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The Estimation of Core Electron Binding Energy Shifts

Using the Concept of the Equivalence of Equally-Churged Cores

William L. Jolly

" Department of Chemistry, Univéfsity of California, and
Inorganic Materials Research Division, lawrence Berkeley Laboratory

Berkeley, California 94720



The Estimation of Binding Energy Shifts

for Gaseous Molecules

The Use of Available Thermod‘mggigwgggg.— Thevremoval of a core

electroﬁ from an atom in a compound may be represented as a chemical
réaction; 'Fof_éxample, the ejection of a 1ls electron from the nitrogen
atom‘of'an ammonia nmolecule corresponds to the following eguation.

NHs - NHs' 4 e
- (In this énd all subsequent chemical equations, it should be understood-
that'éll_species aré gaseous unless otherwise indicated.) The NH3+* ion
which is formed:is not an ordinary NH3+ ion -- i.e., it is not an ammonia
moleculé which has lost an electron from its valence shell. ' The asterisk
is added to the formula to emphasize the fact that the 1ls shell of the
nitrogen atom lacks an electron. The energy of this reacfion is the
nitrogen 1s binding energy of ammonia.

In ﬁhe X-ray photoelectron spectroscopy of gaseous compounds,
 differences in binding energies between compoundS’(chemical shifts) can
be measured more precisely than absolute binding energies of individual
compdunds. Chemical equations .can be written corresponding to such
.chemical shifts. For example, the difference between the binding energies

of ammonia and molecular nitrogen is the energy of reaction 1,

4% * n
NH= + No - NH3+ + Na2 (1)

AE = Ep(IH,) - Ep(N,) |



X-ray photoelectron spectroscopists are vitally interested in pro-
cedures for estimating the energies of reactions like reaction 1, i.e.,
chemical shifts in binding energy. In this paper I shall discuss the

. 13

thermodynamic method which we have found useful for such purposes.

The method is based on the expectation that the valence electrons of a

compound in which one of the atomic cores lacks an electron are not markedly

affeéted by replacement of the incomplete core by the complete core of an
atom having one unit greater'nuéleér charge. It is unnecessary in this
nmethod to assume that the energy of this reblaéement is zero (which it
probably is not);'it is sufficient to assume that the energies of all
such replacemehts, for atoms of a given.element,ihave the same value.
_Thu§ we assume that the energies of the folldwing two reacfions are
ideﬁtical.. | | |

+%* + . + ¥ -
NHz' + 0°° - OHs + N°F

*. ‘ : *

w08t - not s nET
On this basis it follows thét'the enérgy of a reaction in which an in-
complete core and an equallyécharggd complete core change places is zero.

For example, we take AE = O for reaction 2,

NHs' " + NO' - OHs + No¥ - (2)

L . a6t +% . s os
In this reaction, 0°" and N®'" cores are interchanged. The significance

of reaction 2 is that by adding it to reaction 1, we obtain reaction 3:

NHx + NO' - OHs' + No (3)

LF = Ep(NH,) - EB’(NE_)

. A.’_.._m e U

. .
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Thus the shift in bindingbenergy between N5 and N, is, to the accuracy
of éur approximation, equal to the energy of either reaction 1 or 3.
Reacfion 3 invblves.familiar, well~characteriied'chemical species for
which the heats of formation are known, Thus we have a method for
esfimating shifts in binding energy from available thermodynamic data.
Réactions for estimating.thé chemical shifts of some other nitrogen

compounds, relative to molecular nitrogen, follow.

(oH,) + N0 - (CHy) 00 + N,

+ +
. CH,NH, + NO - CHZOH, + N2

HCN + NO'© - HCO' + N,

+ + .

N0+ NO© - Wo"+ W,
No + NOY - 0,7+ N,
NF, + NO F_ o+ N
F + N - O -+ N,
NO, + NO' - O +N

2 3 2

A1l these reactions are,anélbgous to reaction 3. Both experimental
binding energy‘éhifts and the appropriate thermal data are known for

3 A plot of the experimental shifts against

these nitrogen compounds.
the estimated shifts is given in Figure 1. The straight line has unit
élqpe and passes through the origin. The referenc¢ level was adjusted
(by adding a small constant to ail the experimental data) to minimize

the average deviation from the line, which amounts to *0.24 eV in this

. case.



The thermodynamic meﬁhod which we have just;outlined using nitfogen
compounds as examples cén be abplied to core eleotron binding energy
data for other elements. Ploﬁs of experimental shifts against estimated
shifts for some compounds'of carbone’u—9 and oncy'ge'nlo-13 are given in
Figuiés'? énd 3, réspectiveiy. In‘the case of the carbon compounds, the
avorage deviation befweeh the exper&menﬁal and estimated values is |
+0.53 eV. in the case of the oxygen compounds, the corresponding average
devidtionvis much higher (*1.26 eV) because most of the thermodynamic
data are very(uncertain.. (In Figure 3, the open-circle points correspond
.ﬁo the uncertain thermodynamic data.)' For example, the point for CO is
far fromvthe line probably booause'of an inaccurate value for the heat
of formation of CF*. N

The Use of Thermodynamic Approximations.- Frequently the thermo-
dynamic data necessary forocaiculating a'particular oore electron binding
energy shift;are unknowh. However, the thermodynamic method can still
be applied if estimated values for the unknown heats of formation are
used. Although chemists have devised a wide'vafiety'of techniques for
estimating hoats of formation, most of the techniques are inadequate for
ionic species of the type invoived in these binding enorgy calculations.
Thus this broblem provides a significant challenge for Chemisté. In the

following paragraphs I shall discuss several examples of the use of

thermodynamic approximations, over and above the fundamental approximation

_of'the method, in the estimation of binding energy shifts.

i

Figure 4 is a plot of experimental vs. estimated binding energies

. 1L :
for boron compounds. The two open-circle points, for BH,N(CHs)- and



B0H6, were éalculated using estimated data. The chemical equations for

the shifts of these compounds, relative to BFs, are the following,

+

.
s N(CH,), + BF

BH,N(CH,), + CF 5

BHg + CF, - BCH_ + BF,

The heats of formation are known for all these species except N(CH3)4+
and BCH6+f ' The heat of formation of the tetramethylammonivm ion was
estimated from the Borh—Haber cYcle for tetramethylammonium nitrate. All
‘the tgrms in this cycle are known excepﬁ thé lattice energy,vwhich was
esﬁimatéd using Kapustinsky's formula. The heat of formation of BCH6+
(the ion formed by replacing a bofdnvatqm in‘B?_H6 with a C' ion) was
estimated by assuming that its heat of formation from BH, and CH," is
equal to the heat of formation of the isoelectronic species, BH., from

two BH5 molecules.
2,15

'vbThe data for xenon compounds are plotted in Figure 5. The
thermodynamically estimated binding energy shifts are based on reactions

such as the following, for XeF, and Xe,
XeF_ + Cs' - CsP, + Xe

The heat of formatioﬁvof the hypothetical CéFZ+ ion was assumed to bé '
thé‘Samé as that for a Cs' ion plus two F atoms. . (In ofher words, it
wés assumed thaﬁ therevwould'be no bonding betﬁeen the atoms of this
species.) This approximation is equivalent to equating the shift in-

binding energy to the atomization energy of Xel:

XeF, - Xe + oF
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A similar approxiﬁdtion was made.fdr all the other xenon compounds. As
can be seen from Figure 5, the average deviation between the experimental
and estimatgd values is remarkably small (+0.20 ev).

The estimated shift for é pair of fluorine compounds (say, XF and
YF) should be, according to the thermodynamic‘method, the energy of

reaction U:

XF + YNe® - YF + XNe' (4)

Unfortunately, the heats of formation of neon compounds are generally
unknown. Therefore we found it expedient'to make the further approxi-

mation that AR = O for reaction 5:
xNet + YT o wwet +xt | (5)

This approximation is equivalent to the aésumptibn that the heats of
dissociatioh of all cafibnic heon adducts are equal. Such an assumption
would be‘éxpected to be at least approximately valid because such heats
of dissociation éré relétive;y smail.l6’17 By adding reactions 4 and 5,
we obtain reaction 6:

ey o wFaxt (6)
.The heats of reactions of this type were taken as the_thermod&namicallyr
estimated shifts in tﬁe fluorine 1ls binding energiesf A plot of experi-
mental values against such estimates is presented in Figure 6.5’7’10?18’19-
The extremé'scatter of thé points is probably due to the relatively in-

accurate thermodynamic data used in the calculations. The open-circle

points are based on particularly uncertain data.
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or Estimating Energy Differemces for Iscelectronic

Iheoretical Methods £

o

gﬁiﬁﬁ‘" From the preceding discussion, 1t is clear that the relative binding
energies fér various compounds of a given element are equal to the energy
differences of pairs of isoelectronic species. One might expect that,
" using various theoretical methods for estimating molecular energies, such
energy differences could be calculated more aécurately than the absolute
energies of thevspecies could be calculated. Such calculations have not
been altogether encquraging. Energy differences calculated by the extended
' Hﬁckél MO method for éompounds of boron and nitrogen were found to show no
cdrrelation whatsoever with binding energies. This result is probably
feasonable, because the EHMO method is reputed to be'of little value for
cationic Species. Partial success was obtained with the CNDO MO method.
Plots of CNDO-calculated energy dif"f‘ex_‘ences5 against binding energies
are given in Figure 7 for nitrogen compounds3 and in Figure 8 for boron
compounds.l

Although the points in Figure 7 fit a straight line moderately well
(wifhvan average deviation of #1.4 eV), the.fit is much poorer than that
obtained in Figure 1 using thermodynamic'data based on experiment.
Essentially no correlation whatsoever is apparent in the plot of Figure
8. lClearly the CNDO mefhod, when applied in this way, is of little use.
One needs a theoretical method for estimating the change in energy of a
‘system upon increasiﬁg the charge on one nucleus by unity. Possibly a
quéhtum mechanical method based on perturbation theory would be appropriate

for such a problem.
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. s . ; . 2 . .
The following empirical equation has been dev1sed_o for estimating
a quantity, A, which is the difference in the dissociation energies of '
a pair of isoelectronic species and which is linearly related to core

electron binding énergies.

| A(ev)_ = Z[(};AE. --_.xB2)‘ + 2(x_B - xA)xi] + 10.5 Z [1/(1+k) ]cj' N&))
, i J

Here xA is the electronegativity of the atom, A, from which the core

electron is ejected, and x_ is the electronegativity of the atom with -

B
one gfeater nuclear charge. .The quantity xi is the electronegativity of
an atom directly bonded to atom A, and.Cj is the formal charge of an atom
sepafatéd by k atomsvfrom A. The sum %; is carried out over the i
atamé directly bonded to atom A, and the sum 2: is carriedvout orer all

i
the atoms in the species except atom A. A plot of experimental carbon

1ls binding energies against A for a wide vafiety of organic compounds

(voth solid and gaseous) is given in Figure 9. The scatter in the points
is attributable both to the crudeness of equation and to the fact that

the plot includes daﬁa for both solid and géseous compounds. Unfortunately,
equation 7 is severely restricted in its application to binding energy

correlation because it is valid only for chemical species in which the

atoms have formal charges from +1 to -1.



. The Estimation of Binding Fnergy Shifts

for Gaseous Monatomic Ions

No binding enefgy shifts for gaseous ions have yet been measured.
However, it is'pqésible to calculate such shifts by quantum mechanical
methods for single atomé in various stages of 'ionization with good
' reliability. Thus_Siégbahn'EE g}.gl.have calcuiated the 1ls bihding
energy shifts fér several ions of sulfuf and chlorine by self-consistent
fielad calcﬁlations ﬁging modified Hartree-Fock-Slater wave functions.

We have plotted theif“calculated shifts against the thermodynamically-
estimaf;ed22 values in’F}éure; 10 and 11. The open circles correspondvto_
SCF calculations in whiéthéopmans' theorem was assumed; the solid circles
'correspond to more elaborate calculations in which atomic<rclaxation was
accounted for. As expected,.the data calculated assﬁming relaxation fit
the thérmodynamic data more closely. The fact that the data agree, in
general, to within avfeﬁ'tenthé.of a volt Suggests that both the SCF and
therﬁddynamic ﬁethods givé correct answers with the same accuracy. The
thermodynémic method is much simpler‘to apply,-however. For example,

the chémical shift between Cl+ and Cl is taken to be the difference
between the secoﬁd-ionizétion potentiai of argon and the first ionization -

i

potential of chlorine:

cat 4 art o o1+ ar®

~ The thermodynamic method can also‘be»appiied to the hypothetical case
of an isolated fractionally-charged ion. The energies for integrally-
charged ions can be expressed approximately as quadratic functions of

i
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atomic charge. ~ For example, {rom the first ionization potentials
_ ol _ o ‘
and electron affinities * of boron and carbon, we derive the following

equationé for the energies (in eV) of the ions:

B(8Y) 4.00 g% + 4.30 g

"

B(c?) 5.00 ¢° + 6.26 q

q

Using these equations, the chemical shift in binding energy between B

“and B is calculated to be q? + 11.96 g, corresponding to thé reaction

B+ ¢t o B4 ottt

Similar relations can be shown to hold for many other elements of the

periodiec table. It is significant that in all cases, the coefficient .

of q is much greater than that of q2, and so for qu < 1, the calculated
" chemical shift is essentially directly proportional to the atomic chérge.

Thus the approximate linearity of plots of chemical shift against atomic

charge for various compounds of a given element is rationalized. Devi-

ations from linearity in such plots can be attributed to neglect of the

charges of the othér atoms in the compounds and neglect of the shifts in

electron denéity_that occur during electron ejection.
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The Estimation of Binding Energy Shifts

for Solids

The thermodyﬁamic estimation of chemical shifts for solids is more
complicated and less accurate than that for gases, and the method‘is
reédily_applied only to atbﬁs in‘mqlecular solids and in the anions of
salts.l ~To illustrate the method, we shall consider the nitrogen is

shift between sodium nitrite and frozen ammonia. The energy shift cor-

responds to thevenergy of reaction 8.

Nog'(iﬁ NaNOQ) + NH3+*[iﬁ NH;(s)]' - Nbg*(in NaNO:z) + NHs[in NHs(s)] (&)

NaNOz(s) + [Na' hole in NaNOz2] + [NO2” hole in NaNoOz] -~

Na'(in NaNOz) + N0z (in NaNoz)  (9)
. R + . ‘
Na (in NaNOz) - Na (g) + [Na' hole in NaNOzl (10)

* . * - )
NOz (in NaNOz) + 203(g) - NOz (g) + [NO2~ hole in NaNO2] #+ .203(s) . (1)

‘NH3+*(g) flﬁﬂg[in Nﬁg(s)]' ; NH3+*[in NH=(s) ] + NH3(g) (12)
w0+ ote) - ose) e ()
NaNoz(s) + 0:() + 0Hs*(g) o Na'(g) ¢ 20s(s) + Mis(e) (1)

%

~ To reaction 8 we shall add reactions 9-13 and thus obtain reaction 1k,

which involves only species for which thermochemical data are available.
Reaction 9 corresponds to the transfer of a mole of bulk crystalline
NalNO.: into independent -ionic sites inside a large crystal of NaNOz. The

cnergy‘of reaction 9 is -U, where U is the lattice energy of NaNO..
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Reaction 10 correSponds to the removal of é mole of independently-

 situated Na' ions from a large crystal of NaNO-. To a‘good approximation, é
.the_energy of this process is U and cancels_the energy bf reaétion 9.25
The energy of redction 11 is assumed to be zéro én the bésis that the_
enefgy of removing an NOg* molecule from an NO2 site in NaNOz should
be approximately equal to the energy of removing an O3 molecule from an
interior site in crystalline 03, or twice the heat of sublimation of 03.26
‘The energj of Reaction 12 is assumed to be zero on the basis that the
energies for the removal of NH3+* ané NH> from crystalline NH>s should be -

v : _ *
approximately equal. In reaction 13,'N§+

and 0° cores are inter-
changed, and the energy is taken és zero on the same basis as discussed
earlier; If We accept the vdrious_approximations made regarding the
energies of reactions 8;13,'fheir sum (the energy of reaction 14) is the
same as that of reacﬁion 8, i.e., the chemical shift between NaNOz and |
NH}(S). Similar chemical reactioné can be writﬁen for other pairs of
solid compounds whose X—ray photoelectron spectra have been obtained -
not only nitrogen éompounds, but also compounds of carbon; boron, and
iodine.l A plot of relative core binding.enefgies for such compounds.

against relative values of the thermOdynamically estimated binding

energies is given in Figure 12.

L

K-absorption edge energies are analogous to 1s electron binding
energies and, like the latter, show chemical shifts. For example, KCl,
KC103, and KCl0Os4 have relative chlorine K absorptién edge enérgie527 of
0, 6.9, and 8.4 eV, and NaCl, NaCl0s, and NaClOa have relative chlorine

. : e 8"
2p binding energies of O, 7.1, and 9.5 eV, respectively. 1 Best27’2
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has pointed out that a thermodynamic treatment, based on the equivalence
of equally charged cores, should be applicable to absorption edge data.
However, a lack of the required thermodynamic data has thwarted such

“calculations.

The Estimation of Chemlcal Reaction Energles

from Binding Bnergy Shifts

- When the heat of fbrmatlon of one of the species in the chemical
reactlon correspondlng to a known core- elcctron blndlng energy Shlft 1§
unknown, that heat of formation can be calculated by simply equatlng
. the blndlng energy shift to the heat of the chemlcal reaction. In this

~way one can use chemical shift data to calculate the heats of formation
of a wide;variety of unusual species.

For example, the chlofine 2p shifts'relative to NaCl for NaClOs

and NaCl04 cor;espond to_the following reactions.

NaC103(s) ;xArO3(g) + 2Ar(s) - NaCl(s) + Ar(g) + 2Ar0s(s)

Na0104(sj + ArO4(g) + aAr'(-s) - NaCl(s) + Ar(g) + 2Ar0a(s)

Using the known heats of formation of the salts, the subllmatlon energy

29

- of. argon, and estimates of the subllmatlon energies of ArO; and ArOai,

‘'we calculated Aﬂf = 182 and 235 keal/mole, respectlvely, for Ar0Os(g) and
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Aroa(g). From these values we calculate average Ar-0 bond energies of
-3 and +1 kcal/mole, correspohding to essentially no. bonding in these
hypothetical ﬁolecules.

Similar calculations, using the measured ls binding energy of the
middle nitrogen atom in sodium azide, NaNsz, lead to an estimated
AH; =.120 kcal/mole for the hypotheétical gaseous ﬁqleculé NON.l This

value correspohds to AH® = - 100 kcal/mole for the isomerization
NON - NNO

The heats of formation of various hydrogen-containing gaseous cations
can bevestimated_from the binding energies of gaseous hydrogen-containing
molecules, and these daﬁa can be combined with appropriate heats of
formafion to obtain‘proton affinities. Table'I lists some proton af-
finitiés calculated in this way for molecules for which no other proton
affinify values are'availdble."It will be noted that the binding energies
of the two different oxygen atoms in.acetic acid yield two proton affinities
for acetyl fluofide (CH3COF), corresponding to the attachment of a proton
to the oxygen atom or the fluorine atom. When making these calculations,
we reversed the oxygen binding energy assignment of Siegbahn gg g&.,la
.who aséigned thé peak of lower binding energy to the CH oxygen. Their
assignment leads to the ghemically implausibie result that the proton
is mofe stable on the fluorine atom than on the oxygen atom of CH3COF.
We also prefer our assigmment (i.e., the_higher binding energy to the

./O"

OH oxygen) because we believe that the resonance structure CH3—C§O+H
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Table I.

Proton Affinities from Core Electron Binding Energies

Moleculevfor which Molecule for which Calcd. Proton

g

B

b Donor atom italicized.

¢ Required heats of formation_taken from reference 10.

a

‘were reversed.

taken from references 6, 7, and 13.

The O os.bihding ehergy assignments of Siegbahn et al.
See text. -

13

Ep 'Detd.a ‘Proton Affinity Caled.” Affinity, kc_al/molc
CH3CH=NHz CH>NHNHz | 226
Cele CoHsN 222
CH30H NH20H 202
cHCLs NC1s 189
(CHz)2C0 CH3CONH 185
CHNH CeHsOH 176

' gg}jg 'Hcy ‘ 168
CH3CHO CH=CHF 165
CH;CQOH‘;' cHsCorS 137
CHz0H CHaF 104
"H=20 HF 97
crscoon® cH5cor 96

of the italicized atom used in the calculation. Binding enérgies

for CH3COOH
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is important enough td counﬁeract the fact that the hydrogen atom will
tend ﬁo lose electron density to the oxygen aﬁom, and it is well known
that higher atomic charges generally correspond to higher binding energies.
. The carbon 1ls binding‘energies of gaseous methyl compounds yield, by
siﬁilar calculation, the "ammonia affinities" of cationic species. These

are given in Table IT,.

Acknowledgnment.~ The assistance of Miss P. Finn with some of the
calculations is gratefully adknowledgedQ This research was supported by

the U.S. Atomic Energy Commission.
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Table II.

Ammonia Affinities from Core Electron Binding Energies

Molecule for which Species for which B Caled. Ammonia

E, Detd. Ammonia Affinity Caled. . Affinity,keal/mol®
CHsF - - S F - | U6
cisow oL 145
CH5C1 . ot o 133
CH3Br B et 107
(mseco  cmcot 2

a Carbon 1ls binding energies from‘references‘7 and 13.

b4Requ'ired heéts of formation taken from reference 10.



(1)
(2)
(3)

-18-

. References

W. L. Jolly and D. N, Hendrickson, J. Amer. Chem. Soc., 92, 1863 (1970). ‘

J. M. Hollander and W. L. Jolly, Accounts Chem. Res., 2; 193 (1970). LU'

P. Finn, R. K. Pearson, J. M. Hollander, and W. L. Jolly, Inorg. Chem.,

10, 378 (1971).

)

Carbon binding energies for HCN, CoHg, and CHF3 were taken from

references 5, 6, and 7, respectively. Thermodynamic data were .

“obtained from references 8, 9, and 10.

(5)
(6)
(7
(8)
(9)
(10)
(11)
(12)

(13)

(%)

P. Finn, unpublished work.

T. D. Thomas, J. Chem.  Phys., 52, 1373 (1970).

T. D. Thomas, J. Amer. Chem. Soc., 92, 4184 (1970).

D. Holtz, J. L. Beauchamp, and S. D. Woodgate, J. Amer. Chem. Soc.,

92, 7484k (1970).

D. Holtz, J. L. Beauchamp, W. G. Henderson, and R. W. Taft

National Sﬁandard-Reference'Data System, National Bureau of Standards,

Washington, D.C., NSRDS-NBS 26, June 1969.

/

Oxygen binding energies were taken from references 12 and 13j
thermodynamic data were taken from reference 10.
D. W. Davis, J. M. Hollander, D. A. Shirley, and T. D. Thomas,

N

J. Chem. Phys., 52, 3295 (1970). -

K. Seigbahn, et al., "ESCA Applied to Free Molecuies,” North-Holland P

Publishing Co., Amsterdam, 1969.

P. Finn and W. L. Jolly, J. Amer. Chem. Soc., in press.



[N

-19-

(15) 8.—E.'Karlsson, K. Siegbahn and N. Bartlett, Lawrence Berkeley

Laboratory Report UCRL-18502, Sept. 1969.

(16) The proton affinity of Ne is ohly 2.2 eV [G. Binau, Fortschr. chem.
Forsch. , 5, 347 (1965) J.
(17) Deviations of the énergy of reaction 5 from zero should be a smooth
.function-of'the F binding enéfgy sﬁift and therefore might contribute
curvature, but not scatfer, to the plot of Figure 6.
(18) Fluorine.binding energies were taken from references 5, 7, and 19;
: thefmodynamic data were taken from reference 10.

(19)'Unpublished observations of D. A. Shirley and D. W. Davis.

(20) W. L. Jolly, J. Amer. Chem. Soc., 92, 3260 (1970).

(21)'K.ASiegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hamrin,
J. Hedman, G. Johansson, T. Bergman, S.-E. Karlsson, I. Lindgren,
and B. Lindberg, ”ESCAQ Atomic Molecular and Solid State Structure
Studied by Means of Electron Séeétroscopy," Almqvist and Wiksells,

. Uppsala, 1967.

(22) See L. C. Cusachs and J, W. Reynolds, J. Chem. Phys., 43, 8160 (1965);

| H. Basch, A. Viste and H. B. Gray, J. Chem. Phys., 4k, 10 (1966).
(23) W. L. Jolly, "The Synthésis'and‘Characterization of Inorganic
Compounds,” Prentice-Hall, Englewood C1iffs, N.J., 1970, p. 27.
(24) R. s. Berry, Chen. Revs. , §g, 533 (1969).

(25) This is a good approximation only for lattices in which interchange.

of the cations and anions yields an identical lattice, and fortunately

~ this is characteristic of most MX salts.



(26)

Fortunately this crude approximation does not introduce much error

because the sublimation energy is a relatively small guantity.

21y
(28)
(29)

P. E. Best,'J.'Chem. Phys., L9, 2797 (1968).

P. E. Best, J. Chem. Phys., 47, hoo2 (1967).

The sublimation energies of ArOs; and ArO, are each estimated to be

7 kcal/mole.
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Figure 1.
Figure 2.

Figure 3.

Figurevh.

Figure'5.
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Figure Captions

Plot of nitrogen ls binding energies vs. thermodynamically

estimated energies.

Plot of carbon 1s binding energies vs. thermodynamically

estimated energies.

Plot of oxygen ls binding energies vs. thermodynamically
estimated energies. The open circlés correspond to compounds
for which some of the required thermodynamic data are very

uncertain.

2

Plot of boron 1s binding'energies vs. thermodynamiéally
estimated energies. ' The open circles correspond to compounds
for which some of the required thermodynamic data were

estimated.

Plot ofvxenon 3d5/ﬁ binding'energiés vs. thermodynamically
estimated energies. See the text for a discussion of the

appfoximations made in calculating the thermodynamic energies.

Plot of fluorine ls binding energies vs. thermodynamicalky'

~ estimated energies. See the text for ‘a discussion of the

approximations made in calculating the thermodynamic energies.
The opén circles correspond to compounds for which SOmerf

the requiréd thermodynamic data are particularly uncertain.



" Figure 7.
Figure 8.

Figure 9.

Figure 10.
Figure 11.

Figure 12.

Plot of boron ls binding .energies vs. CNDO estimated energy

0P

Plot of nitrogen ls binding energies vs. CNDO-estimated

energy differences between isoelectronic species.

differences between isocelectronic species.

Plot of carbon ls bindipg energies‘(relative to methane) VS,

calculated A values. Numbers refer to the following compounds :
1, Cells; 2, CzHe; 3, CzHaj L, CHaj 5, CzHz; 6, CH3CH2NHa;

7, CHzBr; 8, CH3CH2Cl; 9, HC=N-CH=N-NH; 10, CH3CH20H;

[OROR

11, CHsCl; 12, CHsOH; 13, CH3CH20(CO)CH3; 14, Csz; 15, CHzBrz;

16, HCN; 17, SC(NHz)z; 18, CHsF; 19, OCHz; 20, (CH3CHO)s;
21, OC(CHs)2; 22, CHzClz; 23, CeOs; 24, CeFs; 25, OC(NH:):;
26, CHCls; 27, CHsCOOH; 28, HC(OCH3)3; 29, CCla; 30, OC(OEt)CL;

31, OC(OCHz)=z; 32, COz2; 33, Cl2FCCC1Fz; 34, C1F2CCClaF;

35, F3g(co)cn3; 36, CHF3; 37, OCF2; 38, CF4. Reproduced from

reference 20.

Plot of Hartree-Fock-Slater-calculated sulfur ls binding

energiés,zé{ thermodynamically estimated energies.

Plot of Hartreé—Fock-Slater—calculated'chlorine 1s binding

N

energies vs. thermodynamically estimated energies.

Plot of core binding energies forvsolid compounds vs. thermo-
dynamically estimated energies. Solid circles correspond to
nitrogen 1ls binding energies; open circles correspond to carbon

1ls binding encrgies; solid triangles correspond to iodine core

binding encrgiesy open triangles correspond to boron ls.binding

-encrgies.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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