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 'The Application of X-Ray Photoelectron Spectroscopy ln'Inorgmic Chemistxy '
by William L. Jolly |
C'hemistry Department, University of California, and

Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
- Berkeley, California 94720 |

I. Introduction

Excellent comprehenswe reviews of the morganlc aspects of }&-ray
pho:.oelectron spectroscopy have appeared in recent Volumes of

Electronic Structure and Magnetism of Inorganic Compounds'® (from the

Chemical Society series of Specialist Periodical Reports), ahd a review
emphasizing applications of coordination chemistry was recently published.2
Therefore in this chapter it was decided not to attempt a complete review
of X-ray photoelectron spectroscopic studies of inorganic compounds, which |
would somewhat duplicate existing reviews, but rather to discuss certain
important inethbds of systematization' and to point out pi‘omisingvlaieas‘of :

research.
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It is generally recognized fhat atomic core électrons are closely
.bdund to the nucleus and that they are relativeiy inaccessible and inert
compared to valence eiectronsl ‘Therefbre it is réééonable to assumé
that valence electrons‘are affected by the'ioniiation‘of a core electron
essentially the same as they would be by the addition of a proton to the v
nucleus. This approximation, in which an atomic core which lacks one |

electron is considered chemically equivalent to thevcomplete core of

the next element in the periodic table, is called the ‘equivalent cores
approximation.
The approximation was used as long ago as 1932 by Skinner,?® who =

calculated the 1s binding energy of lithium as the sum of three terms:*

Li »Li" + & 539 eV
LT Lit e & 62 &V
Li?* + ef'—»Lif(ls'holéj -18.21 eV (estimated)
1i —Li*(ls hole) + e 62.80 &V

The third term, .the negative of the 2s binding.energy»of‘a‘iithiﬁm ion”
with the configuration (1s, 2s), was assumed to be EQual to the

negative of the ionization potential of Be'. The experimental vél_ueS

for the lithium 1s Bindingbenergy is 64.85 eV, in moderately good agreement;
with the eétimated value, 62.8 eV. This type of calculation can give
relatively poor estimates of 1s binding energies for'atoms of higher

atomic mumber.® Thus in the case of neon, we calculate



Ne — Ne®* + Qe 2149.4 eV

8e” + Ne* —»'Ne'(Is hole) -1300.9 eV (éstimated)

Ne — Ne'(ls hole) + e 848.5¢eV -

‘The energy of the second reactidn‘is'asguﬁed_to be the>negative of the -
energy required,to strip 8 electrons from Na'. VThe'estimated.1stbindiﬁg
energy is considerably lower than the experimental Value;'87O.2véV.7

| Better results ate obtained when calculations are ma&é fér é core which
is-well shlelded by other electrons For example the 2s. blndlng energy

of sodlum may be estlmated as follows
Na — Na?* + ze‘. 52.43 &V
Na2* - Na?*(252p%)  32.79 &V
Na®* (252p°) + ¢ = Na' (252p633) -15.03 eV (estimated)

Na — Na¥ (252p 3s) + e 70.19 &V

The energy of the third reaction is assumed to be the same as the negative.

~ of the ionization potential of Mo - In this case the esthnatedfbinding
energy 1s w1th1n 1 &V of the experlmental value,’ 71 1 eV

More recently, Best'’ . has pointed out that 1t should be p0551b1e

-

to correlate X-ray absorption edge data w1th thermodynamic data u51ng S

the'eqﬁivalent cores approximation. However a lack of the’feqﬁifed _ :
thermpdynamit'data has prevented such correlatioﬁs;l Uée'of the equivaieﬁt
cores approximation in the prediction of'chemicéi shifts of core binding
energies was fitst reported’l'lain'1970,‘andvsincevthen the apprbximation

has been widely applied in the systematization of»core-ibnization data.
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shift in core binding energy can be considered as the energy of a Cheﬁical
reéction.' For example, the difference befween the hitrogen 1s enefgies

of gaseous molecular nitrogeﬁ and nitrogen dioxide is the energy of the
reaction | | |

NO, + N2+* - N02+x + N AE =v .AEB 1

The asterisks indicate 1s holes. To transform this equatioﬁ into one
involving ground-state chemical species, we apply the equivalent cores

" approximation. We assume that the interchange of the +6 nitrogen core

* . ) : )
(with a 1s hole) in NO, " and the +6 oxygen core invNO+ involves .no

energy. |
NO;*T 4+ NOT - 0" o+ NT - BE = 0 2
Addition of equations 1 and 2 yields equation 3.
S . . 3 L |
N0, + NO' = 0; + N, AE = AEp | (3)

.Thus we find that the binding energy shift can be expfessed as the

energy (or heat) of an ordinary chemicél reaction. The experimental
binding energy shift, Eg(NO,) - Eg(Nz), is 3.0 eVv;™* this méy bévcomparéd
with the energy of reaction 3 as calculated from thérmodyﬁamic’data,

3.3 V. Similar comparisons for other nitrdgen_compounds aré shown
graphically in Fig. 1, Where experimental shifts are,plotted égainst

- the corresponding thermochemical energies.  The straight line has unit

slope; the average deviation of the points from the line is *0.24 eV.



It should bé noted that the type of approximatioﬁ made in equatibnvzy'_
i.e. that the interchange of equally—charged'cores involves né'energy o
change, is not aS severe an approximation as the assumption thét the
cores are chemically equivalent. Chemical equivélence cérresponds ﬁo: ff :
zero energy change for all substitution reactiéhs.of'the following type.

| N02+=T< . O_6+ __}()3+ + Ns+*
Nz+* + 0" > N0t o+ Né+* .

‘However when calculatihg chemical shifts, it is only neCesgary to assumé
that all such reactions'involving the replacemént of cores of a particularv.
eiement have the same enérgy'chénge, SO that*thé'difference in energy for -
any pair of reactions is zero. | o |

‘The technique that we have just described - that is, the chbination o
of the equivalent cores approximation with tﬁermodynémic data to predict |

binding energy shifts - has also been sucessfully applied to gaseous

15 16

compounds of boron,'® carbon,!® and xenon,!?®?!6 RelatiVely poor
correlations werevobtained for compounds of okygen.ls'and fluorine,'®
principally because of the inaccuracy of the thermodynamlc data employed
Application of the method to solid compounds is more compllcated requ1re§-
assumptions, and is therefore less accurate than the»appllcatlon to

gaseous compoﬁnds. However; fairly good correlétioﬁs have been obtainea a
for solid compounds of boron, carbon, nitrogen, and iodiﬁeﬂlﬂe,ln eaéh’case v
the correlation was réstriéted, because of the:natufe of the aésumptioné
involved, to molecular compounds or to compounds in wﬁicﬁ the core-ionized

atoms were in anions. It is hoped that further study will yleld meuhods

for treating all types of solids by thls thermodynamlc method. .
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- When the experimental thermodynamic data required to calculate a Einding
. ehergy shift by the eQuivalent cores method are unavailabie, thé dafa
‘can sometimes be estimatéd or calculated Qifh'sufficient écCUrécy for
use in the estﬁnaﬁicn of the binding energy shift. Various non-qﬁahtum
mechanical methods for obtaining approximate thérmochemical data have

proved useful for estimating binding energy shifts for compounds of boron;!s

6 6

carbon,’? fluorine,'® and xenon.!® It has recently been'shown that, for

~ a series of alcohols.and a series of amines, the shifts in proton affinity
are essentially equal to thé corresponding negafiVe shifts in the oxygen_"v
1s and nitrogen ls binding eﬁergies; (Seé Figures 2 and 3.)-“Thesé |
results were taken as evidence that similér relaxation effects occur

upon the attachment of a proton to an atom and upon the‘loss_of é core
electron from an atom. Wé_shall now showvthat these.resulté may also

be rationalized by a simple extension of the equivalent cores method.

We take»as an examplelthe oXygeﬁ 1s shift between two alcohols, ROH

and R'OH. This binding energy shift may be taken as the energy of |

the sum of two reactions.
ROH + R'OH," — ROH," + R'OH | (PArioy - PA)rom

ROH,"+ R'FH' = REH' + R'OH,*

ROH + R'EH™ ~— REH' + R'OH  Ep(ROH) - Ep(R'OH)
The energy:of the first reaction is simply'the.proton affinity of R'OH
less the proton affinity of ROH. The second réaction,‘for'which we

assume AE = 0, corresponds to interchanging the isoelectronic groups
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H,0 and HF between the species ROH2+ and R'FH'. The assumption of
AE = 0 does not require that AE = 0 for each of the following processes,

ROH,” + HF — H,0 + RFH'

R'OH," + HF = H0 + R'FH

‘but rather that the enérgies of the two processés aré eqﬁal; The
assumption seems reasbﬁable, pérticularly if_the'groups R and R' are -
similar. The fact that Figure shows A(?A) ~ -AEp indicates-that the
assﬁmption is justified. | i o ' |

It has been shown that even qualitative data can be ﬁseful for_::
predicting which of two binding enérgies is the greatér.lg' For example,
in the case of chlorine trifluoride, core ionization of the two different
types of fluorine atoms corresponds to the formation'of two different |

neon-containing cations, as shown below.

21
v . F7?Z
Equivalent-cores representation o b .
of C1F; in which the equatorial S -:plz+ Ne
fluorine has lost a 1s electron: o
1
_ _ =
F a2
‘ _ " F
Equivalent-cores representation of '
ClF; in which an axial fluorine - §C1+. F

has lost a 1s electron:



'AS a rough but reaéonable approximatioh we may aésume'that oﬁly one 
orbital of the chlorine atom (a 3p-orbital) is 1nvolved in bondlng to

the axial ligands and that the 3s and two 3p orbitals of the chlorine

atom are used for the lone pairs and for bondlng to the- equatorlal

ligand. We also assume that, in each case, the bonding betkeen the neon
atom and the Cle+ ion is neéligibly weak. Therefore the-felative energies
of the neon~contéining'cations are essentially the relative energies of

the linear and bent form of C1F2+.. Inasmuch as the linear Cle+ céntéins
'only two half-bonds, whereas the benf C1F."* contains two full bonds, it

is clear that the linear ion has the higher energy. Hence one.predicts :
correctly that the'binding energy of the»eqﬁatorial fluoriﬁe_is higher

than that of the axial fluorines. The exberimental Valuéé19 are.694 76

and 692.22 eV, respectlvely, correspondlng to a 2.54 energy dlfference |

: between the two CngNe ions. |

o Quantum mechanical methods for estimafing éhemical shifts,ﬁsing the
equivalent cores approximation, are attractive‘fof at least three reasons:
(1) in general,_only'closed-sheil calculafions‘are»reduired, (2) the |

~ difference in energy betwéen two isoelectfonié species can be caléulated :
more accurately than the absolute energy of either speéies, and (3) the
calculations can beimade for isoelectronic species with identical geometries,
corresponding.to a photoelectric pr0cess in_whiéh theAhuqlei remain fixed.
The CNDO/2'®°2! and MINDO/1?? methods have given'éalculated binding.ehergy'
shifts which are linearly correlated with the experimehtal shifts but which '
aie in poor quantitative agréement with the'ekpefiﬁentalishifts. The poor
‘_ quantitétive agreement 1s probébly due to the failurebof the semiem?iricai
methods to give accurate energies for the jonic Species.‘ On the‘oﬁher hand,

ab initio calculations have generally given very good results.?®"2°
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In comparisons of ekperimental'data with predictions baSed'on Koopmahs‘i '
thedrem, hole-state caléulatidns; and equivalent core calculafiqns,

the best results are consistently obtained with the_équiVélent cofes
calculations. The only poor result by the latter methbd was obtained }
for the carbon 1s shifts between CQ_and transition metal éarbonyl B
complexes.2® This result was probably due to the inadeqﬁacy'df the 'i 
computational methods uSed for .the relatively complicated transition
metal carbonyl complexés; | |

C.  Other Aspects of the Method

1. Relaxation Energy. - When a core electron is(ejected from an
atom in a mblecule, the other electrons in fhe molecule tend to migrate.
toward the positive hole. In the earlyvdays of X-ray ﬁhotoeléctron'_
spectroscopy, it was not known with certainty whether or not this |
electronic relaxation is complete in the time requiredvfor'the_ejected '
electron to 1eave-thevvicinity of the molécule - that is,.it wds not
known whether or not the measured_binding energy cofresponds to the _ J
difference in énergy between thé ground state and a‘relaxéd hole
._State. The equivalent cores thérmodynamic méthod’fof éstiﬁating
chemical shifts involves the use of thermodynamié data fof ordinary
ground-state ("relaxed”) chemical_species. Therefore»we may cdncludé
that, at least to the accuracy with which chemical shifts can be:
predicted by the equivalent cores method, measured binding energies :
do correspond to the formation of electfonically.reiaxed,hole.states.ll

Three-dimensional perspective piots of electron denéity;bbbtained

from ab initio calculations, permit a qualitative visualization of the



electronic relaxation accompanying core electron ejeotion;‘_ln-Figure 4
is shown a plot of the difference in electron density between the |
ground-state carbon monox1de molecule and the same molecule w1th an oxygen C
1s hole.?” The two atoms lie on the grid plane; surfaces above the plane
correSpond to re01ons where electron density decreases upon 1onlzat10n,

and surfaces below the plane correspond to regions where electron

density increases upon ionization..'It can be seen that considefabie electron
density is lost from a shell immediately around the micleus and that

smaller amounts of electron density are lost from the internuciear Tegion

and from the outer pefiphefy of the oxygen atom. Most of the increase

in electron density occurs in the valence shell of the oxygen atom. |

Figure 5 is a plot of the valence electron density,of CO** less the
’valence.electron density of CF'. The changes are ratherrsﬁall except

in the region of thedls shell. If the 07+* and F'* cores were exéctlye
equivalent, the surface of Flg 5 would be perfectly flat, |

2, Comparlson with the Potential Model. - Blndlng energy ShlftS

are largely caused by-changes in the electrostatlc potential experlenced'
by core electrons on going from one molecule to another. On this

basis, Basch?® and Schwartz?® developed a quentum mechanical potential
model for correleting chemical shifts. Shlrley has p01nted out '
that, to a certain approximation, the potential_model.and the

.equivalent cores thermodynamic method are based on the same assumption.
However the potentlal model derived by Schwartz 1nvo lves ground state
potentials, whereas the thermodynamic method takes electronlc relaxatlon'

-into account; hence the two methods are not-equivalent. As we shall =
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later show, the potential model can be modified to include relaxation o

energy - but by an application of the equivalent cores approximation! - - -

...........

gaseous ions have not yet been measured. However, quantumvmechanicai
calculations cangive binding energies for gaseous atoms énd ioﬁs which, -
although somewhat’uncertain.on an abéolute scale, can be used to |

- calculate accurate chemiéal-shifts.‘.Thus Siegbahh et al.?! have
calculated‘the 1s binding energy shifts for several ions of suifur and
chlerine. Howevei, the same chemical shifts'cah'be &efy easily obtained ,
by the equivalent cores method using optical Spectroséopié data.* For
example, the chemical shift between C1* and C1 is taken as the difference
between the second ionization potentialvofvargon_and the first ionizationbru
potential of chlorine: |

2+

a’ + a'- o+ oA
In Table I the calculated chemical shifts, both with and without.inclusiénf
of electronic relaxation energy, may be compared with the.corresponding
equivalent-cores values. As expected, the values calculated ihcluding I
relaxation energy are in better agreement withfthe equivalent-cgres
values. The average deviation between‘correspondingfvalues (omitting
the $°7 and C17+va1ues, which are in foorjagreement) is 10,25 eV..
This good agreement is surely not fortuitous and attests fovthe general.>': :

accuracy of both methods.
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Table I.

Calculated 1s Shifts for Gaseous Ions

~ Atom Q - SCF-HFS Calcns.®! . Equiv.-Cores

Without  With Calen.
Relaxation Relaxation o
S 1 -2 L3109
0 0 : o 0.
+1 12.3 13.8 134
+2 Cwa . 98 299
3 a0 4s  ..,-"‘ 18.4
W 629 e85 689
+6 109.1 | S1us.0 119.4
a -1 103 124 121
o 0 0 o
1 13.4 e 146
2 2.2 sz 3.7
+3 - 47.2 - 5.5 51.6
45 89.2 - 96.4 - 96.6

47 141.0° o 148.4 o 153.1
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4: Vibrational Excitation of Molecules. - The thermodynamic

equivalent cores method for predicting chemical shifts for moleculest_'
.involves an approximation not required in the case of monatbmic ions.
Although the photoelectric process formsvhole~stéte'molecu1e-ions with.
geometries the same as those of the groundéstate moiecules, thermodyﬁamic,_
data for the equilibrium geometries of the isoéiectronic species are

used in the calculations. In general, the équilibrium geometries of :

the isoelectronic species are different. For example, the equilibriﬁm
bond distances in (N*, CO, and N are 1.14, 1.128, and 1.098 &, respectively.
From the potential energy—bond.distance data for CO and N, we calculate
that, because of the neglect of the strain ehergy of the excited states,
the thermodynamic equivalent cores method is in error by about 0.04

~and 0.13 eV in the case of the nitrogen 1ls and carbon 1s binding energies

! Because most of the bond distance changes

“of CN , respectively.?
accompanying the core ionization of a givén element are in the same
direction, errors of this type tend to cancel when binding energy

shifts are calculated. However, Shaw and Thbmassz_point_out a case

in which the error may be fairly serious. The fluorine 1s shift between

HF and F, corresponds to fhe following reaction. |

Fz + HNe' — NeF' + HF
Calculations®? indicate that the equilibrium bond length of HNe' diffefs
from that of HF by about 7%, whereas the bond length of NeF" differs_
from that of F, by about 16%. From the calculated>poténtia1 energy

curve for NeF+, one calculates that NeF' with a bond distance equal

to that of F, would be 0.7 eV above its ground state energy. It
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should be noted that the calculated bénd diétances of‘NéF+,vas well
as the potential energy curve, are quite uncertain. Unfortunately
the energy of formation of NeF+_is not knéwn wiﬁh enough certainty
to permit a meaningful comparison of the equivalent cores estimate
with the experimental chemical shift. However Shawvand Thomas did
find essentially perfect agreement bétﬁeen the equivalent cores
estimate and the-experimental shift in the case of the fluorine 1s
shift between HF and the gaseous F'_ion.‘ 1 B

Probably the mostvimportant effect of fhélthange in equilibrium .
geometry-atcompanying cdre-ionization 6f_a moleculé is the broadening |
of theAphotoline.. Spectra for molecules-frequently-show asymmétric _
lines under high resolution. This asymmetry has been aftributed»to )
Franck-Condon transitions between ground and hole states.having

different geometries.?*?35

For'example, highly accurate calculations®®
for methane‘have shpwn that the loss of a cérbbn 1s electron should
cause a reduction in the equilibrium C-H bond distance of 0.05 R. This -
-displacément is sufficient to cause the appeafancé of‘two excited
vibrational bands in the spectruh and accounts for the asymmetry of the |
XPS 1ine. 'Application of the equivalent cores'approximation'would'have
made the calculations much simpler aﬁd would probably have giVen'results
of comparable accuracy. The equilibrium bond distance of'NHh+-is
0.057 & shorter than that of CH,, and accurate potential enetgy—bond'_
distance data are available for both species.

The equivalent cores approximation, in combiﬁation,wifh appfopriate'
potential energy data, has been used to account Quantitatively for the

fact that the carbon 1s line of CO is much broader (FWHM 0.82 eV) than
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the nitrogen 15 line of N, (UM 0.46 eV).%’35 In cach case, the
equivalent cores stand-in for the'hole-Sﬁaté ion is NO'. The equilibrium 
bond distance of NO' is OH066 K shorter than'that of CO and 0.036 &
shorter.than thaf of Na.  The fact that the very small dlfférence in
bond distance between CO and N2 causes a large dlfference in the 11ne
width is due to the fact that vibrational broadening is quadratlcally,
" not linearly, related to the relatlve dlsplacement of the potentlal
curves. |

In general, a core ionization causes a contraction of the valence
electron cloud in the immediate vicinity of the atom, cofrésponding to
a reduction of both the atomic size and the équilibrium bond diétancesg
This contraction of the equilibrium distances i§ faVored‘when the atom which
"~ undergoes core ionization is negatively charged and heﬁce has an easily
- contracted electron cloud. Thus we can accomnt for the fact that the
carbon 1s line of CH, is broader than thét of CFb,‘that the sulfur 2p line
of the terminal sulfur atom in the S205%” ioﬁ is bfoader than that of the
central sulfur atom in that anion, and that the ﬁitrogen 1s line of N,

is broader than that of NOs™.’"

| However it is important to recognize that a
| this correlation of atomic charge with line width is valid.only when the
formal bond orders of all the bonds in the molecule aie unchanged_upon
ionization of the core. Two examples in which the iatter condition is not

fulfilled are discussed in the following paragraphs

When a core electron 15 lost from the terminal nltrogen atom of
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N,0, the equilibrium N-N Bond'distance probaBiy incfeasesdandtthe
equilibrium N-O bond distance probably decreases. . This COnclueion

e is reached by consideration of the eqUilibrium bond‘distancesvin .

N:O (xy-N = 1129&andeo 1187K)andN02 (rn-0 = 1.154 R).

The same conclusion may be reached by consideration of the valence—_f‘
bond resonance structures for.these isoelectronic species. In N,O,

the N-N bond order isvbetween 2 and 3 and the N-O bond order is_between_

1 and 2 because of the predominance of the resonance structures
N=N"—0" «—> N=N=0

In O-ﬁLO the N-O bond order is exactly 2. Thus we conclude that

the ionization of the terminal n1trogen atom of N,O produces an ion

in a strained conflguratlon (in a steep reglon of the potent1a1 energy .

surface) and that the photoline should be v1brat10nally_broadened.

On the other hand, core ionization of the middle nitrogen atom of N,0
produces a species for whichdwe may write the following_resbnante '
structures; ﬁsing_the equivalent-cores approximation

N=0"0" <—> N=0"20
The relative weights of these structures are probably similar to those
for the analogous.structures of N,O. For this reason, and also because
the middle n1trogen atom is positively charged and not subject to
much contraction, the core-hole ion is produced 1n a relatively unstralned
state and the photoline for the middle nitrogen atom is not expected
to be strongly vibrationally broadened. Indeed, these predictions

are in accord with the facts: the FWHM of the terminal nitrogen line
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is 0.70“eV; that for the middle nitrogen atom.ie O;SQ eV.3“L7_1

'The carbon 1s spectrum of C;0, consiststdf a reietiVely.broad |
line corresponding to the outer carbonyl carbon atoms and a Ielatlvely
- narrow 11ne corresponding to the middle carbon atom. .b' The ground
state of the molecule can be represented byrthe valence'bond.structufe

0=C=C=C=0, with small contributions from the resonance structures
*0=(C~C=C=0 « 0=C=C-C=0

The ion formed by core ionization of the'middle carbon atom can be

represented using the equlvalent cores approx1mat10n by the structure .

O-C—N~C*O However, because of the greater electronegat1v1ty of the .

nitrogen atom, the contribution of the resonance structures

Yo=C—~N=C=0 <> 0=C=N—C=0"

bis somewhat greater than the contribution of the aﬁalogeus structures in

the ground state. This change in_the weighting of tﬁe resonance. structuree

_ tendsvto'increase.the equilibrium C-C bond lehgthe;- ‘However this tendency"v
is counteracted by the tendency for the mlddle ‘carbon atom (whlch is more
negatlvely charged than the outer ones) to contract and shorten the equ111br1um
C-C bond dlstances. The result is a negllglble chanoe in the equlllbrlum o
C-C distances, a slight shortening of the equilibrium C- 0 dlstances and a
relatlvely narrow photollne The ion formed by 1onlzat10n of an outer ,fv-
carbon atom can be represented mainly by the structure O—'Ck=I=I\}.= . However, -
because of electrostratlc interactions, the contrlbutlon of the resonance
structure O:C-C:N—O is probably greater, and that of the resonance

structure O=C?C1—ﬁé0 is probsbly less, than
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the contributions of the analogous structurés:in the'ground;state

C30, molecule. ‘The outer carbon atoms of'0502 are relatively positivély
.charged and would nbt tend to contract ﬁuth on‘coré ioniiation; Hence
thé ionization produces the ion iﬁ a strained configuration, causing - .
a vibrationally broadened line. |

5. Estimation of Chemical Reaction Energies. - Instead of using

~ thermodynamically derived chemical reaction energies to estimate core
binding energy shifts, the procedure can be reversed, and binding

11,16

energy shifts can be used to estimate thermodynamic data. In

this way one can use chemical shift data to calculate the eﬁergies of
~a wide variety of unusual species. For example; the carbon 1s chemicai_
shift between CH, and CH;NH, corresponds to the energy of the following

reaction, *®
CH:MNH, + NHY — MM+

In this reaction, the heats of fonmation are known for all the species
except NHZNH3+. By combining the known heats of formation with thé
experimental binding enérgy shift, we calculate AHg® = 169 kcal/mol
'fbf NHQNH3+. From this value and the known heats df formation of_'
N.H, and H+, wé calculate the proton affinify of hydrazine to be
221 keal/mol. | o |

| The absprption spectrum of N, in‘the,SQER'region shows lines
| corr35ponding to the excitation of 1s electrons to outer-shell orbitais
of the nitrogen molecule.?® By using the equivaleht;cores épproximaxioﬁ,
. these excited levels have been interpreted as thé ground:state and .

excited levels of the NO molecule. Similar interpretatibns have been
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made for energy loss spectra for 2500-6V electrons in Nz,*° CO,“°;_ 

CHu,*! NH3,*? and H20.*' From the measured energieé for the latter

three species, it was possible to estimate the heats of formatidn‘off'
L T o v

the NH,, OHav\HzF radicals."?
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It was early recognized that a core binding energy of aﬁ atcﬁ
should be rélated to the effective éharge of the atom. From simple'_
electrostatic considerétions, one would ekpect that the energy for
removing an electron from an atom would be inversely'relafed toithe‘
valence electron density on the atom; thaf is; fhat binding énergy.
would increase with increasing positive atdmic charge and decrease
: withvincreasing negative atomic charge. Consideration of a simple
shell model of the atom leads to the linear relation®! |
R N

vhere Ep is the binding energy for a particulai core level in an atom,
Q 1s the charge of the atom, and.k and £ are empiriéél constahts.
Many Sets of bindingvenergy datavcan be cofrelafed uéing this equation.
When the compounds involved have closely related structures and similar 
types of bonding, fairly gbod'correiationsvare obtained using even
extremely crude methods for estimating atomic charges. When.the
compounds involved differ markedly in structure and bondih§ relatively
poor correlatlons are obtalned and 1little improvement in the correlatlon.
is obtained by using more sophisticated methods for estlmatlng atomlc
charges. | o

In general, to obtain a good correlation of binding énergy with
atomic charge, one must take account of the electrostatic potential

due to the charges on all the other atoms in the ccmpdund. In other
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words, one muSt consider not only the work fb remove the electron
from the atom which lbses the core electron, but aiso the:work.to
remove the eléctron from the field of the surrounding charged atoms. -
This can be accomplished by using the so4célled ﬁdténtia1 model |
eqﬁation7 u SR

EB = kQ + V + £ (5)
where V is the coulomb potential energy at the hypqtheticél vacated
site of the atom in the midst of the QFher atoms of the éompound.
This equation gives géod.results when (a) a‘reasonably goéd method
for estimating atomic chafges’is uséd and (b) the eléctronic relaxation
energieS'df the compounds are vefy similar in magnitude. When one
correlates compounds for which the relaxation energies differ‘significantly;
the equation must be modifiea té inciude a term that accounts for the ~

differences in relaxation energy:"?
Eg = kK + V. + & + B = (¢)

B. Solid Compounds

1. Approximate Correlations. - The Pauling method"® for estimating
atamic charges involves the assumption that the partial ionic character

of a -bond is given by the relation

1= 1 - g0
where Ax is the difference between the electronegativities of the bonded
atoms. Many investigators have used this method, or modifications of it,
to calculate atomic charges for the corrélétion,of'binding energies

“according to equation 4. For example, Matienzo et al.** found a good
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correlation between the calculated charge on ﬁickel-atoms in some éimple
salts of nickel(II) and the corresponding nlckel 2p3/2 blndlng energles
A plot of their data is shown in Figure 6. The success of thls correlatlon '
is probably partly dué to the facts that the nlckel ions in most of the
compounds are similarly coordinated (octahedrally) and the ligands are
relativeiy $imp1e. Hughes and Baldwin'® found a good correlation between
molybdenum atom charges in a variety of triphenylphbsphine molybdenum
complexes and the molybdenum 3ds;/, binding energies.b A plot of their :
‘data is given in Figure 7. In this case the good correlation is probably
attributablé to the fact that the compounds are all neutfal complekes
with similar coordination numbers. | |

.Remarkably small chemical'shifts~are observed for monatomic ions and
for atoms in polyatomic ions upon going frdm one salt tobanother by
'changing the counter-ion. For_eXample,.in a series of_siXteen different
potassium salts, the overall spread in the KZp bindiﬁg energy (betweeﬁ
KC1 and K2 [Pt(NO;),Cl,]) is only 1.7 eV.*® Béth theN'1ls and P 2p binding
energiesvof a wide variety of salts containing the-bis(triphénylphosbhine)—
iminium cafion, N[P(C5H5)3]2+, differ by only a few tenths of an electron
volt.*” The F 1s binding energies in UF, and LiF differ'by only 1.7 €V.*®
The minor effect of crystal environment on chemical shift, 111ustrated
by these data, is partlcularly surprising when the changes in the theoretical
point-charge lattice potentials are considered. In the case. of simple
salts such as KC1 and LiF, if it is éssumed that the ions bear unit charges,
chemical sﬁift$ between two different salts of -the Same cation or BetweenA

two different salts of the same anion should be readily'calcuiable from
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.the appropriate sums of Q/r terms for. the other ions“in tne lattice.
- However the calculatea differences in these Madelung potentials differ
greatly from the observed chemical shifts. Citrin et al.*® have shown -
that the discrepancies can be markedly reduced by considering the mutual
polarization of tne ions ~ That 1is, the use of unit point charges is not
valid. The inclusion of polarization effects is essentially equivalent
to the use of fractlonal atomic charges combined w1th the calculatlon
of chemical shifts by means of equation 5. However calculations which
take these effects into account are quite complicated, particularly for
more complicated compounds, and most 1nvest1gators do not attempt to
account for chemical shifts in ionic compounds using'equétion 5.

The fact that small chemical shifts ére observed for an atem 'in an
ion on going from one salt to another‘in.spite ofilarge differences in‘
the calculatediMadelung potentials illustrates wnat appears to be a
general rule: by a combination of the effects of crystal packing and;g
charge transfer by polarization; a given ion achiéves appfoximately _
the same potential enefgy in all its Salts. ‘Thio rule applies even
to ions which occupy structurally different oites within the same
crystal. For example, Hayes and Edelstein found no apparent broadening B
of the F 1s line of LaF; even though the solid contains crystallographlcally
| different fluoride ions for which the simple point charge lattice potentials
differ by more than 3 eV."®

In some complexes, it is possible to distinguish bridging and
~ terminal ligand atoms. Thus Hamer and Walton have observed separate
peaks for bridging and terminal chloride ions in cluster complexes of

rhenlum(III) and molybdenum(1I).



2. Internal Referenc1ng - The comparlson of core blndlno

energies of atoms in different solid compounds is frauoht with dlfflculty.
In the case of nommetallic samples one does not know what the effective
Fermi levels are, and therefore one cannot put the binding energies onv‘
the basis of a common reference level. The usual, probably poor, solution
to the problem is to assume that the work-functions_of all the samples
are identical. Nonmetaliic samples are also»subject to an unknown amount
of electrostatic charging, and although various techniques have been o
- devised to minimize errors due to this:effect, absolute values of binding
energies for solids are always uncertain to some extent because of this -
~ charging. Both the work function problem and the electrostatic charging -
problem can be: completely avoided by measuring chemical shifts between
core levels of atoms in the same sample. Severai studies based on such
internal referencing are discussedlin the following paragraphs. |
The topic of "mixed valence compounds" has_become Very popular in |

51 X-Ray photoelectric ioniZation'is believed to take

recent years.
place in a time interval of about 10718 sec; therefore separate blndlng‘
energy peaks are p0351b1e for atoms of dlfferent ox1dat10n states in
structurally equlvalent sites if the lifetime of a given electronic
configuration is greater than about 107! sec. The higher the barrier
to eiectron exchange between the eqUivaleht_sites,hthe longer the life-
time of a given state. R. E. Connick®? has pointed out-to'the authorf
that in all mixed'valence compounds one'would expect electron transfer

processes between atoms to be slower than the X- -ray photoelectrlc

process. This conclu51on is based in part on the fact that the klnetlc
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energy of a valence electron.is of the order:of 10-20 eV,“whereas the 
_kinetic energy of the ejected cere electren is usually much higher._elfh
this is true, then one should aiways observe  two core lines for ak7
mixed'valence system ekcept in cases of peor resolution.

The antimony 3d spectrum of Cs25bCle shows t&o peaks;_sepérated
by 1.80 ev; presumably idenfifiable_with fﬁe‘+3 and +5 oxidation statee.53
The fact that the ahtimony atoms are not all Qf +4 oxidation state is -
a particularly interesting result. In this salt, the Sb atoms occupy
sites which are almost, but not exectly, identical,’* |

55 obtained the ruthenium core spectra shown in Figure 8 for

- Citrin
salts containing the ions [(NHg)sRu(pyr)Ru(NHa)5]"*’5*’6+ and
- [C1 (bipy) 2Ru(pyr)Ru(bipy),C1]2*23%2** (pyr = pyrazine; bipy = blpyrldlne)
In these symmetrlc complexes the ruthenium ox1daL10n states can be.
represented as [II, II], [1I, III], and [III, III]. The chem1ca1 shlft |
between the [iI, IT] and [III, III] peaks is greeter in the case of
the pentaammine complexes than in the-case of the bipyridihe'complexes
presumably because of greater ruthenium valence electron deloca117atlon
in the bipyridine [II, II] complex than in the pentaammlne [II II]
complex. Both of the [II, III] complexes'show separate peaks for the
two different oxidation states. In the case of the penfaammine complexes,
the separation between the [II, ITI] peaks is iess than that_between the
[1I, II] and [III, III] peaks. This result is probably caused by the - |
delocalization of the extra electron of the [II, III].complex‘principally
on the pyrazine molecule coordinated to both ruthenium atoms. In the

case of the bipyridine [II, III] complex,'in which the extra electron
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density can be delocalized onto the Bipyridine ligands attached to the

ruthenium(II) atom, the peak separation is esSentialiy the same as that

between the corresponding [II, II] and [ITI, ITI] peaks.
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Su and Faller®®’%’ have sbown that the geometric aspects of the
.bonding of sulfoxides (R2S0) and nitrosyl (NO) groupsdto metal atome s
-can be correlated with differences in the binding'energiesdof‘different d”'
atoms in the ligands. In the case of sulfoxide comnieies;.which‘confain-.f
either metal-oxygen or metal-sulfur bonds; the absolute S_Zp;/g and :'
0 1s binding energies show VerY‘litte‘correlétion with the mode of
bonding. ¢ However, the ‘differenice between the O 1s and S 2p3/2 binding o
energies does show a marked correlatlon, as shown by the data plotted -'
“in Fig. 9. When tbe metal is bonded to the oxygen atom of the sulfox1de,
the 01ls - S Zpa/z dlfference is w365 8 eV whereas when the metal is o
bonded to the sulfur atom of the sulfox1de the difference is A365. 0 ev.'”
This type of correlatlon is reasonable in view of the formal charges |
on the oxygen and sulfur atoms in the two geometriee:

O‘ .
P TV R—Stoo—M
ﬁxﬁ o
In the case of nitrosyl compleXes which can be "lineer" (that.is with>
the metal-N-0O bond angle near 180° ) or ”bent” (w1th the bond angle near
120°), the 0 1s b1nd1ng energy minus the N 1s blndlng energy is in the
range of 132t1 eV for linear nitrosyls and 1282 &V for bent nitrosyls.®’
It is difficult to rationalize these data on_fhe bdsis'ofvthe formal‘k'

charges in the two valence bond structures as one would ordinarily write -

them:
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From the formal chargeékin these $tructures onébﬁight have predicted

- that the O 1s - N 1s difference would be greater for the bent nitrosylsf “

- rather thah forlthe linear nitrosyis;_,Perhéps fhe observed behavior

is due to an eXtraordinarily large reléXatioﬁ enérgf for the nitfogen

atom in the linear nitrosyis: By appiying the equivalent cores approkﬁnation,‘

we may represent the N 1s ionized state of the linear complek as follows;
M—02E0" <> M=02%0

The left-hand stfucture, which has adjacent atoms with positive fbfmal
charges, would be vefy unstable, and there wouldvbe a strong tendency
for electron density to flow from the other ligands through the metal)
-d orbitals to make the right-hand structure dominant. This electron :
flow corresponds to a large tnegative) relaxation énergy and a low N 1s
binding.energy. |

C. 'Gases

1;‘Qualitative'Interpretation'of Chemical Shifts. - It is often
possible to interpret core binding energy data in terms.of va1ence |
electron distribution without direct recourée’té a theoréticél method
for calculatihg binding enérgies. Such interpretation‘is:usually at least
- implicitly based on a relation such as equation 6.'_H0wever, by the
appropriate choice of réference binding energies the changes in the
potential term, V, and the relaxation eﬁergy term,vER, can Be assumed -
to be very small. Thus shifts in binding energy can be directly,
although qualitatively, reiated to changes in'atomié charge;

There has been considerable discussion regérding the nafure of -

8

the bonding in transition metal carbene complexes.®® A carbene complex
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in which the carbene carbon atom is bonded to a hetercatom with nonbonding - -

' ~electrons, such as (OC)5CTC(OCH3)CH3, may be represented as a Tesonance

hybrld of the following structures, I-IT1:

,OCHs O oo,
(0C)sCr=C “ (0C)sCr—C7 e (OC)SCT——C et
™ CHs ™\ CH; NCH; =
I 11 RS + o S
Carbon-13 nmr data,®? the strongly electrophilic reactivity behavior of

% and other chemical and physical data®® have -

the carbene carbon_atom;
been interpreted as eVidence.for'the importance of structnre'lII, that
is, as evidence for an exceptionally posltive charge’On‘the.carbene-carbon
atom."However, the C 1s spectrum of ‘the gaseous molecule shows that

the: binding energies of all three carbon atoms of the C(OCH3)CH3 group

are lower than the blndlng energy. of the carbonyl carbon atoms.

Therefore one concludes that" the carbene carbon atom is not exceptionally |

positively charged. This conclu51on is based on the reasonable assumption . -

that the potential term and electronic relaxation enercy for the carbene
carbon atom are-essentially the same as those for the carbonyl carbon L
atoms. The data underscore the facts that nmr chemlcal shlfts of
~carbon atoms bound to transition metals are very dlfflcult to 1nterpret62
and that chemical react1v1ty data do not always correlate well with the |
propertles of ground state molecules In th1s study, the C ls spectrum
was obtained for a gaseous ‘sample rather than a solid sample to av01d
the spurious C ls 1line due to hydroearbon contamlnatlon Wthh is
generally observed in the spectra of solid samples. ‘. | )

The study of the core binding energiesvof an isoelectronic series

of compounds has the advantage that the nature of the bonding in such
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compounds changes in a fairly systematic way with changes‘in’the atcmié'.
numbers bf the atamé‘ To a good appquhnation; the electronic relaxation
energy for an atom of a partiéular element in a séries’of isoeleétronic,
isostrﬁctural campounds can be assumed to be constant; ‘Therefore chemical
shifts can be ascribed to changes in atomic charge and potential, Consider -
the five series of isoelectronic compounds listed in Table 11.%3  In the
first four series, halogen atoms or methyl groups are Teélaced with
oxygen atoms as the atomic number of the centrél atdm is_increased Sfep-
wise. The last series of compounds is generated by the hypothetiéél_'_'
stepwiée tranéfer of protons from one of the fiuorine_nutlei of SiF, to
the silicon nucleus of that molecule. It is reasonable to assume that,
on progressing down through any one of the five'series; the charge of
the central atom increases. This increase in charge of the central

atom would be eXpected to cause increased electron withdrawal'from a.
given type of 1igaﬁd atom and is probably responsible fof the increase
in the oxygen, chlorine, and carbon binding.enefgies within each series.

Notice, however, that the fluorine 1s binding energies do not follow

the predicted trend. In both the fourth and fifth series, fhe fluorine
binding energies-increaée to a maximum valﬁe and then decrease. The
.inérease between SiF, and POF3 is probably'cahsed by the dcminafing
 effect of the increased positive chargevand‘electronégativity of the
~central atom. The decrease in fluorine binding energy between S0sF2

and C103F and between POF3; and SNFj; is appérentlybdue.to an increase

in the negative charge of the fluorine atoms, This increase ih :

negative charge tends to decrease the binding énergy; ciearly'this_



TABLE IT -

........................................................................

SNF3

Compound ~ Eg, &V ~
01s ... Cl2psyp - Cdso Fls.
TiCla 205.66.
>>0.16
VOC1s 538.73_ 205. 93\\ |
>0.16 0. .08
Cr0,Cl,  538.89 206.01 E
- 0.54 :>1 27
Mn0,C1 539.43 207..28
SiCl, '206;77\\: )
| 039
POC1, 537,80 207.16;
| 1.5 0.16
S0,C1, 539.34 207.32
Si{CH3 )«
P(CHs)s0  535.88
o \\1 79
S(CHy)20,  537.677
SiF, 694,56,
o TN0.8
POF, © 538.9 695.4
- - \\> 4 N
1. 0.0
SO, F, 540.3 695.4 7
:>o 7 o140
C10,F 541.0 694.0 |
SiF, 694.56_
70,8
POF, 695.4
-0.4
695.0
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effect is greater than and opposed to the‘effect:of the increase,in_
_ petential caused by the increase in poeiti?e charge on thebcentral'atom..v"
The increase in the negatlve charge of the fluorine atoms can be
explalned by the dominating effect of a large increase 1n the extent of
'hypercongugatlon. Hyperconjugation (sometimeS'called‘"no-bond resonance'’) -

corresponds to the contribution of resonance structures of the following -

type.
F F 0
. .. .
O=pP —F 0= 8**0 o——(‘:l3 F
F i 0!

. This type of bonding transfers some of the negatiVe formal charge of |
oxygen atoms to fluorine atoms. On goingvfrem POF; to C10sF, the number
of OXYgen atoms which can transfer negative charge increases from one to
three and the mumber of fluorine atoms which can accept negative charge
decreases from three to one. Consequently, the fluorine atoms acqu1re

an increesing amount of negative formal charge in this series. The effect

on the actual charge of the fluorine atoms is most marked between SOze

and C103;F. On going from POF; to SNFg,'the. hyperconjugation increases

}markedly because of the increased donor character (decreased electro-

negat1v1ty) of the nitrogen atom compared'w1th that of the oxygen atom. |
The effect of hypercon3uoat1on on atomlc charges 1is more apparent

- in the fluorine compounds than in the chlorine and methyl ccmpounds

| because of the greater electronegativity of fluorine atoms and the

corresponding greater ability of fluorine atoms te'accept negative

charge. It is possible that hyperconjugation occurs even in methyl
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. compounds such as P(CHa)gd and S(CHg)ZOZ;‘but that tﬁé effect is not
strong enough to cause a reversal in the éarbon binding energies like fj
that observed in the Fluorine binding energieé. Hyperconjugation is
probably not signlflcant in transition metal compounds such as VCC13 and
| Cr0,Cl,.  Such compounds, in which metal EEEEE.d oroitals are Importantly |

- involved in the Bonding; can be represented by strﬁctures such as the

following
0=V—Cl o= %r =0
L . N c1'

The relatively small xncreases in oxygen 1s binding energles observed for
the first serles of compounds in Table II are con51stent with this - .
interpretation. | |

2. The "Transition State" Method. - Explicit inclusion in equation 6

of the relaxation energy term, Eg, can be obviated by using modified o
values of Q and V corresponding to a hypothetidal'"transition state"
molecule which has a valence electron d1str1but10n halfway between that

of the 1n1t1a1 molecule and that of the core- 1on1zed molecule, 5486 -
Eg kQ + kAQ* s AV* + £
Here AQ* and AV* are the. changeSJllQ and V on g01ng from the initial to

the transition state.

Hence

By = KA + AVF = kQe-Q-1/2 ¢ Mg-V/2 ()
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" where Qf and Vg are the values of Q and V for the core-ionized molecule.
These values can be estimated using the'apprdXﬁmation of eﬁuivalent coreg.
A method similar to tﬁe transition state ﬁethod described abbve

has been used by Davis and Shirley,®*?¢7 in cambination with tﬁe CNDO
method, to calculate relaxation-corrected binding energy shifts for
compounds of carbon, nitrogen, and oxygen. Thg'torrelation of nine
nitrogen compounds was significantly better with the inclusion of thé
relaxation energy (standard déviation 1.30 €V) than without inclusion
of the relaxation energy (standard deviatioﬁ 2.35 eV). The improvements
of thé corfelations_of the carbon and oxygen compounds was not as marked.
Shirley®® has also shown that the transition state method; combined with
calculated or experimental data for ground-state atams, can be used to E
estimate relaxation energies for the core ionization of.afcms. Howat
and Goscinski®® have shown that calculations for the transition state .
method can be simplifiéd by'calculéting, for each mb1ecu1e, the charge
distribution for the hypothetical transition‘state rather thaﬁ for both
the ground state and thevcore-ionized state. They used "ﬁSeﬁdo»atcmV |
‘interpolated CNDO parameters for the’atom which undergoes cbre ionization.
Jolly and Perfyss’sf have used fhe‘transition state method and the
CHELEQ eIectronegativity equalization procedure for calculating atomic
~ charges to correlate the binding energiés of a wide #ariéty of gaseous
molecules. Equation 6 was used for the correlations; the Ep values
~ were obtained from equation 7. The binding energies inﬁluded 64 carbon
1s, 20 nitrogen 1s, 24 oxygen ls, 28 fluorine 1s, 11 silicon 2p, 13

phosphorus 2ps/,, 16 sulfur 2psf2, 16 chlorine 2p;/2, 8 germanium 3p;/.,



10 bromine 3ds/s, and 5 xenon 3ds/; binding ener'gies'. 'The,leastssquares o
evaluated k Values the correspondlng correlatron coefficients and the
standard deviations (with and without inclusion of Egp) are listed in
Table III. The correlatxons, as measured by the standard dev1at10ns 7
and the correlétion'coefficients; are.quito goodiand attest the ﬁsefulness -
of the CHELEQ method. By comparison of the standard‘deviation with and: _
without ER it can be séen that, in most cases; inclusion of the relaxation ;}
energy markedly xmproved the correlation. | R o
The calculation of the atomic charges of a molecule by the CHELEQ
method Tequires that one first write a single valence bond structure forr
the molecule.%5?%% In the case of a molecule for which there is more h
~ than one satisfactory valence bond structure, a suitable fesonancé'
hybrid structure must be written. Inasmuch as the transition state
correlations involve the calculation of atomic oharges for the core-ionized -
nolecules as well as the ground-state molecules, Tesonance structures .’
for the core-ionized molecules_musf'be considered wheﬁ appropriate. For

example, although the structure

0
-
CHs— C—OH

is a satisfactory representatlon of the ground state acetic ac1d.molecule, _
- the analogous structure for the molecule in which the carbonyl oxygen
atom has lost a 1s electron is Lnadequatef By applying the équlvalent o
‘cores approximation, we see that two resonance structures are important:

+

H

CHi-C—OH  +—>  CHy—C—TOH
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Element

M O 2 0

»n

C1

Br
Xe

i

Parameters of Potential Model Correlations®®

3025

k B

30.
30.
25.
27.
17.
19.
18.
18.
15.

13,
12.

50
69
50
95
29
28
63
24
87
32
06

Table IIT .
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Correl.
coeff.

0.
0.
. 896
.934
.964
.953
.983
.988
.

0.
0.

o O O © O o

972

987

984
993
992

'Std;

dev.

0.62
0.60

- 0.73

0.34
0.47
0.89

0.70

0.44

0.34 .
1 0.31

0.39

std. dev. ,

no Ep

0.81
1.01
0.59
0.26

0.51
1.33

0.74
0.52

- 0.47
0.38

0.37
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It is not possible to predict fhe relative‘weightskof thesebresonance 
strUctures; and therefore the carbonyl oxygen binding energy of acetic 3
acid could not be included in the data used f6 obtain the Okygen k and

£ values. However, using equation 6 and the oxygen k and £ values
obtained fram compounds with wnambiguous valence strucfures one can
calculate the weighting of the resonance structures which gives perfect:.
agreement between the'éXperimental and célculated vélues of the carbonyli
oxygen binding energy of écetic acid. The résonance hybrid $tructure

for the core-ioniied molecule, calculated in this way; is | .

F+° +68
Rad
w0

CHg——-—l’;.C 1.32 o*0.32
where the numbers next to the bonds are the bond orders Similar treatment
of the oxygen blndlno energies of other ‘carbonyl compounds ylelds analogous -

Tresonance hybrld ‘structures for the core-lonlzed.molecules 70

The order
of the bond between the core-ionized oxygen atom (or fluorlne atom in ‘
the equivalent cores approx1mat10n) and the carbon atom can be taken as ;:
‘a measure of the m-donor character of the groups attached to the"carbonyln
group. These calculated bond orders for various carbonyl compounds éfe
listedvin Table IV. The lower the boﬁd‘order, theimére negative Ep and

~ the greater the combined 7 donor charactérs of the groups_bonded to thé o
carbonyl group. |

- The question of hyperconjugation in molecules such as POFa.can be ﬂ

~attacked by the transition-state method in comblnatlon w1th CHELEQ charge

calculations. Let us assume that thn ground state of POFa can be -
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37+
Table IV ‘ |
Calculated C-O Bond Orders in C 1s-Ionized Carbonyl Compounds

Compound : . C-0 .
| Bond Ordex
H,C0 . 2.0
G15CHO 179
(3) .CO ) o 1.70
C1,C0 : . L70
(HsCOH . 1.68
- F00 o o l.e4
(CsHs)zm S . 58_

(CH30) .0 0 1.40
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represented as a resonance hybrid of the structures -

-

F——fi_o“«_+ F—DP"—=0 «> F° ?E:ovﬁg.p__ *—o
| ‘ : _
F F F |

and that the oﬁcygen 1s and fluorine 1s core—hole»i‘ons of P0F3 cén be |
represented by resonance hybrids with eﬁ(aé_tly the same weightings of the g
individual"resonance. structures. 'I'hén -dné '6bt.ains. agfeesnent between the | R
experMenta]. »ox'ygenrbinding energy andv the va’_luevcalculat'ed from 'eq__uation -
6 (using the appropriate -k}a'nd 2 Valueé) if oné asstﬁnes the resonance f. |
- Hhybrid structure’® S . |

.}fﬁ?ﬁ

.8

TalSp .8k P+ 1448 O‘.sé

- «84

Fere
The analogous calculation, using the fluorine binding energy, yields the‘: |
following resonance structure. | R |

F‘?ls

-85

’ e .8 + Iy T
|15F e 5.- P 1,485 O 55

l.8s

~ F_ 1s



" The fact that both binding energies give essentially the same resonance )

hybrid structure gives credence to the assumptions involved.
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' Fig’l_ire ‘Captions

Fig. 1. ‘qut of‘nitrqgen_ 1s bihdi.ng enefgies‘”&s_. the;’modyhanﬁcally :
| estimated en'e}rgies.' (Rep’roduced.' frqm Ref. _-16).“‘ | |
Fig. 2. OSc_ygen 1s binding ener'gies‘"_vv_-s'_..A proton vaffinities'.for smzple :
i v alcohols (6pen'circ1es) and CFiCH,CH (filled circ.ie).- .(Repz‘oduted -
from Ref. 17.) | o o
Fig. 3. Nitrogen ls binding energies 'vs. proton affinities for N and amines.
(Reproduceci from Ref. 17.) | |
Plg 4. Electron dehs_ity diff'er'encevplot‘,' co - co'*, derived from the |
nolecule and ion SCF wave functions. The vertical axis is 1n
| electrons .‘vper cubic atomic units. = (Reproduced from Ref. 2 7,) D
Fig. 5. Valence electron density difference plot, wo** - CFJ'., dérived |
* from SCF wave functions. The Vert_ical_. axis is in electrons per
cubic atomic units. (Reproduced from Ref. 27.) o |
Fig. 6. Relative nickel 2p3 binding energies vs. "estimated nickel atbm
charges for some simple nickel(II) compounds. . (Reproduced from
Ref. 44.) ) | -
Fig. 7. Molybdenwﬁ 3ds, bmdlng energies 15_ _estimated mlybdeﬁmn atom
'ch_arges for some molybdenum complexes. | (Reproduééd from Ref. 45.)
Fig. 8. X-Ray photoelectron spéctra of [ (NHs) sRu(pyr)Ru(NH;) 51" 25" %% and
.' ~ [C1(bipy) 2Ru(pyr)Ru(bipy) 2C112%,3%,%* salts. The C 1s electron
binding energies in both" systems_- have been assigned as ‘2_84.4- eV '
- for purposes of éonpariéqn. (Reproduced from Ref. 55.) |
 Fig. 9. Core binding energies, and their differences, for some sul foxide

complexes.  (Reproduced from Ref. $6.)
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