406 0.2711 1.644 1.62 2.25 1.44 1.96

Pb 0.9246 1.2751 0.3415 1.879 2.33 2.29 1.55 241

Bi 0.9298 1.3324 0.3274 1.824 2.02 2.34 1.67 2.15

aThe distances are in A and, is in A.U. ? In the present model, the, value of H is considered as an exception. See text for details.
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Main block elements -0.2
Figure 2. Variation of d; distances along the periodic table. Main block elements

radii of carbon atom and, is that of the element E. However, ~Figure 3. Variation of Vi values along the periodic table.
the d; value changes as the atomic number of E changes. In
fact, thed, distance of only ethane (0.7662 A) can be used as group 1,2, and 13 and after that up to group 17,dhea|ue

a meaningful measure of the covalent radii of the carbon atom, S lmost a constant. On the other hand, on moving from top to
which is nothing but half the €C bond distance. In our ~ Pottom of a group, the, value shows a gradual increase. An
previous work!s we have showed that the MEH system-based exception is the slightly larger value _of.AI as compared t.o Qa.
covalent radii can be obtained by simply subtracting the In general, thel; val_ues_ show good similarities to the periodic
distance of ethane from each of the-E bond distanceslc_g, nature of the atomic sizes.

that is, Reovaient= dc_g — 0.7662. These values were found to The V, value at the G-E bond shows almost an opposite
correlate very well with other atomic radii values. The smallest trend as compared to the trends of ihevalue as one goes
value ofd; equal to 0.6954 A is observed when=EH (i.e., from left to right along a period and top to bottom along a group
for HsC—H system). In Figure 2, a chart showing the variation (cf. Figure 3). In periods 26, Vi, values increase when one
of thed; distance along the main block elements is given. This goes from left to right. Two exceptions to this observation are
chart shows that along the second and third perioddiivalue the slight decrease in thé, value of As and Bi as compared
gradually decreases from left to right. The same observation isto Ge and Pb, respectively. Along any group, thevalue shows
valid for the periods of 3, 4, and 5 when the elements are in a gradual decrease when moving from top to bottom. An

J. AM. CHEM. SOC. = VOL. 124, NO. 8, 2002 1793



Suresh and Koga

ARTICLES
2
.5 4 A @
S
8 Ae
2 31 o% ey
8 . %ee AMAA
o A
5 2 RO )
% ¢ oy AAA
3 . a
1,
2 - YV
S
e —o : : ‘ ‘
-0.5 0 0.5 1 1.5

V., value (square) and d, distance (triangle)

Figure 4. Relation betweei, or d; distance with Pauling electronegativity.

45
4 |¥= 6.1704x - 5.9331 .
c.c. = 0.981
o 351 _*
3 37 Rad
o 251 .,
£ 2 ¥ o
= 151 A
! < 8
0.5 -
0 ; ; ; ‘
1 1.2 1.4 16 18
Vi td,

Figure 5. Correlation betweenV, + di) and Pauling electronegativity.

exception is the cases of Al and Ga where Yhevalue of Ga
is 0.0322 au larger than that of Al.

One can immediately notice the changevip with respect
to electronegativity of E. Generally, an E with high electro-
negativity gives a high positive value fov,, and a less
electronegative E makes it less positi%g, is even negative

when E is a very weak electronegative atom such as Cs, Rb,
and Ba. However, in the case of hydrogen, ¥hevalue is more
positive than that of oxygen. A probable reason for this is the
very small atomic radii of the hydrogen atom, which causes an
overestimation of the MESP because of the larger contribution
of the nuclear term in eq 1. Theéy value showed a periodic
nature somewhat parallel to the size of the E atom in the-CH
EH, systems. Because the electron accepting and releasing
power of an atom depends on its size as well, dheralues
could also be related with the electronegativity of the E atoms.
Figure 4 depicts the relationship between Yheandd; values
to the Pauling electronegativity scale. It is expected that an
appropriate combination of, andd; could yield the electro-
negativity of an atom E. We have found that this appropriate
combination is just the sum of,, andd;! Let us define this
sum as an atomic electronegativity facghiof the element E.,
that is,

a =V, (CHy_EH,) + d,(CH,_EH,) @)
Except hydrogen, all tha' values show a very good linear
correlation with the Pauling electronegativity (cf. Figure 5). The
correlation does not change if we writkin the following way.

a = [V, (CH,—EH,) — V,(CH,;—CH,)] +
[d;(CH;—EH,) — di(CH;—CHy)] (3)

This is because the values\¢f(CH;—CHz) andd;(CH;—CHz)

are constants. Now it can be seen that with a larger value of
the MESP bond CPVYy, in CH3;—EH, as compared to that in
CHs—CHgsis a measure of the higher electronegativity of E atom
as compared to electronegativity of C atom and vice versa.
Moreover, if Vi, is located away from C in CH-EH, as

a
¥y = 12166x- 0.2883 b v = 0.9642x- 0.0314
4 ce.—0.950 e 4 c.c.=0.983 *
P e
o . ‘; o Pd
= 3 S 3 *
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g o g '
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2 & S Ee
g e ~ -
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¢ . ¢ 1.0455% +0.0103 P L1 y=1o-01177 .
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Figure 6. Correlation between the MESP bond critical point model based
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Figure 7. Geometries and the MESP bond CPs of earlier half of d-block
transition elements. The dark point on the carboretal bond is the CP

Figure 8. Geometries and the MESP bond CPs of later half of d-block

transition elements. See also the caption of Figure 7.

and near to it, its value is written in bold. The distance of the CP from
carbon as well as from metal atom is also depicted. Furthertdhalues L.
obtained using eq 4 is given. xa values of atoms of group | are very sensitive to the level of
theory used because a very small change in the position and
compared to the distance of the CP from C in £i€Hs, value ofV;, can alter the ordering of thejia values.
an additional increase in the electronegativity of E can be  (p) Transition Elements. It is seen that the position and value
expected. of the MESP bond CP corresponding to the-E bond of a
The correlation equation in Figure 5 suggests that a scale of CH;—EH, could yield the electronegativity of E, a main block
atomic electronegativityya in Pauling unit can be written as  element. Such a method is expected to work for the entire
periodic table except for the noble gases. In the case of TEs,
the optimized geometries of GHEH, systems are shown in
Figures 7 and 83 These figures also depict the position and
values of the MESP bond CP corresponding to theEthond.
In Table 2, the MESP bond critical point model based
electronegativity is given. To make a comparison of these values
0.991) and the worst correlation is found with the Sanderson \évclt'?l eostfz)?rps ;lilliz tggnzaerpsi:]:j\lgﬁddz?;(;sbimiﬁl?tcht;ogﬁgﬁtlwty

scalet_ (C'C't: _0'9 d50)_ih'\gore dover, echpt fI?trh thethcorrelatllo rt] values of electronegativity are not available and Mulliken values
equation obtained with Sanderson scale, all the other correlalion,y o 5, jjaple only for Cu, Zn, Ag, Cd, Au, and Hg). Unlike the

equatio_ns have slope and y-intercept nearly equal to 1 and ZeroPauIing, Sanderson, and AllretRochow values of electro-
respectively. The agreement betwegn and these popular negativity for the main block elements, their respective scales

electronegativity scales including the Pauling scale strongly for the TEs do not show any good agreement between each
support the present approach of electronegativity based on the

- ; other. For example, the c.c. for the (Pauling, Sanderson),
MESP bond _crltlcal pom_t mod_el of MEH sy_stems. However, (Pauling, Alred-Rochow), and (Sanderson, AllreéRochow)
one may notice some minor discrepancies injtkhesalues of

group 1 elements which in the order of Li, Na, K, Rb, and Cs plots of electronegativity are 0.317, 0.337, and 0.839, respec-

is 0.771, 0.934, 0.760, 0.930, and 0.894, respectively. Li and K (53) The DFT “wave functions” corresponding to theG+EH, systems (E=

i i transition element) except the ;&—MnH, system are stable “wave
show slightly Sma”er,valges than _thelr next nearest element functions”. Attempts to find a stable “wave function” for the®+-MnH,
down the group, which is opposite to the expected trend. system failed. However, the geometry reported in this work @-HVinH,
Although the origin of this difference is not very clear at this is a minimum energy one and it is very similar tqG+ TcH, and HC—
point, it is felt that as compared to other groups of atoms the

xa = 6.17044") — 5.9331 (4)

In Figure 6, the correlation betwegRr and the popular electro-
negativity scales, viz., Sanderson, AllreBochow, Mulliken,
and Allen are given. Among them, the best correlation is
obtained with the Allen scale (correlation coefficient, .

ReH, systems. Therefore, we believe that jhevalue obtained for Mn is
reasonable.
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Table 2. Different Scales of Electronegativity for Transition Table 3. C—E Bond and d; Distances (in A) and Vi, (in kcal/mol)
Elements of H3C—EXYZ Systems and the Group Electronegativities of
—EXYZ
atom xA XPauling X Sanderson X Allred—Rochow
Sc 1.432 1.36 1.02 1.20 group
Ti 1.896 1.54 1.09 1.32 (-EXYZ) C-E bond Vin d; XG Xinamoto  XMullaly X Marriot
V 2.061 1.63 1.39 1.45 —CH,CH;  1.5333 0.6044 0.7659 2.522 2482 235 0.16
Cr 2.240 1.66 1.66 1.56 —CHNH,  1.5352 0.6064 0.7657 2.534 2538 242 0.15
Mn 1.965 1.55 2.20 1.60 —CH;z 1.5324 0.6094 0.7662 2.555 2.472 2.32 0.17
Fe 2.205 1.83 2.20 1.64 —SCH; 1.826 0.5573 0.8218 2.577 2592 246 0.1
Co 1.947 1.88 2.56 1.70 —SH 1.837 0.558 0.8281 2.62 2616 242 0.12
Ni 1.995 1.91 1.94 1.75 —CH,OH 15255 0.632 0.7609 2.662 2591 25 0.17
Cu 1.749 1.90 1.98 1.75 —CHoF 1.5143 0.6644 0.7556 2.829 2.636 2.55 0.17
Zn 1.702 1.65 2.23 1.66 —CHCH, 15024 0.6709 0.751 2.841 2.785 256 0.17
Y 1.310 1.22 0.65 1.11 —COCHy 15183 0.6724 0.7561 2.881 2.864 293 0.14
Zr 1.776 1.33 0.90 1.22 —CONH, 15208 0.6729 0.7578 2.895 2731 3.06 0.14
Nb 2.029 1.60 1.42 1.23 —CHO 1.5051 0.7008 0.7499 3.018 2.866 2.89 0.14
Mo 2.207 2.16 1.15 1.30 —COOCH; 1.5082 0.7022 0.7520 3.040 2.832 3.16 0.19
Tc 2.286 1.90 1.36 —COOH 1.5056 0.7153 0.7508 3.113 2.824 3.15 0.18
Ru 2.294 2.20 1.42 —NH; 1.4648 0.726 0.7407 3.117 2992 3.15 0.33
Rh 1.984 2.28 1.45 —NHMe 1.4580 0.7348 0.7366 3.146 3.031 3.19 0.34
Pd 2.046 2.20 1.35 —CRs 1.5050 0.7347 0.7497 3.226 2985 3.10 0.17
Ag 1.708 1.93 1.83 1.42 —NO; 1.5010 0.7750 0.7585 3.529 3.421 4.08 0.40
Cd 1.488 1.69 1.98 1.46 —OH 1.4245 0.8068 0.7288 3.542 3.494 3.97 0.43
La 1.224 1.10 1.08 —OCHg 1.4147 0.8231 0.7229 3.606 3.545 4.03 0.44
Hf 1.777 1.30 1.23 —-F 1.3992 0.8745 0.7253 3.938 473 052
Ta 2.083 1.50 1.33
w 2.315 2.36 0.98 1.40
(R)g g-ggg ;-gg i'gg scale is more consistent and reliable than the Pauling scale of
Ir 5247 220 155 equtroneganwty. . .
Pt 2.367 2.28 1.44 Since we are using $#€—EH, systems witm =0, 1, 2, 3, 4,
Au 2.331 2.54 1.42 and 5 for the evaluation of electronegativity, we may consider
Hg 1.566 2.00 2.20 144 that these electronegativities will correspond to theHrl)

valence state of E. In other words, by varying the number of

H’'s attached to E, the same procedure can give us the

, electronegativity values for other valence states of a TE. This

o subject will be discussed elsewhere.

23 e 2. Group Electronegativity. For the atomic electronegativity

. calculation, we are always using methyl group substituted

e elemental hydrides (4¢—EH,). Therefore, in a true sense the

& T e x values should represent thevalues of the group-EH;,.

YA o3 | //z‘,y o%fg However, the hydrogen atoms are generally not considered as

‘ 0*9 a substituent, or it is considered as a reference substituent to

G oCee %o, compare the electronic effects of other atoms or substituents. If

181 he }/;%’ one or more H’s in HC—EH, is replaced by another atom or
o © group of atoms (say the resulting system gCHEXYZ; XYZ

134 q,‘?’ stands for the various substituent groups), the position and values

';o of the MESP bond CP at the-«€E bond will give us a group

0.8 - w w w electronegativity factorg() given in eq 5.

0.5 1 1.5 2 25 3 3.5 4

X Pauling gf = Vm (CH3_ EXYZ) + dl (CHS_ EXYZ) (5)
Figure 9. Comparison of the present scaja) and Pauling scale¢fauiing

of electronegativity for the main block (filled square) and transition elements Similar to eq 4, it is therefore possible to define the group
(circles). electronegativity c) as

y=0.9627x + 0.0729 P

3.8 1 c.c. = 0987

2.8+

tively. In fact, none of these scales have been considered as %o = 6.1704¢f) — 5.9331 (6)
satisfactory for TEs. Therefore, a good correlation between any

of these scales and the present scale may not be expected. IThe constants used in eq 6 are the same as that used in eq 4.
Figure 9, the present electronegativity values of TEs along with This procedure will give a straightforward way to express the
the electronegativity values of main block elements are plotted group electronegativity. The important advantage of the method
against the Pauling scale of electronegativity, and it shows thatis that it will generate a group electronegativity scale completely
the majority of the electronegativity values of TEs fall on the compatible to the atomic electronegativity scale.

same line of the main block elements. However, elements such We have calculated thg; values of several substituent groups
as Ti, V, Cr, Mn, Fe, Zr, Hf, Nb, Ta, Tc, and Re are significantly using eq 6 and they are depicted in Tables 3 and 4 along with
deviated from the main block line (these elements are within Inamoto?! Mullay,?2 and Marrio#® scales of group electro-
the rectangle represented by the dotted lines). Considering thenegativity. These tables also contain the values eEMond
systematic nature of the present method, we expect that the newdistance,V,, and d; distance. The,s values from the present
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Table 4. C—E Bond and d; Distances (in A) and Vi, (in kcal/mol)
of H3C—EXYZ Systems and the Present Scale and Inamoto Scale
of Group Electronegativities of — EXYZ

group
(_EXYZ) C-E bond Vin d; X6 X Inamoto

—MgBr 2.0792 0.2714 0.9396 1.539 1.295
—ZnMe 1.9549 0.3409 0.8862 1.639 1.336
—AlMe; 1.9752 0.3461 0.8773 1.616 1.658
—GaMe 1.9808 0.3692 0.8758 1.749 1.658
—GeMg 1.9591 0.4234 0.8546 1.953 1.943
—SiHMe, 1.8926 0.4426 0.8387 1.973 1.967
—SiMes 1.8946 0.4334 0.839 1.919 1.99

—SiBrz 1.8625 0.5366 0.8279 2.487 2.028
—SiCl; 1.8581 0.5435 0.8258 2.516 2.099
—PH 1.8763 0.4947 0.8362 2.279 2.19

—PMe, 1.8672 0.4862 0.8305 2.191 2.249
—Siks 1.8431 0.5555 0.8191 2.549 2.299
—PChb 1.8505 0.5634 0.8228 2.620 2.343
—SeMe 1.9600 0.4942 0.8529 2.379 2.373
—P(CN) 1.8639 0.5791 0.8316 2,772 2.39

—SeCk 1.9639 0.529 0.8562 2.614 2.419
—SeCN 1.9792 0.5293 0.8636 2.662 2.475
—CHBr 1.5163 0.6712 0.758 2.886 2.502
—PR 1.8378 0.5602 0.8144 2.549 2.527
—CH.CI 1.5182 0.6666 0.7588 2.862 2.538
—SOCI 1.8218 0.5999 0.818 2.816 2.734
—CHR, 1.5061 0.7044 0.7505 3.044 2.807
—SOMe 1.8198 0.5745 0.8177 2.657 2.841
—SOMe 1.8213 0.5783 0.8181 2.683 2.998
—NMe;, 1.4574 0.7365 0.736 3.153 3.012
—NHNH; 1.4590 0.742 0.7365 3.190 3.033
—SO,CRs 1.8183 0.6227 0.8163 2.946 3.043
—Sk 1.8351 0.632 0.8249 3.057 3.076
—NCS 1.4261 0.8886 0.724 4.017 3.505
—NCO 1.4414 0.8455 0.732 3.801 3.552

study are plotted against Inamoto, Mullay, and Marriot scales
in Figure 10a, b, and c, respectively. It shows that Inamoto and
Mullay scales are in good agreement with the pregenalues.
In the Marriot scale, thgg values of strong electron-withdraw-
ing groups such as-Ck;, —COOH, —CHO, and—COOCH;
are showing larger deviation from the correlation line as
compared to others. In fact, for these groups, the Marriot scale
xc values are quite unrealistie-CF = 0.17,—COOH= 0.18,
—CHO = 0.14,—COOCH; = 0.19) because according to that
scale theyg value of —CHs is 0.17 and a further increase from
this value is expected for more electron-withdrawing groups.
In general, if the E atom of ¥€—EXYZ has a high
electronegativity, the—~EXYZ group will also show a high
electronegativity. If the substituents X, Y, or Z atoms are more
electronegative than E, theEXYZ group will show higher
electronegativity than E. For example, the(xc) values of
(C, COOH), (N, NQ), (Mg, MgBr), (Si, SiR), (P, PC}), and
(S, SQCI) are (2.555, 3.113), (3.117, 3.529), (1.342, 1.539),
(2.109, 2.549), (2.279, 2.620), and (2.620, 2.816), respectively.

Conclusions

A new reliable scale of atomic electronegativitya) is
obtained for all the main group elements and d-block transition
elements on the basis of theoretically calculated geometries o
HsC—EH, (depending on the position of E in the periodic table,
n=0,1, 2, 3, 4, and 5) and the MESP minimum on theEC
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Figure 10. Correlations between the present scale of group electronegativity
(xe) and (a) Inamoto, (b) Mullay, and (c) Marriot scales of group
electronegativities.

bond. The quantityya can also be regarded as the electro-
negativity factor of the group-EH,. Therefore, the present
methyl group based approach can be easily extended to other
systems where-EH, is any functional group so that a group
electronegativity scale compatible to the atomic electronegativity
scale can be obtained. On the basis of this procedure, group
electronegativities of several substituent groups have been
obtained.
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