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The Calculation of Atomic Charges by an'Eléctronegativity

Equalization Procedure

. . -
~ William L. Jolly and Winfield B. Perry

Abstraét o

| vA'procedure for calculating atomic charges based on
the eqﬁélization ofvatomic orbital elecffonegativities
has been extended to cpvef compounds confaining any of the
élemenfs in the periodic table up to radon. Atomic
‘charges calcﬁlated'by this method correlate well with core
electron binding enefgies of compounds of silicon, sulfur,

chlorine, chromium, germanium, bromine, xenon, and tungsten.



TRRRRANSAARR

In a.previous study, an electronegativity eqpalization ﬁrOCedure for
calculatihgratbmic chargés of compounds of the fifs¥ row of the periodic
taﬂle was calibrated using experimental 1ls elgcttoﬁ binding energies for
carbon; nitrogen,'oxygen, and fluorihe.1 We now Qhow ~hat this method c;n
~ be extended‘to the remainder of the periodic tablé, and ihat aiomic chatgeﬁ,.
calculated by this method-mgy be used to correi&£e éore'e1ectton'binding .
energy data.for vqlati;e compounds of silicon, suifur; chloriné,'chromiuq,
‘germahium,‘bromine; xenon, and'tungsten{' In our;egilier paper, we Qiécussed
»the.theoretical~justificatipn>of the general procedﬁre. In this paper, ve'-
describe the method for haking calculations, and discuss the theoretical:

aspects>only of the novel features introduced to account for the heavier

elements of the periodic table.
xh%“Q'lv'J 1 1 By .! "

In this section we give detailedlstgpwise instructions, without
justification or rationalization, for the calcul#tion of atomic charges
in molecules. The justification and rationalization of the proceduresare

discussed later,
§£ﬁg~¥; A valence bond structure, or hybrid of several such structures,
is drawn for the compound. 1f possible, each nontransition element atom

heavier than helium should have just an octet of valence electrons; only

s and p valence orbitals should be used for these atoms. Bond prders are
assigned to the bonds, and formal chgrges2 are assigned to the atoms.

Several examples of valence bond structures for nontransition element comnonnds
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follo‘w.V (In. these and following‘ examples, bond -or_ders of unity and formal

‘charges of zero are amitted.)
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When nqngquivalént resonance structures can bé ‘written for a molecule,
these structures mist be suitably weighted to permit the calculation of
average bond orders and formal charges. Stnxctures having adjacent atoms

with finite formal charges of the same sign are forbidden, unless there

- ~is no acéep_table alternative. Structures without formal charges are

weighted much more than structures with formal charges. We can now offer -
no_'general rule for the relative weighting'of sﬁch structures; in the
absence of céiibration data such as core elecﬁroh binding energies, we

| recamnexid complete negleét of the formal-charged structures. Similurly,
structures with widely distributed = bonding are weighted mo.rc than ,thbsé

with localized 7 bonding. Thus we have assigned relative weights of

- o+ . + - . 1
2 and 1 to the structurcs N=N=0 and NiN-Q y -Yespectively.



In the case of "hypervalent' moleculecs in. which the central atom

is bonded_ro two sterically distinct types of _iigaxxds (as in PFS, SFy»

1F,, and BrFS) , the bonding electrons must be appropriately apportioned_i

~ between the two types of bonds. In the case of a trigonal b_ipyraniidal |
molecule such as PFg, we ass.ignvoond orders of O’;.73 and 0.847 to the

axial'and equatorial bonds, respecti'vely‘. We ‘assume that n'onbonding |

' orbltals, such as those on the central atoms of SF4 and C1F3, are completely
occupied by pairs of electrons Thus, in the hypothe.tical conversion of , «
PFS mto SF4 and C1F3 by the replaceme_nt of equatorial fluorines by lono_:-_( -
pairs, we must withdraw some electron density from the remaining bonds.

Our recipe is 'to withdraw twico as much electron density from axial bonds .
as fram equatorlal bonds. In this way we obtam axial and equatonal | :
bond orders of 0.679 and 0.822, respectlvely, for SI‘ , and 0 608 and 0 786
respect_lv_o.l,,.)"., for C1F3. In SF6, all the bond oxders are 0. 667 Ir_l the |
hypothet'icai conversion of SF¢ into BrF, we assune that the nonbonding -
orbital is filled by withdrawal of electron density only from the sdj acent,
basal, bonding orbitals. Thus we obtain apical and basal bond orders of “

0.667 and 0.584, respectively, .in BrF,. 'I‘he'structurels,for these

molecules are indicated below.
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By analogous reasoning, we obtain bond orders of 0.5 in XeF,, XeF,, and

_ 2
XeF6..

Hyperconjugated ('mo-bond") resonance strdétures are given substantial
weight when the only alternative structurevrequires an atoﬁ to be
simultaneously bonﬁed to an atom with a negativé fotmal.charge and a

fluorine atom. For example, the following structures are writtgn‘for'

thionyl fluoride.
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éﬁnilar resonance structures can be written for NSF,, C10,F, and |
XeOF . The hybrid structures for those four molecules which fit the
binding energy data and which can be used as models for other hyper-

conjugatedvmlewles are shown below.

F'.Z' . . F-.is

—by_ & *& a8 s *g a5 F-?®

\&F'.l‘ . o &\F—.zs

~35 - -}
0., 0
&
.}S 0 I}é’f 55 F".Qs y - -

-5g / &Fs

In the case of a transition metal atom or ion, 'we assume that the
nusmiber, ot odrdiads available to accept electrons from ligands is equal to
. the mmber of vacant s, p, and d valence orbltals. In general, the
_ avallable s and p orbltals are canpletely mvolved in bording. Vacant
d orbn;als of o symmetry are used to the extent necessary to provide each
ligand, as far as possible, with a full o bond. Vacant d orbitals of o
T ;yxmetry are used in pr+dw Bonding only if a 'réduction in formal chairg‘es
| 2772
nine available orbitals, we assume that only six of these are used, as

results. Thus, in WF6 and Cr0,Cl,, although the +6 metal ions each have

shown by the following structures.
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'When dm>pm b'ack-bonding can occur in a transition metal camplex, we

 assume that it occurs as far as possible, cons1stent with the number of

metal dr electrons and empty hgand pn orbltals avallable. Formal charges

are mod1f1ed in accordance with the back- bondmg, but bond orders are

assumed to be the same as those in the stiuctures without back-bonding.

Thus for Cr(CO) 6 We write
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%EBBQ%‘ It is necessary to assign an orbital hybridization
(i;e.,'thé&fractional s chéracter) for each o bond of each nontransition
element in the compound. This assigmment is necesséry because the s and
p electronegativities of such elemenfs are different. However, for the
transition elements, we have made no distinction between the valence
s,p, and d électronegativities (an average electronegéfivity is used),

: and_therefore,it is unnecessary to assign hybridizations for such
ellements. We define Snm as the fractional s character of the o orbital _
used by atam n in the bond to atom m. For any atam for which the total

ligancy (i.e., the number of camplete lone pairs3 plus the number of other

atoms bonded to that atom) is four or less, we assume that S is the same

v‘..for each bond and equal to the reciprocal of the total ligancy. Thus

Snm 0. 25 for the central atoms in GeH4, NSF3 OSF and H S, and

S = 0.33 and 0.5, respectively, for the middle atams in S0, and CO,.

When the total ligancy is fiVe (trigonal bipyramid type molecules),

one p orbital must be assigned to the two axialibénds, and two p orbitals

must be assigned t§ the thrée equatorial orbitals. For the axial bonds,
- (Nag - 0.5)/N__, where N, is the axial bond order; for the

equatorial bonds, S_ = (N _ - 0.667)/Neq,is the equatorial bond order.

o eq
When'the total ligancy is sgx (octahedral-type moletules), one p orbital
musﬁvbe aSsigned to the péir of orbitals along eatﬁ axis. Thus for any
bond, S = (N-0.5)/N, where N is the bond order. '

§ﬁ€3wé& For each bond (or each set of equlvalent bonds) in the

compound, an equation of the following type is set up.



7.3 h)  '
(N%)‘ov G * bﬁl;qu "_

'x(p) - x(p), () - ]
| m" m\; X(S) x(P)
- Smn ' ] o
a + nn_m)0.7 x(;)m — Jc(p)n~ld + cn%Fn  - cm}th

‘In this equation, the subscripts n and m refer to the two atoms of the

‘bond. - The parameters x(s), x(p), and h are listed in Table I for most

of the elements in the periodic table. The parameter c has the value

3.1 for hydrogen, helium, and the elements of the first row of the

- periodic table. For second-row elements, c = 2.5,. and for elements beyond

the second row, c = 1.6. ) The terms N and Il  stand for the bond order .
and the 'bond order, respectively, and F stands for the atomic formal |
charge.'. It should be noted that, when N_>1, N =1+M . ‘The quantity
U is the negatlve charge transferred from atom n to atom m. (Thus
Un = "% .) The temlz#:mqni is the sum of the negative charges tra.nsferred
from atom n to all the atoms bonded to atom n except atom m, and‘zqmi is

i

the analogous term for atom m.

Upon completion of step 3 for a molecule containing j different types

of bonds, one obtains J linear equations with j unknown q values.
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Table I

AtomictParameters Used in Electronegativity Equalizatibn

Calculations?
Atom | i(s). x(p) | h
H 2.21 : -.'1.235
He -  (2.75) | | . (1.50)
Li - 0.8u 0.47 ~ 0.u6
Be . 2.15 . 0.82 . 0.63
B 3.25 | 1.26 ' '  0.8u
C 4.84 - 1.75 1.12
N 6.70 2.65 . 1.21
0 8.98 3.49 © 1.53
F  10.31 | 3.90 . 1.70
Né (11.44) O (u.40) 1 (1.90)
Na  0.74 0.32 °0.u467
Mg 1.77 0 56  0.53
Al 2.69 1.11  0.585
si ~ 3.88 . 1.82 0.737
P 4.62 | 2.23 - 1.075
S . 5.12 2.63 © 0.982
Cl . 6.26 | 2.95 J 1.11
Ar  (9.00) (4.20) (1.50)
X 0.77 0.38 | 0.288
Ca  1.36 0.42 - 0.452
Se 1.20 C (0.50)

T 1.32 ©(0.50)



" Table I; contd.

Atom

\'
Cr
Mn -
Fe
Co
Ni
Cu
Zn

- Ga
Ge
As
Se
Br
Kr
Rb
Sr
Y

Zr

3.18
4.06
3.84

‘ 5.99,._
©(8:00)

1.26.

“Nb

- Mo

Te
Ru
Rh
Pd '

x(s)

1.u45

1.56

1.60

1.64

1.70
1.75

1.75

1.66

1.11
1.22

1.23

1;30

1.36

1.42

. 1.45

1.38

x(p)

1.22
2.09
2.40

2.56

- 2.62

(4.00)
0.54

0.34

(0.
(0.
(o".
(0.
(0.

(0

(0.
(0.

(0.

(0

(0
(0
(0.
(0.
e

(0.

50)
50)
50)
50)
50)
.50)
50)
50)
.632
.680
.868
240
;940
.40)
418
424
50)
.50)
.50)
.50)
50)
50)

.50)



Tablé I,‘gontd.

Atom x(;) o x(p) , .» _h
Ag _,3. - 1.42 S (0.50)
ca 1.46 ' O (0.50)
In""  2.83 | 0.92 1 0.602
sn 3.80 2.08 ] o;gsé‘

©Sb .22 2.36 0,871
CTe .81 21 1.187
I 5.06 2.52 ©0.915
Xe  (7.60) (3.80) (1.20)

Cs~  (0.40) - - (0.40) , -(o;uo)
Ba  (1.15) ~(0.25) (0.40)
ta  1.08 (0.50)
ce = . 1.06 | €0.50)
Pr-va’5' ;v 1.07 | 7 (0.50)
B 1.01 - 0.50)
Gd I 1.11 | | (0.50)
Tb-Ho 10 (0.50)
Er,Tm 11 . . €0.50)
v 108 | ¢0.50)
Lu | T C (0.50)
HE 1.23 (0.50)
‘Ta 2 1.33 | ) -(d,sd)
w10 » (0.50)
Re | L 1.6 . €0.50)

Os 1.52 (0.50)
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Table I, contd.

Atom 7‘qx(sb_ x(p) “n

Ir ‘,‘  1.s5 o (0.50)
Pt Lk | (0.50)
Au . 1.2 | (0.50)
Hg 1.4y | | (0.50)
TI (2.44) (0.94) (0.80)
Pb  (2.35) (1.28) '(9;50)
Bi (2.58) (1.u4) (0.80)
Po (3.06) (1.76) '(1{60)
At (3.90) (1.96) (0.90)
Rn (6.00) (3.00) (1.00)

aValu_es were taken from Refs. 6 and 7;’parénthesized values

are estimates.
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5%@9@%'. The equetions are solved for the q‘values, and the charge
Q on each atam is calculated using the general relation
L Qn B Fn ¥ zqni
_ We shall illustrate the method of calculation with two examples,
_OSFZ and WF6, for which we have already given'the.valence'ﬁdﬁd structures.
In OSF both the sulfur and fluorine atcms have total ligancies of 4,

correspondlng to a value of 0.25 for SFS’ SE? | “and S _ The oxygen atom

has a total ligancy of 3, cerresponding to SOS = 1.3, Thus for OSF2 we -
obtain the following equations. '

7.3(1.53 + 0.982)

SEWR dog * 1:53% 0 - 0.982 % 2qq, =
2.63 - 3.49 + —;"—2%7(5.12 - 2.63) - /3 _(5.98 - 3.49)
: . * : 1.4' :

+# 2.5%0.982X1 - 3.1X1.53(-0.6)

7.3(1.70 + 0,982) j - o
0.80'7 " Agg + 1.70x>0 - 0.982(qSF+ qso) =

2.63 - 3.90 + —03—-7— (5.12 - 2.63) - _0:25 (10,31 - 3.00)

+25x0982x1 - 3.1 X 1.70(-0.2)
_ These reduce to the follow1ng pa1r of equatlons
14.490 dPs - 1.964 qg = 3. 487
0.982 qpc - 23.871 qg = 1.‘2_59l
From these we readily calculate qug = 0.2348 and qg = -0.0431, and
: . ! '
then QS =»+0.6790, QO = e0f5652, and QF = -0.1569.
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In WF6, the fluorine atams have total 1.igancies of 4, corresponding i
to SFW = 0.2S. An average electronegativity value is used for tungsten,
and therefore it is unnecessary to evaluate SWF (In effect, we assume

x(s) = s(p).) Thus we obtam ‘the foll_owmg equatmn.

7.3 (L. 70 + 0. soLq

+1.70 x 0 - 0.50 x squ =
1 0 o

1.40 - 3.90 -—03-7— (10.31 - 3.90)  + 1.6 X 0.50 x 0
3.1 x 1.70 x 0

From this equation we readily calculate Qe = 0.2210, Qw = +1.326, and

o Qe = -0.2210.

We have wrltten a Fortran IV computer program, CHELEQ, for making

these atomic charge calculations; a printout of the program will be sent -

upon request.
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Atomic charges calculated by‘the,prdcedure which we have

outlined can be used to correlate core binding energies by

the point charge potential model equat‘i_oh__.'u

EB=kQ+'v+z
In this equation, EB is the binding energy for a particular
core level in a particular atom (the "igﬁized" atom),

Q is the gharge of theAionized atom, V is the coulbmb'
potentialbehergy'at the site of the ioni;ed_.atom due to
the other charged atoms of the molecule,'aﬁd'k and [}

. are émpirical constants, determined byﬂleasf4squareé fitting

of the binding energies for a given element to the calculated -

Q and V' values.

.~ We have correlated 101 core bindiﬁg énergies for 56
different gaseous compounds containing éiéments heavier than
neon. These binding energies include 11 Siiicon 2p binding
.energiés; 11 sulfur 2p,,, binding eﬁergiés, 15 chlorine
2p3/2 binding-energiés, 3 chromium 2p3/2 binding energies,
‘8 germaniuh 3p3/2 binding gnergies, 10 bromine 3d5/2
- binding energies, 5 xenon 3d5/2 binding'enérgies,-Z tungsten
_Hf7/2 binding energies, 20 fluorine 1s binding energies,

10 oxygen is binding energies, 1 nitrogeﬁ ls binding energy,

and 5 carbon 1ls binding energies. The compounds were

i
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seleéted'to cover a wide range of types of bonding and atomic

charges.

" The compounds, the appropriate atomic charges, and the

experimental and calculated binding energies are listed in

Table II. The least-squares evaluated parametérs, k and ¢,
and the corresponding standard deviatioﬁs_énd correlation
coeffiéiénts for various elements are liéted in Table III.
The data for sulfur and chloriné are presented graphically
in Figures 1 and 2, respectively, as pldts of Ep (expt).gg
EB”(calc). All in all, the:correlations,:és measured by
the‘standard'deviatiohs and the correlafion éoefficients,
are quite good and attest the usefulness_of the charge
calculainn method. ' By a simple interpretation of the
potenfial model equation it can be shown that the empirical
k values shoﬂldfbe inversely proportional to the radii of
the valence electron shells.'l+ 40ne might:expect that valence

shell radii would be proportional to the corresponding'

3 covalent radii, and, indeed, we have found that the k values °

obtained from our binding energy correlations are fairly

, Where r

cov

well repfesented by the expression l7.5/fCov

stands for the covalent.radius'taken from the table given
by Huheey.5 'The empirical k values may be compared wifh

the values calculated from this expressioh in Table III.

It should be noted that the multiplicative constant

17.5 ié not much greater than phe value 14.4, which would

be exbected'if the valence sheel radius.were the same as

the covalent radius.
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Table II

Bxperimentai and Calculated Core Binding Energies

Compound Q o p—Epg,eV O ——
’ ' ' - Exptl Caled™
Silicon | | e
Si(CH,), 0.035 105.82°  107.05
SiHg -0.023 1106.56°  106.65
SiH,CH, ' ~0.013 106.68°  106.70
SiH, - -0.029 107.14°  106.64
(SiH,),0 0.099 107.67°  107.16
, : v S b

SiH,Br | 0.057 107.9%  107.53
SiH,C1 o 0.071 107.97°  107.62
SiCl,CH, | 0.284 109.11°  109.42
SiBr, - 0.308  109.59°  109.92
sic1, 0.368  110.25°  110.29
SiF, | ©0.633 © 111.85°  111.40
Sulfur o

cs, - ~0.042 169.80  170.47
C,H,S a | © .0.063 169.90°  169.74
H,S - -0.119  170.20% 169.82
ocs | -0.028 170.60° . 171.00
5,C1, | 0.034 171,408 171.04
50,, © 0.565 a7u.80d 174,77

OSF, . 0.679  176.20%  175.90



Table II, contd.

J“Compdund

Sulfur (contd.)

NSF_3

SF

sCl

’SFS

Chlorine
IGeH3Cl
SiH

1

CH3C1

'CrOZCl2

GeClu

82C12

IC1

SiClu

CCl-u

HC1

SF.C1

5
e,

C1F
C1F

C103F.

-19-

0.824
0.788
1.072
1.143

- =0.096

-0.109
-0.081
-0.156
-0.079
-0.03Y

-0.042

-0.092

~-0.064

0.000
0.084
0.746

1.147

r+-EB , eV ——1

"Exptl. | Calcd.
176.80%  176.95
177.60" 177.18
'179.108  179.85
180.40°  180.07
205.50°  205.76
206.05°  205.75
206.07°  206.06
206.07°  206.93
1206.u2b 206.75
206.645  206.65
'206.68" 206.49
206.77°  206.77
206.84°  206.97
207.22° 206,40
207.278 207.74
207.64°>  206.97
208.211  207.71
213.020  213.74
2_16-.02j 215.70



- o =20~
'Table,II, contd.

Compound , Q _ r-F—nEB,eV-g_____

y

o Exptl. Calcd.
Chromium . '
Cr(CO)SC(OCHs)Cﬁs | -0.970 581.40K 581.53
Cr(co)y : - -1.00Y4 582,22k 582.10
cro,cl, 0.916 587 .64 587.64
 Germanium »
Ge(CHy), | -0.030 127.90° 128.82
GeH,CH, - | ;o,o7e . 128,782 1128.80
GeH, . -0.091 129.19 128.78
© GeHBr | -0.003 129;90§ 129.55
 eeH, 1l Co0.012 130.09° 129.66
GeBr, | © o.250 131.21®  131.61
GeCl, o | 0.316 ,131.§&b 132.03
o Ger, o 0.602 133,61 133.u1
Bromine » ‘  _
GeHyBr | -0.078 75!82? . 76.07
- IBr - -0.022 76.16 76.58
- CH,Br | | © Z0.066 76.25 P 76.26
SVSiH3Br SRR -0.093 76.30 P 76.08
‘GeBrg' o -0.062 Je.1°  76.77
SiBr, | -0.077 76.64 P 76 .84
CBr - o . -0.050 76}7Hb  76.89
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Table II, contd.

Compound = _ Q rf—-EB,eV--_____1
: Exptl. Calcd.

Bromine (contd.)

HBr - -0.078 77.19% 76.52
Br, ~ 0.000 17.23°  76.74
BrF : - 1.556 84.58" 84.58
Xenon
Xe . - 0.000  0.00 -0.34
XeF, - 0.840 ‘f'2,87l 3.32
XeF,, - 1.498 Cosalt 5.6l
XeOF, | 1.824 70077 .54
XeF . - 2.008 _'7.su1 7.56
- Tungsten o
W(CO), | -  _0.937 37.06¢
WE . 1.326  u46.38¢
Fluqrine
XeF, o . -0.420 690.721  689.05
xéru | |  -0.378 691.60" 691.43
ClFg(axial) -0.299 egl;iy? 1691.71
~ BrFg(basal) - -0.328 692.3‘1h 692.92
 SF, (axdal) -0.251 692.371 692.74

XeOF, - -0.341 - 692.58 692.80
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Tabie III , contd.
Compqund . Q EEB,eV _ﬁ
' | 'Expt’l . Calcd.
Fluorine (contd.) | |
XeF -0.334 692,821 693.46
OSF, -0.157 693.60¢  694.13
PF (axial) | . -0.212 - sé3;7qh' 693.65
S WEg AR -0;221 593.98: 694.17
C1F o ~ -0.08% 694.04 |, 693.70
 BrFg(apical) = : ' -0.240 ssuﬁlu: 694 .66
CIFg(equat.) - ~0.146 sgu.g7sf 694 .43
GeF, ~0.150 694 .38 - 694 .23
C10,F © _0.220  69u.60°  69u.1u
SF, (equat.) | ~0.142 694.75 " 6.7
siF,  _0.1%8 694.87 b 694 .45
PFS(equat,)J o -0.129 694;90§' 695.28
:srsc1’ = : © -0.193 695;138' §94.72
NSF, | -0.127 695.70° 695.55
| i.‘.‘Oxxgen 7 7 ,
'1(SiH3>zd o ‘.' -0.283 .64 P -5.82
eroel, | -0.301 -3.952 -3.22
Cr(CO) ;C(OCH,)CH, ~ -0.081 ~3.91 -2.60
, R T k
Cr(CO)(C(OCH,)CH, ~0.113 3.1 -2.96
OSF, | -0.365 —3.192  -4.68

XeOF, o -0.470 -3.29 -4, 06

i
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Table II cont.
Compounds - - Q. ——Eg, eV—
Exptl. Calcd.

Oxygen chntd)

WCO)g -0.064 -3. 23 o -l.04
Mo (CO) o ©-0.064 -3 19 - .7-2.00
CT(CO)6 . -00062 - : -3014.  -1095 .
v _ T |
’ FClOS ‘0.309 -1-61 '10.83
- Nitrogen
NSF3 _ ' ’ -0.443 - 406.20 401.93
Carbon
v Cr(CO)6 S 0.230 0. O v 0.0
Cr(CO) C(O(}!S)CH : 0.212 . —0 7 -1.0
- Cr(CO) C(OCH)S 3 . 0.109 -I 4 -0.3
. : ' -k ,
Cr (CO) C(OCHS)CH . -0.043  -1.4 -1.4
. . , k
Cr (CO) C(OCHS)_CH _ o 0.131 -2.7 -1.8

3The liéted binding energies are absolute values. except in the case
of the compounds of xenon, oxygen and carbon, for which relative values
are listed. bw B. Perry and W.L. Jolly, Inorg. Chem., 13, 000 (1974).
“W.B. Perry and W.L. Jolly, unpublished data, 1973. dpet. 4. . Gelius,
c.J. Allan, G. Johansson, H. Siegbahn, D .A. Allison and K. Slegbahn
. Phys. Scr., 3, 237 (1971). C J. Allan, U. Gellus D. A. Allison, G, Johansson,

H. Slegba.lm and K. Siegbahn, J Electron Spectr., 1, 131 (1972).




Bw. L. Jolly, M. S. Lazarus and O. Glemser, Z. anorg. allgem.
Chem., (197%). "R. W. Shaw, T. X. Carroll and T. D.

Thomas,'J.-Amer. Chem. Soc., 95, 5870~(1973); i‘T. D.
. 'y .

Thoimas, private communication. “°M. S. Lazarus and W. L.

Jolly, unpublished data, 1973. “W. B. Perry, T. F. Schaaf,

w. L. Joliy, L. J. Todd, and D. L. Cronin, unpﬁbiished dat&,'
1973. ‘1“'R'.'W‘. Shaw, T. X. Carroll, T. D. Thomas, C. Kindle and
N. Bartlett, unpublishedjresults, 1973.'7qutentials calculated.

- using literature structural dafa, principaily from ref. 14.

Il
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Table III

Parameters of Potential Model Correlations

Element | — k I @ Std. | Correl.
| empirical - ~caled® ' .. dev.  Coeff.
si - 16.54 4.8 106.84  0.51 . 0.957
S o 17.43  17.2  170.61 olua‘f-  0.994
c1 o 17.63 17.7  206.97  0.48 0.986
Cr . 11.3u 12.5 584.90 0.12 ' 0.999
ce 15:42 4.3 129.32 0.47  0.968
Br . 13.18  15.4 76.74.  0.36. 0.990
Xe 11.56  13.5 -0.34%  0.46 '0.989
w o 12.05 11.7 40.86 - -
FF . 25.14 24.6  695.07 0.47 0.918
b

o® . 20,60  24.0  -2.18 1.04  0.688

%The parameters correspond to a correlation of the 20 F 1s

- binding energies listed in Table II and 24 F 1s binding

energies for.compounds’6f the first row of the periodic table,

listed in Ref. 1..

bThé pafameters correspond to a correlation of ~he 10 Ols binding

energies listed in Table II and 21 Ols binding’energies

 for co mpounds of the first row of the periodic table,

listed in Ref. 1.

CCalculated from the empirical relation kK =17.5/7
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The ﬁaraheters x(s), x(p), and h; éiven in Table I, were
obtained as far as possible from the ofbital electronegatiyity
tabulations of Hinze and Jaffé.® Correspohding electro-
negativity data for transition metals are either lacking or §
difficult»to use because of uncertaintieé_ﬁegarding orbital
hybridizations in traneition metal compeﬁndé. For these,v
cOm.p.qun'ds"we -have chosen to ignore hybridization of the transitibh
metal orbitals and to use an average zero-charge electro-
negativiﬁy value .for all the bonding’ orbitals of a given transition
~metal. The trahsitioh metal electronegativities listed in
Table I.Qere calculated by'fhe Allred-Rochow formula;7 _ : ;
like the Hinze-Jaffé electronegativities, fhey are similar
in magnitude to the Pauling values.8 The parameters for the o o
nontran51t10n elements heavier than iodine are estlmates those
for the rare gaaes are partly based on data of Fung 9 |

An increase in the formal charge of an atom by one | |
unit causes the eiectronegativities of the atomic orbifals
to increase by an amount proportional to the'factor c.

The increase in formal charge is always caused.by the
’bonding'ef a Lewis acid to the atom, with conversion of a
lone pair into a bonding pair. Thus the‘increase in
-»electronegat1v1ty is caused, at least partly, by an increased

"positive fleld due to the polarlzatlon of a lone pair by ' !
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~a Lewis acid. One would expect the electrdhegativity increase
to be smaller tﬁe farther the atomic orbitals are frém the
lone pair, i.e., the larger the atom. Hence it is under-
sfandable'that we found it necessary»to'useszaller values

of ¢ for elements of higher atomic number. -

_RatiOnale for the Treatment of Bonding -

‘The frotgdure described in this paper for cglculéting-atomic chargés yields_‘
exaétly the same results for compounds of thebfirst row of

the periodic table as were obtained by our eérlier, more
restricted:procedure.l Special methods'were introduced

to account for bonding characteristics pecﬁliar to the

- heaviérVelemehts-and_tdvgive atomic charges which correlate
well with core électron binding energies'of*the heavier
_elemenfs by use of the pbtential equation.  In a’sense,

these speciallmethods are ggvhgg_inasmuch“as they were
 introduced to fit the bindihg energies. 'Hoﬁever it

happens that each method has a simple theoretical rationale and
has, in‘most cases, considerable precedent; In the following

. paragraphs we discuss the rationale of the special methods.

Bond Order and Hybridization. We shall first discuss

PF.. Because of the trigonal bipyramidal Symmetry of this

molecule, no more than one phosphorus Op orbital can be

involved in bonding the axial ligands, and no more than
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two phosphorug op orbitals can be involved in bonding the equatorial
ligands.  The bnly restrictions on the phosphorué'sforbital arc that it
must be equélly involved in the two axial bOnds'andjéquélly involved in
the three equatoriél bonds. If thefé weré compléfe participation of the
s and p orbitals in bonding, with equal'participatioﬁ of thé‘svorbital |
in a11 five bonds, the bond orders would be 0.7'aﬁd 0.867. Our
assignment.of 0.73 and 0.847 corresponds to a slight favoring -of the
axial orbitals by the s orbital. Such relative enhéncement of 5
character in the digonal orbitals is consistent with the fact that the
. overlap integfal of‘aypéir of sp hybrid orbitalé is greater than that
of a pair of sp2 hybrid orbltals 10 | o
When an equatorial atom in a trigonal blpyramldal molecule is replaced .
by a nonbondlng electron palr, it is necessary that-bond;ng electrons
be w1thdrawn £ram the other bonds to the central atom InaSmuEh:as an
s orbital is of lower energy than a p orbital, it 1s reasonable to assume
that only s orbital density is removed from these bonds to fill the |
: nonbohding_orbital. And because an equatorial lone pair is repelled moré
strongly by axial bonding electrons than by equatorial bonding electrons,llb_
| it is reasonable to assume that twice as much electron density is
withdrawn from the axial bonds as from the equatorial bonds. In the case
~-of a molecule such as BrFS,'we assume that there'ié negligible repulsion
between the lone pair and the axial bonding elecffons and that all of

the required electron density is withdrawn from the basal bonds.
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Although there has been considerable specuiatibn about the

,1mportance of valence-shell d orbltals in the bondlng of sécond- and

third-row nontransition elements, we ignore these orbitals for the following
reasons: (a) there appears to be no strong ev1dence for the participation
of valence-shell d orbitals in bonding,l2 (b) there are no reliable

electronegativity.values availablé for these orbitals, and (c) we have

: ~ obtained good binding energy correlations with neglect of these orbitals.

Hyperconingation, Hyperconjugation, or "no-bond" resonance, is

justifiable when it effects a shift in negative formal charge from an.

atom of lower electronegativity to an atom of high electronegativity.

- Therefore it is reasonable to give significant weight to hyperconjugated
"_ structures in molecules'such as_OSFz, NSFS, C103F, and Xe0F4. The formal

charge distributions of the hybrid structures which'fit the binding energy

data Suggest that the extent of hyperconjugation (a) is greater when the

electronegativity difference between the atoms whose formal charges are

_ changed is greater and (b) is preportional to the number of 'donor' atoms

and inversely proportional to the sum of the number of '‘donor" atoms and
"acceptor' atoms. Althougth these results are reasonable, data for more

molecules of this type must be examined before any firm rules can be

~_established.

TERRRALARR Nigtrl ERNEQHﬂﬂi- There is abundaﬂt evidence that d
orbitals are involved in the o bonding of'hexacoofdinate transition metal

complexes and that the metal-ligand bond ofder‘in such complexes is at

least unity when the metal atom has two or more vacant d orbitals. Therefore
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the assignment of a unit o bond order to a camplex such as WF6'is
justified.“'However the question of pr+dm - bonding,is samewhat problematical.
There seems to be little doubt that m bonding is important in a complex

such as Cr042_ in which the ligand atoms would otherwise have full -1

13 - However there is same question'aé to the importance

formal charges.
 of ﬁ bondihg'in a complex such as WP6 in which the ligand atams would
 otherwise have no formal charge.14 We have choeenbbo ignore 7 bonding
in the latter'case becauSe.of what seems to be a genefal tendency for the
stability ofvstructUres in which formal charges'aie‘minimized and because

15 15 the 1atter molécUie;LC%Cr-O = 102.1°

of the structure of CrO,F,.
and £LF-Cr-F = 118.9°. We interpret the differ'ence in the angles as
.ev1dence for relatlvely great pn»dm bondlng in the Cr-0 bonds compared

to the Cr-F bonds " (The bond angle correspond1ng to maximm pr-+dn overlap"
is 90°) . Our recipe for bond order y1elds bond order of 2 and 1 for the
Cr-0 and Cr- F bonds, respectlvely.

The main Justlflcatlon of our method for accountlng for dn*pn back-
bondlng is that it. gives reasonably good results in correlatlng the carbonA
and oxygen binding energies of metal carbonyl complexes. When further
binding energy data become available for other types of complexes, it may
be necessary to modify the method The fact that our present method |
ignores the/changes in bond order that accompany back-bonding is at
~least consistent with the fact that the average C-O bond distance in metal

. °
carbonyls is only about 0,01 A longer than it is in free CO.16
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Figure Captions

'Flgure 1. "Plot of sulfur 2p3/2 binding energles Vs. kQ +V .+ 4 for
sulfur compcunds

Figure 2. Plot of chlorlne 2p3/2 b1nd1ng energles vs kQ + V+ ¢ for
chlorine compounds
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