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- A METHOD FOR ESTIMATING ATOMIC
' CHARGES BASED ON ELECTRONEGATIVITY PARAMETERS

‘W. L. Jolly, W. Perry and G. Andersen o
Inorganic Materials Research Division, Lawrence Berkeley Laboratory

" and’ Department of Chemistry; University of California,
Berkeley, California

Introduction

The value of X—ray photoelectron spectroscopy to chemists lies mainly
in the fact that the measured core electron binding energies show shifts

with changes in chemical environment Several methods are available for

predicting or correlating these chemical shifts in binding energy. Ab

initio SCF calculations, either with or without the imposition of Koopmans"
N;theorem; can give good results, but such calculations are expensive and
Eare readily applied only to relatively simple moleculesl -4 The thermo-
dynamic method based on the concept of equivalent cores; gives good re-
'Sults whenever the required thermodynamic data are available or calcula-

5 9 The method of correlation with atomic charge gives variable re-

- sults, depending on the sophistication of the treatment4 10- 12‘ Poor

a results are usually obtained when Pauling charges are employed, especially
- when the electrostatic potential at the site of the ionizing atom is ig-
;nored. Fair results are usually obtained when CNDO charges are employed
with inclusion of the electrostatic potential termg 'In view of the impor-
tance of the concept of atomic charges to chemists; the atomic charge
correlation method is potentially very valuable. we felt that it‘would be
p0351ble to devise a simple empirical method for estimating atomic charges
Vthat would correlate with binding energy data more closely than charges
calculated by any other existing method.  In this paper we describe the

development and application of such a method13 14
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The Method

Our nethodvfor estimating the atonlc'chatgesdof a nolecule'involves
d‘tneuestimatlon of the cﬁafges:kﬁ) cik&é&é}Eéa Bééwééﬁiéﬁévﬁairsfof'adj;-
..cently bonded atoms in the molecule, assuming an initial charge distribu—
tion corresponding to the hypothetical 100% covalent struc-

ture. The atomic charges of the 100% covalent structure are defined as the
formal atomic chatgesls of thetclassical valencevbond_structure, or, when
more than one structure can be written; as the average of all.the accepta-
'Ble resonance structures which can‘Be written }or the'speciest The struc-.
ture is tequired; when possible, to be in accord withithe,Octet Rule. Thus

we write the following 100% covalent structures for the molecules NZO’

HCOOH, and C,H,F:

2'3 , - |
-+ A -0.5 /"
N==N===0 H—-C, o C=—(C

\‘o—u" R \g

In the case of electron-deficient molecules, Linnett-type structuresl§
or structures consistent with simple molecular orbital theory should be
used. Thus the following structures are written for the molecules No,

and LiF:

4'25'+5 -.25 -3
0===N==20 Li==F

For elements heavier than neon, pﬂ bonding is excluded unless such bond-

ing is necessary to satisfy the Octet Rule17 Thus for ONCl we write

0==N-——C1.



In the Case of.highly deloca;ized bonding systems,‘wevignore individual_
resonanté'étfuétures in which atoms of opposite forma1 charge are separ-

ated by @Qr§ than QQg'agom or in which atoms havingfformai,charges of the same
_'s§gn arevédjacent. Ihué we rule out the fblloﬁing‘resonance structufes

for fluorobgnzene”and gfdifluorobenzene%g

7+ " +F// \\-ﬁ |

Thé 100% covalent charge distributions for these-moiécules are as follows:

© 0.0

F+0'5‘ ' F Fr0.429
Thg‘negative charge q transferred from an atom A to an attached atom
B is paléulatéd from the relation

q9=4q

PO =x)T W

where ¢ is the maximum charge transferrable, Xp and x, "are ”eledtro;
: ‘max : - . | ; A .

negativity parameters' for atoms B and A appropfiate for the particular

bond under consideration, p is a "bond polarizability factor," and

f[p(xB - xA)] is an empirically determined function of p(xB - xA) which



4=

has valueé\between 0 and 1. Afoms A and B are aiways choseﬁ so‘that
xB 2 xA.

One evaluateé'q;Ak by*éséumidg}thét“tﬁe elégthﬂ;&oﬂating atom,éan
transfer its share (one-half) of the e;eptrons in the A-B bond and, when
the electron-accepting atom lacks an octet, enough'of its nonbonding
electrons to c0mplefe the,octét of the electron-aécepting atoﬁ. For
species in-éccord with the Octet Rule,'qm.ax is équiva;ent fq the bond
o;der. ‘Values of qﬁax.for-thé bondsvin several -molecules are indicated

in the following structures}s | : - ¢(1'5

Li— F N—N— 0

R

4 2 2 7 '

The bond polarizability fagtor, p, is a function of qmax’ as shown

in Table I. Interpolation may be used to obfainvp values cqrrespondihg

toq valueg not tabulated. Values of thé>func;ion f[p(xB - XA)]

(that is, of q/qmax) are tabulated.as a function qf p(xB - xA) in Table
II. 1Interpolation is also possible in this table.
The value of x for an atom involved in a particular bdnd (i.e., xA

or xB) is calculated from the relation

x=xo+0.127Q'+h ._ o . | ) (2)

where xo.ié an empirical constant characteristics of the element, Q' is



Table I. Values of the Polarizability_Factor

Ynax | | ' ‘E'

0 1144

.5 | 1.072
1.0 © 1.000

1.5 0.928
2.0 10.856
2.5 0.784
3.0 0.718 |
3.5 © 0.638

4.0 0.568
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Table II. Values of q/qma}-‘

a/q

| | (x5 - x,) max
/ \ p(xB‘— xA) q/qmax p(xy A |
P(xB - xA) ol - x — ‘923
S 4 1.80 .9
, C 026 60 499 % g
02 050 4 520 e .934
06 094 66 +330 1.00 e
‘o 115 .68 539 2710 s
o 134 .70 548 2.20 35
.12 154 .72 ‘366 .12.30 966
e 173 .74 366 2.40 ki
8 192 .76 574 2.50 5
50 CL211 .78 -583 2. 50
2 : o ' .611 2.60 o8
22 | .229 80 -3 2 '
.24 o ae 90 .630 .70
.56 265 .90 e
o - figg o 1.00 .228
3o -315 1.05 688
e 2331 1.10 [707
g -347 115 126
S+ 363 1.20 245
20 .377 1.25 764
"o 5 1 1.30 782
2 | '234 1.35 800
e 417 1.40 815
e | 4 o 1.45 80
. '223 1.50 -84
g 455 1.55 -860
22 ) 1.60 87
: o 1.65 886
g 477 A
.56 |

. - .

>



the atomic charge calculated from the lOOZ covalent'formal charge and the

q values for all the bonds to the atom except the'hond under consideration,
and h is a term.which accounts for»the increase in’the effective electro-
negativ1ty of an atom when its bonding orbital is hybridized either sp or
spz. To evaluate h the following relation, in which n=1or 2 (for sp

or sp2 hybridization, respectively) and in which q refers to the bond

in question, is used:
lé/(nqmax) | | (3)

The valuevof h is taken as zero for any atom more.electronegative than carbon
and for any bonding orbital with more p character than an sp2 hybrid orbital.

Values of X, for the elements considered in this study are given in Table

III.

Calibration With Theoretical Charges

Theiparametersrp'and X in Tables I and lII and the funétion q/qmax
in Table II were empirically evalnated such that'the'atonic charges calcn—
lated for 30 ground-state heteronuclear diatomic species nere in good
agreement with the charges calculated for these species from.high‘quality
wave functions.by Bader, Beddall and Cade.l9 In effect, our method was
calibrated usingvthe theoretical charge‘data.. Our method:reproduces their
calculatedﬁcharges with an average deviation of *0.036. The charges ob—’
tained by.the two nethods can be compared for a few diatomic species by
reference to Table 1IV.

_It should be pointed out that, in this calibration with the diatoﬁic

data, it was unnecessary to consider the terms involving Q' and h in
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Table III. Values of the Electronegativity Parameters, xé,

for Some Elements

H  -2.313 . N - 3.000.
Li  1.038 o 3.433
~Be  1.598 F. 4.044
B 1.980 Ne  4.400

c 2.414 - C1 3.000

Table IV. A Comparison of Estimated Atomic Charges

for Ground-State Diatomic Species.

Species Charge on the More Electropqsitive Atom
Calcd. by Eader - Calcd. by our.'
et al.*7 . method
LiF - : 0.84 o -.0.844
BO" | 179  1.804
LiF " .93 o | .930
BN 1.57 = - 1.590
- nio” .92 o .892
BeF - ~.08 | . -.096
co .92 ' . .908
CN : .36 .350
BT 1.57 o 1.598

cot 1.60 1.590



equation 2. 'Tpe Q' term coula be ignoréd, even though.the atoms Had
finite fbfmai charges, because the quantity Q'B - Q"A for a diatomic
species of the secohd row of the periodic table is alwéys equal to the
difference in the atomic numbers of B and A.20 vConSequently the cqeffi-
cient of Q'bin equation 2 can be set eqpal to aﬁy quantity (including

- 2efo) if‘the.xo value for each élement is deéreaséd by that quantity
times the atomic number of the element. If we let‘p represent the co-
efficient'of Qi in equation 2, and ZA and ZB the atémic.numbers of A and

B,_thenJWe can write
xg = X, = (x5 - pZg + pQ'p) - (x,. - pZ, +pQ")
= xy =y~ PL(Zy - 2y - @y - Q']

= Xy T X,

The parameter h in ed~uétibn 2 can be ignored when cohsidefing diafomid
species because, by our convention,'néither atoﬁ‘iﬁ such a Speéies is
either ép'or sp2 hybridized. |

Our first approximation to the function f[p(xB - xA)] was obtained
by plotting the q/cimax values éf Bader et al. againéf Ax véldés célgulated
using Pauling electronegativities?l The poihgssférmed a familylbf
curves ;orresponding\to different values Oqumax;. These{curvesvcouid be’
‘made to .coincide by multiplying the Ax values fd; each cﬁfve fy.appropriately
chosen vaiues §f P- Small adjustments were made in béth tﬁe x values and.
in the smooth curves drawn through the points until the deviafioﬁs from the

smooth curves were minimized. Thus the optimum values of X for the elements
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from lithium to fluorine and the function f[p(xB i-xA)l were obtained.

It willzbe noted that the xo values for the elements from lithium-to

- fluorine are very close, if not equdl, to the Pauling electrOnegativities.
~ Therefore for neon and chloriné, for which Bader'EE_al.hprovided no cal-
culated data, we simply used the Pauling.electronegativities. ‘Because

of the unique character:of hydrogen, ne did.not make the corresponding

approximation in that case.

CalibrationIWith Core Binding Energies

The electronegativity parameter for hydrogen, the coefficient of Q'
in equation 2 and the hybridization correction term h in the same equa-
tion were chosen S0 as to minimize the standard deviation between 129

experimental and calculated core binding energies for compounds of boron,

carbon,'nitrogen, oxygen, and fluorine. The calculations were made using

an equation based on the potential model:

EB
In this equationf EB is the core binding energy in“ey (relatiye‘to:that
of an arbitrarily chosen reference compound) .Q is’the charge“of-the
1onizing atom,.V is the coulomb potential energy of an electron at the -
hypothetical vacated site of. that atom in the midst of the other atoms
of the molecule, and k and £ are empirical constants, determined by
least-squares fitting of the binding energy data for a given element to
the calculated Q and V values. The energy.V was calculated from the

relation V' = Z(q/r), in which q is the charge on an atom, r is its

=kQ+V+2 . - W
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aistanCe from the site of the ionizing atom,Aand.the sum is carried 6ut
over all the atoms. The charges were calculated, not for_the ground
state moiecules, but for the hypothetical molecﬁles,having valengé elec-
tron disiribhtidns'half4wa§ between those of the ground state and those

of the final state>’14:22,23

. The calculations were made by using the
average of the initial and final X, values for the ionizing atom. The'
'éverage'xé value was célculated by'application 6f the principle of equi-

valent cores§-? Thus, we used the relation

x (2) +x (z+1)
2 2 + 0.0635

x ("avevv) =
o 2

where xé(z)is'thé x value for the ionizing elemgn;; x,(z + 1) is #hé
X value5fdfithe'next element in the periodic tabig, and the 0,6635 term
éqrrespénds.fo the additional formal charge of +0.5.

The'invefse dépendence of h on n and 9Uax (as'shown‘in equation 3)
was chosen because of its simplicit& and its quélitative agreeﬁént Qiﬁh
iﬂtuition. The electronegativity of aﬁ'orbital'increases with!its s
character; and both increase on going from.sp2 tb'sp hybridizafion_(i.e;;a
as n chahgés from 2 tobl). Similarl&, both the eleétronégativity and s
character increase upon going from a double bond orbital.to an spz‘single :
_ bond orbitgl, or from a triple bon&.orbital to an sp single bqn& orbital
(i.e., as qmax, the pond order, dgcreaéés).- The factor 0.15 was obtained
empiricaliy; -If should be émphasized that h is inéluded in equation 2 only

for atoms uéing.sp or sp2 hybridized orbitals.
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In our initial attempts to correlate binding energies with our
calculated.charges using equation 4, very poor c&rrelatibns were obtained
because the @agqitudes of the‘pbtential’termé;'v; were too great. How- y e
ever, we foﬁhd by trial that good ;orrelatioqs were - obtained if all our
calculated a;dmic pharggs are mulqipiigd by the:factor 0.2,.‘and there-
fore we have applied this factor in all the applications of our calculated
chafges to equation 4. Although this factoring procedure is completely
ad hoc, it is justifiable in view of tﬁe arbitrary method of atomic charge
apportiqﬁment used by Bader et al. for the molecules with which we céli-
brated our method. Indeed, the charges calculated by Bader gg_gl. do
seem too large when compafed with. corresponding values ostained from
Mullikeﬁ population ana}yses and Pauliﬁg's method. 1In Table V.we list
values of our factored calculated atomic charges for a few simple mole-
cules and for the corresponding hypothetical neutral half-ionized core

molecules.
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Table V. . Some Factoreda Calculated Charges

" Molecule and atom’ Initial State ~ Neutral hﬁlf?iﬁﬁized

core state

ew, € =-0.067 - -0.261

4
H  +0.017 _ - 40.065

' C +0.007 = . 40.025
H +0.028 . 40.030

cWUFE,  F =067 . -0.180
| F - C -0.167

c +0.423 | 40,434
H +0.078 . 40.079

8A11 Q values multiplied by the factor 0;2,_

bThevionizing atom is listed first.
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The Correlation of Cofe Binding Energies

The;exéerimental and calculated binding energies are listed in
Table VI; The calcuiations were made using eQuation 4 and the k and £
-~ values listed in Table VII. The overall standard déviation is 10561 ev; o
the standarci_deviations for the compounds of boron,l_carbon, nitrogen, oxy-
gen, and fluorine are 10.59, #0.64, #0.83, #0.75, and #0.25 eV, ;espeg-
tively{ ‘A'ﬁlot of experimental Binding energies vs. calculated binding
energies.(;he reference states chosen so as to bring all the points together
on the graph) is shown in Figure 1. The results indicate thét the rela-
tively éimple method which we have devised for estimating atomic ghargesv.
is useful for correlating and pfedicting core éiectfon binding‘ené;gies

for compduﬁds of the first row of the periodic tabie.

Computer Calculation

The calculation of the atomic charges of a diatomic molecule‘by thé
method ﬁe have described 1s a simple matter requiring less than five minutes.
Fof»a ﬁolécule such as NF3, about 10 minutes caiculation time is réquired?-,
and for a relatively complicated molecule suéh as CE3NH2, more than 30
minutes time is generally required. A.FORTRAN~IV computer program for
making these atomic charge calculations has been written; a print-out bf

this program will be sent to those interested upon'request.

Acknowledgement.— This work was supported by the U. S. Atomic Energy

Commission. We are grateful to John Illige forvhelp with some of the

initial Célculations.



: Table VI.

B(OCH3)3

B(0C,He) 5

B(CH3)3_

B(C 5)
B(CZH5)2C1v

BH3CO

BH N(CH3)3

BH N(C2 5)3

BN (C,Hs)

ByHe.

B,H SN(Cus)z

BSH9

1,5-C,BH,.

1,6-C_B,H

27476 -

CH

276
CH,C1

CH2C12

CHC1

‘2.

EB’ eV

Exptl.
0.0

. =2.65

0.0
-0.2
1.6
3.1

4.3

-15-

Calcd.
—0043
-3.28

=4.44

~4.59

-6.68
-6.70

-6.72

-9c55

~-7.39

-7.35
-9.02
-7.06
~7.86

-7.17

-0.04
-0.29
1.51
2.91

4.15

Ref

24,

24,

Experimental and Calculated 1s Binding Energies

25
25
25

24

25

25
24
24

25

25

24,

25
25
25
25
25

25

26

27

27

27
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Table VI. Experimental and Calculated 1s Binding Energies, cont.

‘Compound | Exptl. ' Calcd. - Ref.
ccr, 5.5 5.12 B 27
CHF 2.8 2,32 : 27
CHF, 8.3 7.47 - 27
cF, 11,0 110.00 - 27
co . 5.3 4,22 . S 4, 28
CHEO 2.0 1.57 B 28
CH,OH 1 1.75 1.46 . 4, 28
CHOH 0.2 025 o 4
1.6 . 1.08 - 4
C,H, 0.4 -0.28 . 28
HCN - - 2.6 -3.06 o 28
co, 6.8 . 6.52 4
0, 0.8 2.69 | 29
4.2 4.16 | 29
CHO 3.3 3.25 o 4
CH,CHO 0.6 1.23 4
3.2 2.76 S
(CHjc0 0.5 "1.07 | 4
3.1 2.21 ' 4
HCO,H 5.0 4,64 | 4
CH,CO, 0.7 1.98 S 4
4.7 4.14 - 4
C,HsCO,C,H, 0.1 0.56 | 4

1.7 1.33 - 4
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Table VI. Experimental and Calculated 1ls Binding Energies, cont.

Cqmgound,' :_ Exptl. Calcd. ' o Ref. .

C HsCO,Hy,cont. 3.8 3.67  - L 4

C,H,0 0 -0.46 o 30

0.8 1.16 B 30

CHN -0.9 -1.02 L 30
0.1  0.06 S 30

CH,CHF = - 0.18 0.06 R 31

2,54 2,90 o 31

CHCF, 0.37 1.3 B 31

| 5.14 5.82 31

CHFCF, 2,93 4.23 | 31

o 5.28 6.15 | 31

Cellg. -0.5 -0.92 - 4

CeHsF ; 0.39 - -0.32 S 12

2.43 2.43 B 12

0o-CH,F, 1 0.72 0.07 : - 12

2.87 3.25 ' 12

mCgHFy 0.70 0.3 12

2.92 2.83 o 12

p-CH,F, 0.76 0.52 o 12

2.74 . 2.33 S 12

1,3,5,~CgH,F 0.56 1.27 | 12

| 3.02 3.17 o 12

c.F, 3.57 4.96 : 12

66



Tablé VI. Experimental and Calculated ls Binding Energies, cont.

Compound .

ONF3

NF,

NO2

N2F4

ONC1

NO

N2H4

CH3NH2 _

(CHy) ,NH
(CHy) 5N

N,O

HCN

CH3N02

C6H5NO2

C6H5NH2

CH,OH

Exptl.
7.1

4.3

3.0

2.4

1.5

0.8

-0.95

-18-

caled.
6.96
5.27
2.45
4.03
0.40
0.83
-0.93
-3.58
-3.40
~4.13
-4.87
-5.62
~0.94
1.67
-3.83
1.28
1.24

-3.10

-0.09

=2.62

-1.29
-1.62
~3.72

-4.78

Ref.

32

32

32
32
32

32

32

32

32

32

32
32

‘32

32

31

_\J
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G

C,F
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Table VI. Experimental and Calculated 1s Binding‘Energies,”coht.

Compound

CZHSOH

C2H40 ,
CO2
C3O2

CH3CHO _

(CH3)2CO

HC02H

CH 2

Cco

3600

C2H5C0292HSV

N,O

CH,NO,
CF

CHF

"CH.,F.,

2°2
CH,F

C2H5F

CHBCHF2‘
CHBCF3
2°6

CF2C12'

Exptl.
. -4.5

Calcd.

~4.83

-5.62
-1.99
-3.32

-4.92

-~5.05 .

-4.59

-2.57

-4.74

-2.71
~4.83

-3.78

-1.62

-0.04

-1,13

-=2.05

-2.83
~-2.89
-2.13
-1.32
-0.01

-1.47

-0.91 |

Ref.

4
28
28

29

28

28

28

31

12
12

12>
31
31
31
31
33

31
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Table VI. Experimental and Calculated ls Binding Energies, cont.

.' Compound o Exptl. Calcd. _ Ref.
NE; | -0.75 0.0 o 31
BF, 0.9 ~0.66 3
¢6H5F' | 2.64 ~2.26 . 12
0-Ci,F, . -2.27 -2.12 | 12
m-C,H,F, C-2.34 - -2.06 - 12
p-c6u4F2-_ -2.34 22.26 12
1,3,5-CgHFy  -2.13 o -l.92 | - 12
CeFe R -1.26 -1.47 i~» 12
CH,CHF = -2.27 -2.32 o o 31
crcF, -l ~1.30 =z
CHFCF, -1.47 -1.97 . 3

~0.77 -1.37 ] 31

Table VII. Values of k and f

IonizAi‘ng até’m k L
B | 23.84 S -6.63
¢ . 24.10 ‘ 2.89
N 25.45 n 0.64
0 " -' | 35.13 . 2.79
Foo 30.92 - 1.40

a1 Q values multiplied by the factor 0.2.
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FIGURE CAPTION

 Fig§fe i.-— flot of eXpérimentél is Binding enefgie% vs the correspond-
- ing calculated energieé for compoundstéf'boron, carbon, ni-
' trogen, oxygen, and fluorine. The refé;éncg states have
.been chosen so as to cluster the points cégethér»on the graph.
The open circles correspond to boron compounds, the closed
circles té carbon compounds, thé croségs to nitrogen compounds,
 'the open triangles to oxygen compounds,;and thé closéd t;i—

'angles to fluorine compounds.
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