
).1 
1.. : 

~t 

LBL-11396 c_ ;)_.. 
Preprint ' 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Molecular 
Research Division 

Submitted to Electron Spectroscopy and Related Phenomena 

THE USE OF CORE ELECTRON BINDING ENERGIES AS BENCH MARKS 
FOR THE COMPARISON OF VALENCE SHELL IONIZATION POTENTIALS 

William L. Jolly 

August 1980 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy : . 

which may be borrowed for two weeks. 

For a personal retention copy, call 

Tech. Info. Division, Ext. 6782. 

::: -_;..:so-'" ... - ._ -

RECEIVED 
LAWRH·.!CE 

B~I(ICHEY LA::lOiU\ TORY 

NOV 61980 

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48 

r 
~ 
r 

' ---

.. 
y 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-11396 

The Use of Core Electron Binding Energies 

as Bench Marks- for the Comparison of 

.. Valence Shell Ionization Potentials 
r 

William L. Jolly 

Department of Chemistry, University of California, and 

Materials and Molecular Research Division, Lawrence Berkeley 

Laboratory, Berkeley, California 94720 (U.S.A.) 

ABSTRACT 

The difference between the ionization potential of a molecular 

orbital and a core binding energy of an atom on which the molecular 

orbital has appreciable density is a measure of the strength with which 

electrons are held in the molecular orbital, free of the effects of atomic 

charges and electronic relaxation energies. Such differences can be used 

to compare the intrinsic bonding or antibonding characters and the s, p 

hybridizations of orbitals on atoms of a particular element in various 

compounds. Thus core binding energies should be useful in the assign-

ment of ultraviolet photoelectron spectra • 

• 

This manuscript was printed from originals provided by the author. 
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Of.ten the :most d;i.f'f.icul t $:tep in th.e s.tudy of. a :molecule by ultra-

violet photoelectron spectroscopy is the ~sigmnent of the observed photo-

electron bands to specific molecular orbitals. Even simple molecules can 

have perplexing spectra. Therefore, when making spectral assignments, one 

should take advantage of any information which has a bearing on the sy.stem 

under study. For example, quantum chemical calculations, spectral fine 

structure, band intensities, band 5hapes, ang11lar distribution data, data 

for related compounds, and mass spectr_al data can be important in elimi-

t . ib" ·t· . . . . t 1 ' 2 na J.ng am J.gul. J.es J.n assJ.gnmen s. The qualitative effect of changes 

in atomic charge on nonbonding electron ionization potential has long been 

recognized and utilized in making assignments. Thus the sulfur lone pair 

orbitals in SOF2 ,' soci2 and (cH
3

)2so are assigned to bands at 12.6, 11.3, 

and 9.3 eV, respectively, in accord with the relative electronegativities 

of the fluorine, chlorine, and methyl groups. 3 

It is the purpose of this paper to show that atomic core electron 

binding energies, derived from x-ray photoelectron spectra, can serve as 

bench marks for comparing and assigning ionization potentials of molecular 

orbitals which are more or less localized on single atoms. In a recent 

study it was shown that phosphorus lone pair ionization potentials and the 

corresponding core bihding energies are linearly correlated only for sets 

of very similar molecules, in which there is little change in the hybridi-

zation or delocalization of the lone pair on goir1g from one molecule to 

4 
another. For such sets of similar molecules, both the lone pair ioni-

zation potential and the core binding energy are affected similarly by 

changes in potential (atomic charges) and by substituent changes which 

alter the electronic relaxation accompanying photoemission. .on going 

from one "lone pair" to another' an increase in s character or bonding 
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character, or a decre·a.~e in antihonding character, causes the lone pair 

ionization potential to increa,s_e more than the core ionization potential. 

Therefore we propose that the difference between the ionization potential 

and the core binding energy be used as a measure of the hybridization or . 

bonding (or antibonding) character of the orbital, assuming that the or-

bital is at least partially located on the atom corresponding to the core 

binding energy. Changes in ionization potential due to changes in atomic 

charge or changes in relaxation energy are largely cancelled out by the 

corresponding changes in core binding energy. 

Because (IP - EB) values are unwieldy large negative numbers, we 

propose that relative values of (IP- EB)' in which (IP- EB) is set equal 

to zero for a particular reference compound, be used. For further simpli-

city, we use the symbol ~ for these relative (IP - EB) values. In Tables 

* I - IV we have listed adiabatic ionization potentials for "lone pair" or-

bitals, the corresponding core ionization potentials, and~ values for com-

pounds of ni-trogen, oxygen, fluorine, and sulfur. Most of the compounds 

are well characterized, with unequivocally assigned ultraviolet photoelec-

tron spectra. Using the data in the Tables, we shall attempt to show that 

~ is a measure of the "intrinsic tightness" with which the lone pair elec-

trans are held. We shall use the simple binary hydrides (NH
3

, H
2
o, HF, 

and H~S) as reference compounds, with~= 0. In these reference com­

pounds, the lone pair orbital has no significant bonding or antibonding 

character, and generally is made up principally of an atomic p orbital. 

Therefore for the other compounds we can interpret a positive ~ value as 

an indication that the "lone pair" orbital hes some bonding character or 

* . 
We are rather permissive in our use of the term "lone pair." Although 

all the orbitals in the Tables have significant density on the indicated 

atoms, some of them are quite delocalized and have strong bonding or anti­

bonding character. 
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an appreciahle amount of s characte;J:" lo:J:" both), and we can interpret .a 

negative b. value as· an indication of antibonding character. 

NITROGEN COMPOUNDS 

We believe the negative 6. value of methylamine is due to repulsive 

interaction between the nitrogen lone pair and the C-H bonding 'electrons. 

The still more negative 1:::.·. value of dimethyla.mine is presumably a conse-

quence of further repulsion by the second methyl group. We believe that, 

in the case of aniline, b. would have a negative value because of repulsions 

by (J bonds of the phenyl ring if it were not for a greater 'IT bonding inter-

action with .the highest occupied'!T orbital of the ring. The effect of 

this 'IT bonding is to raise the b. value and to delocalize the "lone pair" 

electron density onto the ring.5 

If one considered only the high ionization potential (13. 00 eV) and 

low basicity of nitrogen trifluoride, one might conclude that the nitrogen 

"lone pair" is in a bonding orbital.' However the high negative b. value 

shows that most of this tight electron binding is due to the high positive 

charge on the nitrogen atom. Indeed, when one eliminates the effect of 

that charge by calculating b., it becomes clear that the nitrogen lone 

pair is essentially in an antibonding orbital. This antibonding character 

is a consequence of repulsions by the fluorine lone pairs. The same repul-

sive interaction has been used to explain the remarkable weakness of the 

N-F bonds in NF 
3

. 6 

The b. vSJ.ue of pyridine is about the same as that of ammonia, appar-

ently a consequence of a balance between increased bonding pair-lone pair 

repulsion and increased s character. The bonding pair-lone pair repul-

sion cannot be very great in pyridine, and therefore we conclude that the 

pyridine lone pair does not have much s character. Indeed, CNDO /2 
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calculations ahow that the hyh+idization changes from 6.8% s character in 

ammonia to only 15 ~ 4% s character in pyridine. 7 The latter percentage is 

much lessthan the 33 % corresponding to s.p
2 

hybridization. In the struc-

turally related (NPF 
2
1
3 

molecule, the li value of 1.0 eV indicates weak 7T 

bonding betweeh the ni trog~n and phosphorus atoms. 8 

The HOMO of molecular nitrogen is an essentially nonbonding cr orbital. 

The /::, value of 1.09 eV is indicative of significant s character, in accord 

with the description of this orbital as the "overlap of the tails of two 

approximately sp
2 

hybrids. " 9 The /::, values of the analogous orbitals in 

-HCN and the nitriles show increased bonding character. These increases in 

bonding character of the cr orbitals also can be seen in the relative magni-

tudes of the cr and7f ionization potentials, which are 15.58 and 16.98 eV 

for N2 ,
10 

13.59 and 13.82 eV for HCN,
10 

and 13.14 and 12.21 eV for CH
3

CN,
11 

respectively. As one might expect, the cr nitrogen lone pair orbitals of 

NSF 
3 

and N20 are similar in character to those of the ni triles and there­

fore have similar /::,values. It should be noted that the similarities in 

the cr lone pairs of these compounds and the nitriles are not at all obvious 

from the ionization potentials, which range from 12.7 to 16.39 eV. 

OXYGEN COMPOUNDS 

Theionization potentials listed for water, methanol and dimethyl 

ether correspond to the 7f lone pair orbitals. The decrease in /::, with in-

creasing number of methyl groups can be explained, as with the methyl 

amines, in terms of increasing repulsions ~etween the lone pair and the 

C-H bonding electrons. In the case of phenol, interaction of the out-of-

plane "lone pair" with the highest occupied phenyl7T orbital yields a 

bonding MO (IP = 12.61 eV; /::, = 0.9 eV) and an antibonding MO (IP = 8.37 eV; 

/::, = -3:3 eV). The more nearly nonbonding in-plarie lone pair (IP = 11.22 eV) 
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has a 6.. value of -0.5, correaponding to a ~.mall amount of bonding pair-lone 

pair repulsion. 

In oxygen difluoride, the ionization potential corresponds to the anti­

bonding b1 ( 7T) orbital. 12 Thus even though the ionization potential· is 

fairly high (13.13 eV), the 11 value is low C-5.01 eV) .. Similarly, the ion-

ization potential of molecular oxygen corresponds to the an1:;ibonding 7T g 

orbital, and the 11 value is, as expected, very negative. 

There is no truly nonbonding pair of electrons on the oxygen of carbon 

monoxide. ·However the third band in the photoelectron spectrum of carbon 

monoxide (lP = 19.69 eV) 10 corresponds to a weakly bonding cr orbital on 

carbon and oxygen. 9 The 11 value of 4.31 eV is consistent with thi~ assign-

ment and interpretation. 

The first ionization potential of ozone (12.56 eV) corresponds to a 

strongly antibonding a1 ( cr) orbital on the middle oxygen atom; the 11 value 

of -6.4 eV is entirely consistent. The second ionization potential 

(13.02 eV) has been assigned to the nonbonding la2( 'It) orbital on the 

terminal atoms and the third ionization potential (13.57 eV) has been as­

signed to the weakly antibonding 4b2 ( cr) orbital on the terminal atoms. 13 

Although the 11 value of -0.7 eV seems reasonable for the weakly antibonding 

4b2 orbital; the 11 value of -1.3.eV for the nonbonding la
2 

orbital seems 

somewhat low. Indeed, Brundle13 has indicated that the data do not strong-

ly support the reported 4b
2

, la
2 

order, and perhaps the reverse as.sign.xnent 

should be seriously considered. The 12.98 eV ionization potential of so2 

corresponds to the la2 and 4b2 nonbonding orbitals on the relatively distant 

oxygen atoms of this molecule. The 11 value of 0.33 eV is entirely consis-

tent with the nonbonding character of these orbitals. 

The ionization potential of co
2 

corresponds to removal of an electron 

from the nonbonding 7T orbital, and the 11 value of -0.~4 eV is reasonable. 
g 
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In the cas.e of N
2

0 ahd OCS., the analogous o:xygen lone pairs. have ll values 

of -1.34 and -1.9 eV, respectively, suggesting appreciable antibonding 

character. This result is a cons·equence of the fact that the non bonding 

1T orbitals of N
2

0 and OCS have some density on the opposite terminal atoms 

as well as the oxygen atoms. Because of the lower electronegati vi ties 9f 

nitrogen and sulfur the orbital energies are higher th~ they would be if 

the orbitals were localized colilpletely on the oxygen atoms. 

In formaldehyde, acetone, and carbonyl fluoride, the ionization poten-

tials correspond to the in-plane nonbonding p orbitals of the oxygen atoms. 

In formaldehyde and acetone, bonding pair-lone pair repulsions give some 

antibonding character to the orbitals and cause the rather low ll values, 

-1.31 and -1.0 eV, respectively. In carbonyl fluoride, the C-F bonding 

electrons are held so tightly by the fluorine atoms that they do not strong-

ly repel the oxygen lone pair. An equivalent explanation is that the C-F 

a bonding orbitals have such low energies that they do not interact appre-

ciably with the oxygen lone pair orbital. 

The ionization potentials of ONF 
3

, OPF 
3

, and OPC1
3 

have been assigned 

14 to the degenerate nonbonding n orbitals on the oxygen atoms. It is gen-

erally believed that the electrons in these .orbitals are engaged in some 

n bonding to the central atom either through hyperconjugative interaction. 

* with the a orbitals of the N-F, P-F, and P-Cl bonds or, in the case of 

. . 3 . 15 OPF
3 

and OPC1
3

, throu&h use of the empty phosphorus d orb2tals. Con-

sequently the slightly positive ll values of OPF
3 

and OPC1
3 

are quite reason­

able. However, the -1.38 eV value of ONF
3 

is incredible. We believe that 

the 0 ls binding energy of ONF
3 

is in error by.at least 2 eV or the ultra­

violet photoelectron spectrum has been misassigned. Bassett and Lloyd 

themselves point out several inconsistencies in their assignment of the 

UPS spectrum of ONF
3

.14 In order to have the b. value consistent with 
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IT-bonding in t.heN-0 bondo;f ONF
3

, i..t w:ould be necess.a.:r;y to asaign the 

5e rr. orbital on 'th:e··oxygen atom to one ot the_ higher ionization potential 

bands , such as that at IP = 16. 34 eV. 

FLUORINE CO~POUNDS 

In XeF2 , the antibonding, nonbonding, and bonding Tr orbitals have •f]. 

values of -0.7, 0.9, and 2.2 eV, respectively.
16 

The relative ma.gnitudes 

and signs of these are not. unreasonable, but the value 0.9 eV seews some-

what high for a strictly nonbonding orbital. 

The first and second ionization potentials of OF2 correspond to orbitals 

which are 1T arid ct antibonding, respectively, and the !J. values of -3.75 
.~··· 

and -1.12 eV are appropriate for such orbitals.
12 

The third ionization 

potential corresponds to the non bonding a orbital on the fluorines; the 

!J. value of -0.42 eV is quite reasonable. 

In ONF
3

, CH
3
F, and CF4 , the fluorine lone pairs acquire antibonding 

character by repulsive interaction with the three CJ bonding orbitals 

corresponding to the bonds between the central atom and the other three 

ligand atoms. Thus the !J. values are quite negative (-2.23; -2.18; and 
, , 

-1.6 eV, respectively). In the case of OPF 
3

, the central atom ,is rela-

tively big, the lone pair-bonding pair interaction is less intense, and 

!J. is less negative. 

In BF3 and c6H
5
F, the in-plane fluorine lone pairs interact repul­

sively with the two adjacent bonding pairs; however because of the greater 

bond angle and the presence of only two repulsive bonding pairs, the over-

all repulsion is significantly less 'than in the case of the tetrahedral 

molecules of first-row elements. The!J. values of -1.0 and -0.82 eV, re-

spectively, are therefore reasonable. 
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The ioniza.tioil. potential of el~ental fluorine correspond~ to the 

TI antib.onding orb.i tals, and thus the very negative !J. value C-2. 76 eV) is 

not expected. 

SULFUR COMPOUNDS 

TI lone pairs having no repulsive interactions in H2s and repulsions with 

bonding pairs in the other molecules. However the !J. value of -1.67 eV 

for (CF 
3

) 2s is scm],ewhat more negative than might have been predicted for 

that molecule. 

The sulfur "lone pairs" of s8 and s2c12 occupy a.ntibondingorbitals, 

with significant. lone pair-lone pair repulsion~ and this antibonding char-

acter is reflected in the !J. values of -1.3 and -2.4 eV, respectively. 

The TI nonbonding orbital of cs2 , situated on the sulfur atoms, does 

not interact significantly with any other orbital and therefore has a !J. 

value near zero. The corresponding orbital of OCS is situated on both 

the oxygen and sulfur atoms, and, because of the greater electronegativity 

of oxygen, the orbital energy is lower than it would be if it were loca-

lized on the sulfur atom. Thus we can rationalize the slightly positive 

!J. value. 

The !J. value of the degenerate TI orbitals on the sulfur atom of SPC1
3 

would be expected to be zero if these orbitals did not interact with other 

orbitals. From the !J. value of 0.49 eV we conclude that there is signifi-

cant TI bonding between the sulfur and phosphorus atoms. 

Calculations have shown that the sulfur lone pairs of so
2 

and SF4 are 

a.ntibondirig,
1

' 17 and one would expect to same to be true for the closely 

related compounds (cH
3

)2so, SOC12 and SOF2 . Thus the very negative 6 
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values for all these compounds are understandable. The trend toward more 

negative b. values in the series (CH
3

)2so, SOC12 , SOF2 parallels the in­

creased repulsion expected in the series. ·(The greatest repulsion would 

be expected from the lone pairs qf the fluorine atoms, and the least ~rom 

the bonding pairs of the methyl groups. ) 
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Table I. Lone Pair Valence Shell and Nitrogen ls Ionization Potentials a 

Adiabatic Orbital EB(N ls), . 6., eV b 
Compormd IP, eV Symmetry eV (relative to NH

3
) 

:tJ 
{ ; 

10•16 405.60 NH
3 <l · . 0.0 

. j CH
3

NH2 8.97 cr 405.17 -0.76 

( CH
3

) 
2

NH 8 .. 24 a- 404.93 -1.25 

c6H
5

NH2 
10.45c • (J~ 405.31 0.58 

NF
3 13.00 a- 414.2 -5.8 

c
5
H

5
N 9.27 (J 404.88 -0.17 

N3P3F6 "' 10.8d (J & TT 405.29 1.0 

N2 15.58 (J 409.93 1.09 

HCN 13.59 
e 406.8 2.2 a 

CH
3

CN 13.14f (J 405.55 3.03 

c6H
5

CN ~ 12.7g a 404.95 3.2 

NSF
3 "' 13.8h (J 4o6.o 3.2 

N
2

0 16.39 a 4o8.6i 3.2 

~nless otherwise stated, ionization -potentials are from H. M. Rosenstock, 

K. Draxl, B. w. Steiner, and J. T . Herron, J. Phys. Chem. Ref. Data, 6 

. (1977), Supplement No. 1, and core binding energies are from A. A. Bakke, 

H. -W. Chen, and W ~ L. Jolly, J. Electron Spectres c. Relat. Phenom. , 21 

(1981) 000 •. 

b - ( .) 44 6. - IP - E N ls + 39 5 • • B 
c 
Ref. 2, p. 309. 

~ef. 8. 

e 
Ref. 10. 

f 
Ref. 1. 
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hD. 0. Cowan, R. Gleiter, 0. Glemser, and E. Heilbronner, Helv. Chim. Acta,· 
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iTerminal nitrogen atom. 
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a 
See footnote a~ .. Tab.lE7 I. 

eRe f. 2 , p . 309 . 

~ef. 10. 
~I 

e 
Ref. 13. 

fMiddle atom. 

~erminal atoms . 

h 
Ref. 1, pp. 84-86. 

\ 

i 
Ref. 14. 

jWeighted average of the two peaks of the spin doublet. 

\1 
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Table IlL Lone Pair Valence Shell and Fluo~ine ls lonizati.on Potentials.a 

I Adiabatic Orbital EBCF Is), · 11:. eV 
to HF)b Compound IP, eV S;Y:mmetry eV (relative 

• 
HF 16.01 1f. 694.22 0.0 

XeF2 I2.35c .'It* 
u 691.3 -0.7 

I4.ooc 1T 691.3 0.9 g 

15.25c 1T 691.3 2.2 u 

OF2 I3.Ild TI* 695.07 -3.75 

I5.74d a-* 695.07 -l.I2 

I6.44d n(a) 695.07 -0.42 

ONF
3 

I4.83e 'If.· 695.2T -2.23 

CH
3
F I2.53 1T 692.92 -2.I8 

f 
695.6 -1.6 CF4 15.8 1T 

OPF
3 

I6.69e 1T 695.6 -0.7 

BF
3 15.56 <I' 694.8 -I.O 

c6H
5
F 13.85g a- 692.88 -0.82 

F2 I5.69 1T 696.66 -2.76 

a See footnote a, Table I. 

~ b/1 = IP - EB(F Is) + 678.21. 

•• 
c Ref . 16. 

~ef.· 12. 

e Ref. 14. 

f :Re;f. I, pp. 221. 237. 

~ef. 2' p. 309. 
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Table IV. Lone Pair Valence Shell and Sulfur ~312 Ionization Pote~t:i.alsa. 

Adiabatic Orbital ~.cs '4J3121 , . 11, eV b 
Compound IP, eV Symmetry eV . Crelati ve to H2S) · 

H2s 10.47 'IT 170.20 0.0 

CH
3

SH 9.44 'IT 169.4 -0.2 

(CH
3

)2s 8.68 'IT 169.09 -0.68 

(CF
3

)2s 11.11 1T 172.51 -1.67 

88 9.04 a· 170.1c -1.3 

s 2c12 
9.4d o;,~ 171.57 :...2.4 

cs2 10.08 'IT· 169.80 0.01 

ocs 11.18 1T 170.60 0.31 

SPC1
3 

9.63e 1T 168.87 . 0.49 

802 12.34 a: 174.80 -2.73 

SF4 
12.4f a: 177.8c -5.7 

(CH
3

)2so 9.3g a,- 171.91 -2.9 

SOC12 
11.3g a· 174.53 -3.5 

SOF2 
12.6g cr.- 176.20 -3.9 

a See footnote a, Table I. 

b/1 = IP- EB(S 2p3/ 2 ) + 159.73. 

cCalculated from EB(S 2p) by subtracting 0.4 eV. 

~. J. Col ton and J. W ~ Rabalais, J. Electron· Spectrosc. Relat. Phenom. , 

3 (i974) 345. 

eJ. C. Bunzli, D. C. Frost and c. A. McDowell, J. Electron Spectrosc. Relat. 

Phenom., 1 .(1972/3) 481. 

f 
Ref. 17. 

gRef. 3. 

i 
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