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ABSTRACT

Relative core-level binding energies and multiplet splittings
in binding energies are measured for e number of geses at low pressures
and verieble temperstures. These meesurements are interpreted with
CNDO/2 ané INDO/2 wevefunctions.

An enalysis of the varietion in linewidths of th= measured
photoelectron spectra is given. The Auger effect is shown to account
for some, but not all of the vaeriation in the linewidths. An argument
is given for the importance of the Frenck-Condon principle in core-
level photoionization, particularly in highly fluorineted systems.

The Hellman-Feynman theorem is used to derive a quantitative
relation between the two most common theoretical interpretations of
core~level chemicel shifts. The potential-at-e~nucleus epproach is used
with CNDO/2 wavefunc.ions to interprei the messurements mede here.

INDO/2 wavefunctions are uszd to interpret the multiplet
splittings observed in a8 number of core-level photoelectron spectrs.
Koopmans' theorem is shown to be inappliceble to the interpretation

of these multiplet splittings.
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INTRODUCTION

The subject of this thesis is the core-level photoelectron
spectroscopy of geses; this subject will be treated as a subfield of
electronic ebsorption spectroscopy, i.e., the formaelism will be the
same.

The besic measurement made here is the core-level binding energy.
This is the difference between the enargy oi' a state of & molecule with
&8 core vacancy and the ground state energy. During the past ten years,
much work hes gone into the interpretation of the effect of chemical
environment upon core-level binding energies; this thesis will utilize
this work and hopefully build upon it & bit. Most of the discussion
here of the effect of chemicel enviromment involves the eleciurostatic

potentiel at & nucleus--perhaps the same might be seid ebout the literature

on this subject.

This thesis mekes extensive use of CNDO/2 end INDO/2 semi-empiricel
wavefunctions. These wevefunctions ere emong the most popular with
chemists beceuse they do e feirly good job of mimicking gb initio wave-
functions et low cost. In order to understend this thesis, it is not
necessary to know all ebout semi-empirical wavefunctions; in fact, this
thesis wes written without such lmgwledge. Hopefully, however, the reader
has some familierity with the terms of quantum chemistry, such as molecular
orbitel.

Perhaps the central concept of this thesis is the equivalent
cores gpproximation., This concspt equates the state of a molecule with a

core-level vacency to a stete which is idemtical to the ground state of
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the molecule, except that the nucleus with the core-level vacancy has
its charge increased by one. This concept was introduced into photo-
electron spectroscopy by W. Jolly for the purpose of predicting core=-
level shifts from experimentally determined heats of formation, and has
since spread into Auger espectroscopy as well as the prediction of
multiplet splitting.

An attempt hes been made in this thesis to point out all the
asgumptions mede in the theoretical interpretation of the measurements,
Similarly, an esttempt has been made to point out systemetic errors in
the measurements end data anelysis, If there is an object to this thesis,
it is to determine the usefulness of core-level photoelectron spectroscopy
to chemists—--not whether it can test the accuracy of wavefunctions, but
vhether it cen tell chemists something about the ground states of

molecules.



I. EXPERIMENTAL SECTION
A. General

A simple description of the experiments performed is the
following: X-rays of known energy &nd energy spread strike a gaseous
semple; some of the photoelectrons produced enter e megnetic field of
known strength. The magnetic field is cylindrically symmetrical and
rcugnly perpendicular to the veloeity of the photoelectrons et their
point of entrance into .ue spectrometer. Therefore, the electrons
traverse 8 circular path, at some point of which they mey enter an
electron detector. Since the magnetic field strength is known and the
redius of the path of the photoelectrons is known, the momentum of the
photoelectrons mey be determined.

A cheracterigtic of +he sample called the binding energy is

defined by the following energy conservation eguation:

Eg + K. =1v . (1)

Here, EB is the birding energy, end K.E, is the kinetic energy; it is
determined from the momentum by the ususl egquetions:

[l
K.E. = pzlan 3 pelan = me? - moc" . (2)

Here, p 1is the romentum, ¢ is the speed of light, and m is the mass.
A schematic illustration of the spectrometer is given in Fig. 1.

The construction of the spectrameter is discussed in great detail

elsewhere.l For this study the important points sbout the spectrometer

are tie accuracy of relative binding energy measurements, the resolution



~h-

Glass
Detect channel electron
etector i
housing multiplier

Detfector
i definin
Solenoidal oI g

deflection

Cathode

Source
defining
slit

Anode

Be/

window

Resolution
baffle
Vacuum
chamber

XBL694-2402

Fig. 1. Schemstic illustretion of the electron spectrometer. The sample
indiceted is e solid; inm order to runm geses, & gas cell was substituted
for the solid semple holder,



of the spectrometer, and the contribution of the spectrometer to the
shape of the cbserved intensity vs. energy distribution of the photo-
electrons.

The spectrometer has been calibrated by Fadley, Geoffroy,
Hegstrom, and Holla.uder;2 it has been found to measure absolute binding
energies within seversl parts of 102‘-, relative binding energies should
therefore be measured accurately to within one pert in 103, or 0,01 eV
for a typical range of 10 eV,

The resolution of the spectrometer was set at AE/E = 0.06% for
these experiments--that is, the intensity distribution of & perfectly
monochromatic beam of 1 keV photoelectrons focused by this spectrometer
would have a width of 0.6 eV FWHM. The lineshape of this peak would
be slightly esymmetric, and skewed toward the low kinetic-energy side.

The electron detector is en electron multiplier; the multiplicetion
comes from an electron cascede along & sensitive surface which has e
potentiel of several keV across it. Thils surface is sensitive to some
gases, especielly fluorinseting egents such as UF6 and F2. It does not
appear to be affected by most organic compounds or inorganic compounds.

The detector is discussed in deteil elsewhere.3

B. The Ges Sample Cell

In order to contain gaseous samples, & special cell is needed;
for gases run at room temperature, one of these had already been
constructed;h this proved satisfectory. For gaeses run &t higher
temperatures, & second cell was constructed. This cell will be

discussed later. The room-temperature cell consisted primarily of en
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aluminum box with e circuler opening tc edmit x-rsys and & slit to

ellow the -assage of photoelectrons and gas into the spectrometer. The
slit defines & source of electrons for the spectrometer--for the experi-
ments performed here, the slit was 0.3 mm in width and 1 cm in height.

The pressure inside the aluminum box wes in the 10-2 Torr range;
the pressure was measured by s MacLeod geuge and e thermocouple gauge——
the reedings agreed within e fector of 2 for most geses. It was not
importent to know the sbsolute velue of the pressure, but only whether
it wes constant during an experiment.

The gas flow into the elwrinum box was controlled by sensitive
double-needle valves (made by Hoke mfg.) or s specially constructed
valve consisting of e stainless steel body and & teflon sest (this velve
was designed by Gene Hner). The second velve wes found %0 be superior
to the first, because it resisted corrosion better end did not leak, For
these experiments, the gases were used es received from the —anufacturer—
sny non-negligible impurities were detectable in the spectrometer, but
they were rerely present.

In order to study heated samples, another ges cell wes designed.
The box, slit, =nd window were copied from the original ges cell. The
delicete Job of eligning the slit wes performed by Salim Baenna. Heaters
of the type previously used in the spectrumeterh were constructed by
Joe Bryan and sttached to the gas cell., These heaters were made of
tantelum wire, wound non-inductively, and sendwiched inside slices of
boron nitride. To mske sure the ges wes thoroughly heeted before it wes
exposed to x-reys, it wes passed through a 15 cm section of pipe which

waes hested to the temperature of the box. This idea was taken from
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Cornford, et al., who measured the UV photoelectron spectrum of NF, above
room 1‘.Empera1:u.re.5 We also studied NF2 at eleveted temperatures, the
reason being that it is supplied et high pressures as HQFU although NF2

is thermodynemically staeble at our operating pressures at room temperature,
Nan dissociates very slowly at roocm temperature, but very rapidly at

temperatures around 150° C.

C. The X~-Ray Tube

The x-ray tube consists of & cathode (source of electrons), end
an anode, which emits x-rays when struck at appropriaete energies by
the electrons from the cathode. The electrons ere accelerated from the
cathode to the anode by a voltage of 11 keV applied to the cathode. This
voltege was found to be optimal for the production of Mg Ko x-rays.b The
electrons striking the apode (& piece of megnesium metal) heet it up;
this heat is carried awasy by & water-cooled piece of copper in physical
contact with the maggnesium. Thus the operstion of the x-rey tube requires
electrical and fluid vacuum feedthroughs.

In order to run geses for long periods of time (more than one
hour), it was found necessary to isolate the vacuum within the x-ray
tube from the spectrameter vacwmm, because most gases attacked both the
anode and cathode, The anode end cooling block assembly were reconstructed
so 5 to allow an o-ring to seal the cooling block to the x-ray tube
housing. The anode wes screwed directly on to the cooling block rather
than squeezed egeinst it indirectly. This design provided more efficient
cooling, and it was found by Bernice Mills that the x-rsy tube cowld

then be opersted st 50% higher power. The other end of the x-rey tube
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housing wes seeled by simply welding it to the x-rs&; flange. The
beryllium window on the x-rey tube was seeled by plecing an o-ring
between it end the x-ray tube. The temperature of the x-ray tube housing
during operation is slightly over 100° C,8 s0 thet viton o-rings were
necessary. Some cooling of the o-rings was obtained by plecing them in
contact with water-cooled copper.

The most criticel and important aspect of the sealed x-ray tube
turned out to be its pumping system., At first e cryopump was used to
pump out the x-ray tube, but its pumping speed wes too slow; outgassing
of the hot cathode and its support dirtied the anode and beryllium
window., It was found necessary to pump the x-rey tube by e diffusion
pump (this pumping system wes constructed by Selim Baona); although the
opening from the xersy tube inte the high vecuum was less than two sguare

centimeters, this proved sufficient to keep the anode clean,

D. Systematic Errors

Siegbahn, et gl., found that the kinetic energies they measured
in the gas phaese were a function of the pressure of the gas.6 They found
variations in the measured kinetic energies of up to 1 eV with pressure,
and elso found that the kinetic energy alweys decreased with an increase
in pressure. They explained this qualitatively es due to positive
space or surface cherges (e.g. ionized molecules), which would increase
in concentration with en increasse in pressure. In the Berkeley spectrometer,
however, T. D. Thomas found less than e 0.2 eV variation in kinetic energy
within the evailable pressure rauge.7 However, in order to minimize this

problem as much as possible when measuring chemicel shifts, the sample



gas end reference gas were usuelly run simulteneously. Presumably the
space and surfece charges affect all the photoelectrons the seme wey, s0
relative binding energies are not effected by them.

Another systematic error is the neglect of the transfer of
kinetic energy to the molecular ion because of momentum conservetion
(the momentum of the molecular ion must be equal end opposite to that of
the photoelectron). However, for any system heevier than neon, this

kinetic energy is negligible.

E. Data sis

The raw experimentel deate consisted of pulses from the electron
detector as e function of the current which produced the focusing maegnetic
field in the spectrometer., The date were teken at discrete current
intervels; generally the current was stepped in intervals of 0.0001 or
0.0002 emp. This corresponds to 0.1 to 0.4 eV for the experiments
performed here. The date were fitted to Lorent2ian peak shapes by a
non~linear ieast-squeres fitting program developed by Claudette Lederer.9
The progrem works by varying the perameters describing each peek shape,
the position of the peek, the erea under the peak, and the width of the
peak until & "best" fit is obteined by the criterion of & mipimm in the
value of Z (Ei - Li)z, where E; is the itt experimental point and L; is
the ith Lo;entzian point. This progrem fitted the spectra reasonably
well, although it is evident thet there are systematic errors in using
a strictly Lorentzien peak shape--the contribution of the spectrometer to

the peak shape is not Lorentzian, end there are slso some discrete and
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continuous energy-loss setellites on the low kinetic emergy side of the
peaks, which of course could not be accounted for by the Lorentzien

shape.

A measure of the quality of a fit is the weighted varience:

. = M) ) (g - 1)%E (3
i

Here, N is the totel number of points fitted. Now the experimental
uncertainty in E; is about (E;)*’, S0 & good fit should give L; to

within (Ei)'s of E,. Therefore the weighted variance for a good fit
becomes (llﬂ)g ((Ei)'s)zlEi, or sbout 1., For most of the spectre fitted,
the welghted v;riance wes between 3 and 10. Such fits gave peak positions
to within *0.03 eV, and the width (et helf of the maximum) to within

#0,1 eV, Examples of spectre and their fitted peaks ere given in Figs,
2a and 2b,
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SECTIOR II. DISCUSSION OF CORE BINDING ENERGIES

The basic experiment performed in this work mey be described
formally es follows: & molecule in its ground stete, with e kinetic
energy equal to kT (T v 300° C) exists in a rediation field; at scme
time to, a photon with an energy of about 1 keV enters the vicinity of
the molecule, There is a probebility that the molecule absorbs the
photon—if & core electron is emitted after ebsorption of the photor,
the resulting ion nay decsy via radiative or rediationless trensitions
(emission of a photon or emission of electrons). The ion may then
dissociate.

It is obvious that to describe fully end quantitaetively the
behavior of the system would be very difficult. Fortunately, for the
systems studied here (low atomic mumber), the interaction of the system
vith radiation fields can be almost totally neglected. First of =ll,
qu ntum~electrodynemical effects will be below the limits of experimentel
error, and second, non-radiative transitions in the ion are much more
likely then radiative transitions. In fact, only the iineshape of the
excitip ; rediation and its energy ere important here. The energy of the
radietion is used to define a characteristic of the molecule called the

binding energy:
hv = B,E. + K.E. . (1)

Here, hv is the energy of the exciting rediation, K.E. is the experi-
mentally meesured kinetic energy of the photoelectrom, and B.E. is the’
binding energy. The binding energy depends om the ground state of the

molecule end the state of the ion formed immedistely after emission of the
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photoelectron. The non-radietive transitions are important because
they affect the meassured linewidth of the photoelectron; later, an attempt
will be made to zssess the megnitude of the effect for the systems
studied here.

The core photoelectrons measured in this work have velocities
of abcut 109 cm per sec; within l()"'15 gsec, the photoelectron and ion
are essentlally separsted. While the photoelectron is within the vicinity,
i.e., within "~ 100 A of the remeinder of the molecule, this remainder,
or ion, mey be described as a "quasi-bound" state; that is, a state where
all the electrons are in "bound"” stetes, but a vacency exists in en inmer
shell. This "gquasi-bound" stete is not a statiocnery state, becguse one
of the electrons in higher shells mey fill the inner shell vacency. This
£illing is eceompanied by the ejection of another electron (again, from a
higher shell) from the moleculer ion. This, of course, is the non-
redietive trensition. Its rete determines the lifetime of the "quasi-
bound" state; this lifetime gives an uncertainty to the kinetic energy of
the photoelectron through the uncertainty principle. The non-radiative
transition retes seem to be eccurastely celculsble within the formelism
of one-electron wavefunctions and time-dependent perturbetion theory;lo
the probebility for such transitions is proportional to the square of the
metrix element of l/r12 between the "quasi-bound” stete and the de-excited,
continuum state.lD (Although l/r12 does not depend on time, it may be
given & time dependence by multiplying it by & factor of eimt and then
letting w go to zero after the celculetion of the probebility for the

1
transition.‘l 1/ is part of the Hamiltonian of the one-electiron wave-

T12

functions, but there are still matrix elements of l/r12 between certain
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of these functions. The true wevefunction of the ion is e superposition
o7 the "gquasi-bound" wevefunction and continumm wavefunctions.)

It is usually assumed in this field that the "gquasi-bound" state
of the ion is the importent one for the determination of the binding
energy of the core photoelectron. Implicit in this assumption is the
complete relaxation of the valence electrons into cheir "quesi-bound"
orbitels and transfer of this relaxation energy to the photo-
electron while it is in the vlieinity of the ion. This
assumption mey not hold for very large molecules or for very fast photo-
electrons, but there are as yet no indications that it breeks down.

The final state of the whole molecule (ion + photoelectron) will

be assumed here to have & wavefunction of the form

where £ is the wavefunction of the photoelectron and "”ion
is the "quesi-bound" wavefunction for the remaining electrons and nuclei.
The interaction of the photoelectron and the ion will be neglected, In

this epproximetion E B + K.E. Let EO represent the ground-stete

finel ~ “ion

energy of the molecule. Since Efina.l = EO + hv, K.E. = EO + hv - Eion'

Now since Ej = hv - K.E., by Eq. (1), it follows that Ey = E . - Ej.

The Born-Oppenheimer epproximation will be assumed here12 to apply

to the ground state and ion, so thet their wevefunctions take the form

I =
¥ welec lpvi‘n "brot lp*l'.ra.us

The energy corresponding to l,bj is
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EJ = Eelec(e,j’ ROJ) * Evib(v.j’ “J) * Erot‘. * Etra.ns ?

where the lower case letters in parentheses represent the various
s2ts of guantum numbhers which describe the state J. ROJ represents

the set of equilibrium internuclear distences, end v, represents the

J
set of freguencies describing nucleer motion. Rotationel and translationel
motion ere not described in more detail beceuse they are not expected

to contribute tc the binding energies of core electrons beyond the

limits of experimental error. Therefore the expression for the

binding energy becomes

vib

By =E _ -E = AEelec(eJ’ ROj) + AR, (V.j’ vj) . (k)

A further spproximetion is usuelly mede in this field, which considerably
simplifies Eq. (l4)——it is assumed that the potentiel curves of the ground
stete end the "quesi-bound" state are identical, except for a relative
displacement elong the energy axis, This is eguivalent to AEv—ib =0, es

well as AROJ = 0. Using this epproximetion, Eq. (1) beccmes

By = BEoofeys Ryg) - (5)

This equation will be used here for interpreting binding er-=rgies,
although cases in vhich this epproximation mey break down will be pointed
out.

The error in Eqa. (5) mey be eesily estimasted a&s follows: reerrange

Fa. (L) to read
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E:Lon 0

elec €10 OO) - Eelec

(e RCO'\ + [Elon (Rion) _ 1on (R )]

0? elec 01 elec
0
[El b J: J) - Evib(vo’ \)0)] .

The terms in brackets are the errors in Eq. (5); the first term in
brackets 1s alweys less then zero, and for AR less than 0.1 A, which

seems to be the cese here, its megnitude is ebout 0 to 0.3 e€V. The second
term may be greater or less than zero., Its magnitude will also be of the
order of tenths of an eV, unless the ion is highly excited vibrationally.

In the next section, this possibility will be examined.
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SECTION III. LINEWIDTHS
A. Iptroduction

The experimental linewidths of core photoelectrons were measured
along with their relative binding energies. The linewidths veried with
chemicel structure, so sn attempt was made to explein this varietion.
Teble I indicetes the renge of linewidths., Furthermore, these variations
may affect the interpretation of core-level chemical shifts. In
particular, if a line is broedened because of Franck-Condon factors, the
experimentally meesured binding energy may correspond to a finel state
which is highly excited vibrationelly, end which therefore cannot be
treated by Ea. (5).

How the Franck-Condon principle.is one possible cause of the
observed verietions in linewidth——in valence electron transitions, the

Franck-Condon envelope may extend over more than one eV.l3

But the
Frenck-Condon principle applies to final states which are dissociated
as well es to those which are bound; in fact, electronic transitions to
dissociated final states may be broadened as much as those to bound
Pinal sta.tes.lh

Another possible cause of the observed linewidths is the

lifetime of the "quasibound" state. Recently, Shaw and Thomasl5

and

. ; 16 . .
Friedman, Hudis, and Perlman™ have independently ascribed the observed
veriaetions in core-level linewidths to such lifetimes. G&hew and Thomas
found & correlation of the observed linewidths with the experimental
binding energies--as binding energies decreased, the linewidths increased.

The explenation given for this is that the binding energies decrease

with an increase in electron density at the atom to be ionized (Coulomb's
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Teble I. Linewidths (eV)

Mzi::k\i:v:id wspec HAuger (wipec * (wAuger + wrad)z)lle exp
CF), C1s 0,57 0.07(7) 0.81(12) 0.88(7)
c*H3CF3 Cls  0.57 0.10(10) 0.84(15) 1.17(7)
co,, C1ls  0.57 0.07(7) 0.81(15) 1.02(10)
co C1ls  0.57 0.07(T) 0.81(12) 0.94(T)
co 01ls  0..43 0.20(20) 0.85(25) 0.78(10)
co, 01ls  0.43 0.22(21) 0.86(26) 0.96(10}
NNO 01ls  0.L43 0.21(21) 0.86(26) 0.91(10)
) Ni1ls 0,51 0.1h(1k) 0.85(19) 0.91(10)
m'o N1ls  0.51 0.12(12) 0.82(17) 0.87(10)
N, N1ls  0.51 0.13(13) 0.80(18) 0.83(10)
HF Fls  0.34 0.25(25) 0.88(30) 0.94(7)
Ne He 1s  0.23 0.26(26) 0.79(31) 0.73(5)
HF Fls 0,34 0.25(25) 0.88(30) 0.94(7)
CH.CH.F Fls  0.34 0.25(25) 0.88(30) 1.22(7)
CHF Fls 0.34 0.25(25) 0.88(30) 1.35(10)
CHF., Fls  0.34 0.25(25) 0.88(30) 1.46(T)
CF), Fls  0.3b 0.25(25) 0.88(30) 1.58(7)
In this teble, Yoad iz assumed to be 0.5 eVj wspec is essumed to have an

error of 0.05 eV. The error in the third column is the sum of the errors

in wspec and wAuger' The error in wAuger is equal to the value of wAuger'

wexp is obtained from least-squares fits of a Lorentzian line shape to the

experimental dete.
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Lev), while the Auger transition retes increase; this decreases the
lifetime of the final state and increases the uncerteinty in the kinetic
energy and binding energy.

This line of reasoning will be pursued here, and it will be
shown that it explains much of the variation in linewidth, but not all
of it==in particular, it cannot explein the variation in the fluorine
1s linewidths, An argument will then be given for the relevance of the

Franck-Condon principle to F 1ls linewidths.

B, Lifetime of the "Quasibound" State

The matrix element which describes Auger transitions is the

following:

ffq,ls(l) &(s) 1/ry, wi(l) npd(z) ar, dar, .

Electron number one fells from molecular orbital i in the "quasibound”
state into the vacant 1s orbital, and the szcond electron carries energy
away by making a transition from molecular orbital Jj into a continmnm
orbita.l.lo It is expected that the major part of this matrix element is

the following one=center integral:

°5p ik [wls(l) E(2) 1/, ¢k(1) 4’2(2) dr, dr, .

Here Ciyp dJk is the part of lpi centered on the ionized atom, and cjl dJE
is the corresponding pert of l]JJ. The actual integral will be called
A(i,}); the total Auger trensition rate is then roughly proportiomal to

the term
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Z (egy CJR.)Z A2(1,5) .
1,3

A(i,J) does not depend very strongly on its constituent etomic orbitals ,10
and the sum over the coefficients should be roughly proporticonal to the
square of the density of the valence electrons et the ionized atom in
the "quasi-bound" state. Therefore, the total Auger transition rate in
e molecule should be roughly proportiocnel to the squere of the velence
electronic population et the ionized atom.

There ere eveileble in the literature celculeted Auger transition

10 and Welters end Bhe1lel®), but

rates for first row atoms (e.g. McGuire
not for molecules- However, it seems reasonzble thet the major difference
between atomic and molecular Auger rates should be the differences in
the velence electronic populetions at the ionized atoms. This population
does not change upon core ionizatiop in stoms, but it generally increases
by sbout 0.5 to 1 electron in molecules (according to CNDO/2 estimates).
An estimete of this popmlation will be obtained with the equivalent cores
epproximation and CHDO/2 wavefunctions ,1' and together with the theoreticel
results for atoms, it will be used to estimate the contribution of Auger
transitions to experimentelly observed linewidths.

McGuire's celculations give the following for the energy uncertainty
of 1s "quasi-bound" states in atoms: C, 0.06 eV, H, 0.09 eV, 0, 0.15 eV,
F, 0.22 eV, Ne, 0.26 eV. CRDO/2 wavefunctions indicate thet the valence
electron density at carbon in the equivalent-cores iom varies from L to
sbout 5.2. Thus, the energy uncertainty should vary from asbout 0.06 eV to

gbout 0.2 eV (a factor of two allowence is made for the crude nature of

T . . .
CNDO/2 wavefunctions ere widely-used semi~empirical wavefunctions; their

calculation is discussed in detail in Ref. 2k,
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this epproach). The anelogous results for nitrogen ere 0.09 to 0.25 eV;
oxygen, 0.2 - 0.3 eV; no CNDO/2 results are aveilable for the core-
ionized state of fluorine, but because fluorige is elways negatively
charged in molecules, it is expected that the veriation in its Auger
lifetime should be quite small., Assuming a valence populetion of about
8 on the ionized atom, the energy uncertainty becomes 0.26 eV,

In order to test these numbers with experimental measurements,
one must know the relationship between the uncertainty in the energy
and the experimental linewidth. This is not & direct reletionship, beceuse
the experimental line shape is affected by the spectrometer resolution
and the shape of the exciting radietion. 1In fact, the necessary
reletionship is not exectly known--all that exists is & rough rule of
thumb. What is definitely known is that the exciting radiastion has a

Lorentzien lineshape and a FWEM of 0.4 to 0.5 ev.6

(Although the redietion
hits the sample as a spin-orbit doublet, the fitting program corrects

for this.) The lifetime of the quasi-~bound final state 2lso contributes

a Lorentzien line shape; these two conmtributions are convoluted to give

43

another Loremtzien line shepe whose FWHM is the sum ~ of the widths of the

lifetime and the redietion:

- = ud ¥ i
mdthconvolution w:"d‘t']:lll.ug(-:r m'dthradia.tion

This relation is peculiar to Lorentzian line shapes; for Gaussian line
shepes, the width of the convolution is the square root of the sum of
the squeres of the contributing widths. What is unknown is the relation

between the experimentally observed width (w:r'.dt‘.haCD ), the spectrometer
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resolution (widthspec), end the width of the convolution. The rule of

thumb which seems to work is the following:

wlath__ = ((widthexp)z + (width e (6)

Xp convolution

This rule could be made slightly more eccurate by varying the exponents,
but it is qualitatively correct. Table I gives & comparison of the
celculated width and the observed width, It is evident that the Auger
effect accounts for some of the variation in linewidth, but it cannot
explain the variation in the carbon 1s linewidth or that of the F ls
linewidth. Equation (6) may be partly to bleme for the small range of
the predicted linewidths, but even if the observed linewidths increased
linearly with the width of the convolution, the Auger effect alone
could not account for the range in either the carbon linewidth or the

fluorine linewidth.

C. The Frenck-Condon Principle

When a moleculer system absorbs energy and makes a transition
corresponding to the excitation of an electron, some of the energy may be
ebsorbed by the relative motion of the nuclei. Because the final state
has & number of vibrational levels, several peaks or bands of verying
intensity mey be observed in eech electronic transition. If the nuclei
are dissocieted, the vibrationel excitastion casuses the spectrum to be
diffusely broadened. Vibrationel excitation is observed in optical
absorption spectroscopy and UV photoelectron spectroscopy. This effeet

cen be expleined by the well-known Frenck-Condon principle ;13 this
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principle states that the probability for excitation to & given vibrational
level in the final state is approximstely proportionel to the square of
the overlap integrel between the ground stete and final state vibrationel
wavefunctions. This effect hes so far not been directly observed in

x-ray photoelectron spectroscopy beceuse the instrumental resolution is

not high enough. However, vibrational excitation mey contribute to the
width of the observed peak.

To check on the possibility of vibrationel broadening in core-
level spectroscopy, the probebilities of excitation in various vibrational
levels upon core jonization were calculated for the diastomic molecules
HF, CO, and N,. These probebilities (commonly called Prenck-Condon
factors) were celculated within the harmonic oscillator approximetion,
using & method due to I-Ial:n.wzne‘ba.::kﬂ38 The final state was assumed to be en
equivalent-cores ion, and published bond lengths and frequencies were
used. In the hermonic oscilletor approximation, the Franck-Condon fectors
depend on four parsmeters--the chenge in equilibrium intermuclear distance
for the tramsition (AR, ,J)’ the reduced mass p (m.lmz/ (m.l + m,), end the two
vibrationsl frequencies \JO end vi. To check on these calculations,
Franck-Condon factors were also calculated for the ionization of the
leest~bound electron in RO, for vhich experimental Franck-Condon factors
are ave.ilable.13 The results are shown in Teble II.

The aessumption of harmonic oscillator wavefunctions is obviously
not very good, but it does give some indication of the importance of
Franck~Condon factors for core-level ionizetion in these molecules. No
ettempt was mede to calculate Freanck-Condon factors for polyatomic

molecules because of the difficulty of the calculetion and the leck of

paremeters, especially RO,j'
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Table II. Franck-Condon Intensity Ratios

Transition 0-1/0-0 0=2/0-0 0-3/0-0
NO to NO  (expt) 1.5 1.4 1.0

NO to NO' (theory) 1.3 0.4 0.06
HF to NeH' (theory) 0.28 0.002 0,0007
€O to NO* (theory) 0.74 0.13 0.013
€0 to CF (theory) 0.01 0.000k 0.00001
N, to §O© (theory) 0.1k 0.00k 0.00003
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The C 1s line in CO should be broadened the most, of the cases
tested. The observed width for CO exceeds the celculated width by 0.13 eV,
vhich is somewhat more than for the other cases tested in Table II, end
it is elso slightly more than for the C ls line in CFLt’ which on the basis
of lifetimes only is calculated to have the same linewidth.

When polyatomic molecules are considered, the difference between
experirent and theory becomes greeter. The observed widths of the C 1s
line in CO, end the "CH3" C 1s line in CF3CH3 are considerably broader than
the calculeted velues in Teble I; the F ls lines show en even grester
discrepancy between theory and experiment in Table I. What is striking
about the F ls widths is the large incresse in observed width with
successive fluorination at the carbon estom, whereaes the celculated widths
do not change with fluorinetion., It was assumed in the calculations that
the net electronic population at the ionized fluorine atom would remain
constent with fluorination (elthough estimates of these populations
are not eveilable) because both CNDO/2 end ab initiohl ground state
populetions at fluorine remein constent with fluorination.

In order to get an indicaetion of the effect of vibretionel
excitetion on core~level linewidths in polystomic molecules, e study
was made of the dependence of diatomic Franck-Condon factors upon the
necessery parameters. The Franck-Condon factors calculeted with
perameters corresponding to polyatomic molecules should give a rough
jdea of the importance of vibrational excitation for core-level transi-
tions in polyetomic molecules. For this study, AROJ was varied between
0 and 0.2 A, U wes varied between 1 and 10, and the frequencies were

veried between 0.1 eV and 0.4 &V, This study indicated thet the
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Franck-Condon envelope should brosden with increases ir these peremeters,
especially the change in internuclear distance upon ionizetion.
Traditionally, the ionizetion of "non-boading" electrons such as core-
level electrons ceuses little or no change in ROJ’ and hence ceuszs

little vibretionel excitation.l3 However, even in diatomic molecules

the change in ROj upon core ionization cen be compereble ‘o thaet

resulting from the ionization of bonding or anti-bonding velence electrons.
For exemple, AROJ for the transition CO to NO© is ebout 0.06 &, and for

HF to NeH+ it is 0.07 A, while for the ionizetion of the leest-bound
(enti-bonding) electron in NO, it is about 0.08 A.39 It is expected thet
AROj can be larger for polyestomic molecules, beceuse ROJ‘ is larger, end
also, core ionizetion affects the valence levels to e greater extent in
polyatomic molecules than in diatomic molequ.es.26 As previously mentioned,
velues of ROj are unevaileble for many polystomic systems, especially

the ions. However, a few celculated velues heve been found for the
equivalent-cores ions, and they indicate thav AROJ can be es large &s

0.2 A for a core-level ’c,:ransu'.ticm,47 (in particuler, for the transition

HOF to I‘IFZ, AROJ(N-O) is 0.24 A and AROJ(N-F) is -0.15 AhB). Such large
values of AROJ will probebly result in considerable vibretionel excitetion

in the ion. For ARO = 0.1 eV, the ratios

J=0.1A,u=8, and v; and v,

of celculated dietomic Franck-Condon factors were as follows: 0-1/0-0 = 1.T1,

0-2/0-0 = 0.57, and 0-3/0-0 = 0,08, Thus, if the experimentel Frenck-
Condon fectors for such a transition exceed the calculeted values es for
the transition NO to I\IO+ in Teble II, the Franck-Condon envelope would

have e FWHM of at leest 0.5 eV. Thais is sufficient to explain the



variation in the C 1ls linewidths, while & somewhat broader envelcope would
be required to explain the F 1ls linewidths. However, such a possibility
is not excluded by these crude calculatiocns,

In order to gain more insight into the processes which mey be
broadening the F 1ls spectra, publiahedhl UV photoelectron spectra of
the fluoromethenes were examined. Almost all of the peeks were broadened,
but many of the peeks had no visible Franck-Condon envelope. The
explanation given for this broadening is dissociative ionization; i.e.,
the broadening is still due to vibretional excitetion, but the overleap
occurs between the bound vibretional wevefunction in the ground state
end continuum vibrationel wavefunctions in the ion, This explanation
is supported by the fact that the mess spectral peaks corresponding to
many of the ions of the fluoromethanes heve not been observed.h:L However,
there are no "non-bonding” or "lone-peir" velence electrons in the
fluorcmethenes, so perhaps these spectra are unrelated to the core-~level
spectra. With this in mind, the UV photoelectron spectrum of the Cl
"lone-pair" velence electrons in CF301 wes mea.su:z-ed.l*‘2 The C1 "lone-pair"
velence electrons were expected to behave similarly upon ionization to
the F end Cl core levels, because they are essentielly localized on one
atom. However, the vacency left efter ionization of these electrons is
not completely localized at the Cl etom; CNDO/2 wevefunctions indicate
that 50% of the vacancy lies on other atoms. The spectrum of the Cl
"lone-peir" valence electron consisted of & single symmetrical peek with

& FWHM of ebout 0.6 €V, but no Frenck-Condon envelope was visible. Tbis

peek wes ebout 0.5 eV broader than the corresponding peek in CH3Cl. It
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is similar in appearance to the smoothly broadened peeks in the UV spectra
of the fluoromethanes; for this reason, it seems likely that the peak is
broadened because of dissociation in the final stete. In our opinion,
this is indirect evidence for dissociative broadening in core levels.
However, this question cennot be settled until more information is
availeble, Theoretical calculetions of the relevant potential surfaces
would be helpful.

If dissociation occurs upon core ionizatiom, then vibrational
excitation must also occur. In other words, the meximum of the experimental
peek must correspond to e state of the ion which lies above the lowest
point(s) in its potential curve (even if there is no minimum in the
potential curve). Figure 3 illustrates this point. Thus, the vibrational
energy of the final state should be teken into account when calculating
chemicel shifts, HNo attempt was mede to calculate this vibrational
energy, but theoreticael celculations which neglect ithl predict the
experimentel shifts well. So perhaps the excess vibrational energy is

unimportant or cancels out when taking reletive binding energies.

D. Cenelusions
Varietions in the lifetime of the "quasi-bound" finsl state
explain some, but not all of the veristions in core-level linewidths.
Vibrational execitetion in the finel state seems to be the most likely
cause of broadening in ccre levels. It may contribute to binding emergies
to the extent of seversl tenths of an eV. The F 1ls levels are probebly

broadened beceuse of dissociation in the "quesi-bound” finel state.
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XBL 735-2837
3. This figure is adapted from Ref, 1k, p. 392. It indicates the
broadening which can occur because of transitions to a dissociated
state. The spectrum is essentially a reflection of (lpo,b)2 against the
repulsive potential curve in the final state. b
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SECTION IV. CHEMICAL SHIFTS
A. Introduction
Chemical shifts in core-level binding energies are of considerable
interest to chemists because they cen give informetion about electronic
structure, One of the most common interpretations of chemical shifts

involves the use of Koopmans' T‘_u=_loz-em.h9

In this interpretation, the
core-level binding energy equals the negative of the core-=level eigen-
value determined from a self-comsistent field wavefunction for the
ground state of the molecule. This approech is potentially very useful
to chemists because it interprets binding energy shifts entirely in terms
of ground state properties. For example, the ls binding energies obtained
using Koopmans' Theorem have been found to co relate linearly with atomic
cha.rges.so However, such binding energies do nci agree with experimentally
observed binding energies. They slways exceed the observed binding
energies, usuelly by about 5%; such en excess is larger than the total
renge of chemicel shifts for the element, so one must be very careful
when epplying Koopmans' Theorem to chemical shifts. The difference between
the experimentally observed binding energy and that obtained from Koopmans'
Theorem is called the relaxetion energy. One of the main objectives of
this section is to anelyze the variastion in relaxation emergy with chemical
environment in order to determine when it can be safely neglected.

CNDO/2 wavefunctions will be used here to obtain relaxation
energies end interpret ciemical shifts; this is probably the wesk point
of this section. However, the CNDO/2 theoretical chemical shifts compare
well with experiment for a lerge variety of molecules, end their

calculation involves little expense.
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B. General Discussion

The expression developed for the binding energy waes Eq. (5):

By = Egpe (235 Bog) = Eggee (%0» Fog) - (5)
Here, Ei;Zc is the "quasi-energy" of a "quesi-bound" state—a state in
vhich the varietional principle is epplied to only some of the parameters
in the electronic wavefunction in order to preserve an inner shell vecancy.
It should be remembered thet Eq. (5) can be im error by severel tenths
of an eV, as discussed in Secs. II and III.

Chemical shifts ere calculeted simply by taking changes in EB'
In this thesis, Eiizc (ROO) will be epproximated by the energy of the
equivalent-cores ion. It has been shown empirically by Jolly and
co—workersl7 that such an epproximation is ususlly very good; furthermore,
theoretical support for the equivalent-cores (or thermochemicel) epproxi-
mation hes been given by Shirley,18 The error in the equivalent-cores
approximetion is unknown, although Refs. 17 and 18 indicate thet when taking
chemicel shifts it is no more then e few tenths of an eV.

Using the equivalent-cores epproximation, Eg. (5) becomes

By = Egpee (Rops 2o + 1) = Egee (Bogs Zg) (1)
where ROO represents the set of eguilibrium internuclear distances in
the ground state, and ZZ is the charge on nucleus a in the ground state.
Equation (7) may be reduced to e simpler expression via the Hellman-Feynman

Theorem, This theorem states that
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vhere A is some variable parameter in the Hamiltonia.n.l9 A mey be one
of the internucleer distences, one of the nucleer cherges, etc, Here we

will teke X to be the nucleer charge on atom a, Z_ ., In this case,

-1
@ .y <7y Zé_
97 R - T. ’
a ifa Ja 7 ia
vhere Tig is the distence between nucleus & end electron i, and Rja
is the distance between nucleus J and nucleus &a. This expression wes

obteined simply by differentiating with respect to Za the usual non-

relativistic Hemiltonian for a molecule.

How { |-g;;c—| } is the negative of the potentiel energy of en electron
a8
gt nucleus a, end will be denoted -Va(Za). It is obviously & function of
the velue of Z,. JNext, Eq. (8) msy be integrated from Zg to Zg + 1 to give

E; in terms of V (z ):
a 8a

0 0

2+ 1 70 +1

3E ) 0y _ f

fzo o @, =Bz, +1) - E(Z)) = - 0 v.(z,) az, . (9)
a a

Equation (9) is the quantitative reletion between the thermochemicel
model of chemical shifts and any potential-at-s-nucleus models of chemical
shifts. This integration of the Hellmasn-Feynman Theorem has been done
previouslyzo but so far it has not been applied to physical problems.
Obviously, the integral must be simplified to give useful resulti:: in

fact, this will be done in such & way that semi-empirical wevefunctions
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can be used to estimate chemical shifts, This simplification is guided
by the results obtained by other vorkers.gl The semi-empirical wave-

functions do not have to setisfy the relation
=y = lagezly:

but they should give realistic velues of Va.
First, Eq. (9) will be rewritten as

z° + 1 20 + 1

= 0 0
-fo v (2,) az =~ v, (2)) -fo (vo(z,) - v (2))) az, .
2 2
The second term on the right side of the equetion will be celled
the relexation energy, R. It represents the change in EB due to the
rearrangement of the velence and un-ionized core electrons during core

photoemission, When R is the same for two molecules,

0
AEy = -AV(Z.) .

This is an importent result--in this case, AEB can be interpreted in terms

of ground state properties, and the thermochemicel model becomes egquivalent

to the ground state potential model of chemical shifts. For this reason,

an attempt will be made to estimate R (and Va(ZO)) for various molecules,

to see if there are trends in the value of R which eneble us to use the
ground state model of chemical shifts, This model has already been developed
by other workers through the use of Koopmans' Theorem.ZL However, there

has not yet been e systematic study of relaxstion energies.
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In order to make estimates of R, Va(Z) will be assumed to be a

linear function of Z between the values of ZO end ZO + 1; R then turns

out to be 1/2(VB(Z0

+1) - Va(ZD)). Heden and Joha.nsson22 have derived

a similar result for Hartree-Fock wavefunctions; the choice of & linear
Va. was motivated by their result. The error in the linear approximetion
may be seen in the graph of V_ versus Z_ (4); the error is the area
between the curved line and the straight line, both of which connect
Va(ZD) and Va(ZO +1). It is only ebout 1 eV, with & possible variation
from molecule to molecule of only several tenths of an eV. The relaxstion
energy is the area inside the triangle with the dashed sides. The
potentiels were calculated with CNDO/2 wavefunctions.

A further sssumption will be mede in evaluating R and Ve_—the
contributions of the inner electrons on atom a +to R and Ve will be
assumed to be the same regardless of chemical environment. Schva.rtzal
has investigated this assumption for Va and found it to be a very good

one., With this assumption, it is now possible to evalueste R end V with

valence electron wavefunctions and use them to interpret chemical shifts.

C. CEDO/2 Potential Models

The Ck10/2 wavefunction is & molecular orbital wavefunction; that is,
the total wavefunction is an anti-symmetrized product of one-electron wave-
functions celled molecular orbitels, The total wavefunction could be &
linear combingtion of such anti-symmetrized products, in which case it
would be celled & configuration-interaction wavefunction; however, for
simplicity, it is limited to one configuration.

The molecular orbitels ere linear combinations of atomie orbitals

centered at the various nuclei:
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Fig. 4. Vg is plotted egeinst Z; for three different isoelectronic moleculer
systems. The lineear relexstion emnergy for s C ls transition from
CF), is the area within the dotted lines.
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where the ¢'s are etomic orbitals. The c; 's must satisfy the

J
3
normelization condition imposed on the wi's -— S Y dar =1, or

ZZ (ey, c:_k f¢J ¢; ar) =1 (10)
7k

In the calculation of CRDO/2 wavefunctions, it is assumed that

o ¢* ar = § so that the normelization condition reduces toz c,, e, =1,
J 'k Jk 3 i "1j

The CNDO/2 molecular orbitels are real, so Eg. (10) becomes

2
§ e..” =1 .
s id

d

An anslogous approximation to that of assuming .ftb‘j cb: = ij is used when

celculating va(z) with CNDO/2 wevefunctions. Now va(z) is given by the

expectation value

a 2 eaZ..
[‘Y(Ze—-)‘l’ ar,..dr_ - Z —i s
rie. 1 n rja
i jfa

where ¥ represents ¥(l...n), end n is the total m %“er of electroms; the
pert of Va which depends on the elertrons will be called VZ. Because l/ria
is a one-electron operator, and the molecular orbitels are assumed to be

orthogonel, one gets for V‘:, in the molecular orbital approximation,

n
vi(z ) = wa.(i) ilp.(i) ar. .
a a - 1 ri&. 1 1
1
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And since \lJi(i) = Z Sy ¢J (1), vz(z) becomes
J
n
V: = ZZZ ®y ik [¢J(i) (ez/ria) o (1) aty .
idk

This expression for Va will now be broken up into severel parts
in order to point out the most important perts end to make some epproxi-
mations. First, let the atomic orbitals which are centered at atem = be
lebeled d)j. If Sla.ter“‘ atomic orbitals are used, anc the orbitals have

the seme principal quantum number,

[d:j(i) (ee/ria) op(i) ary, = V26, .
ve is, of course,
a

f 050 (%/my) ¢500) ary

With this notation, Vg becomes

2 B2 b, . 2 b,.
Vz(zi§f:ij ) + Z;'cid ([¢J(1) 'i;;¢j(1) dTi)

i

b c b e2 c
+ZZZCiJ ciqu’.j(l)id;k(l) at .
i J k
Ik
In this notation, b refers to atoms other than &, while ¢ refers to

eny atom. The first term is the dominant one for V:; the double sum in the
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first term is closely related to the number of electrons near atom &,

and is called the net electronic population at stom a. V: varies

between 15 eV and 40 eV along the first row elements, from boron to neon.
The second term involves two-center integrals (atoms & and b), but
only one atomic orbital (centered on atom b). These integrals are at
most one-half of V:; obviously they are largest when atom b is bonded
to atom =2, These two~center integrals very with Rab approximately =as
l/Rab; in fact, if the atomic orbital is an s orbital, the integral

in stomic units is exactly l/Rab’

The third term involves two- and three-center integrals, in which
the atomic orbitals are not on the sare center. All of these integrals
will be neglected here (except those needed to preserve the invariance
of Va to coordinete transformetions; this point will be discussed in more
detail leter). This is a very sizable approximation; when the centers
are gdjacent to each other, two-center integrels sre compsrable to the
largest integrels in the second term. A partial justifieation for this
approximation is the following: consider for simplicity a homonuclear
diatomic molecule, and a molecular orbital wi = c¢B + c¢b. In the CHDO
approximation, c2 must be 0.5, because it is assumed that friwiz =1 and
f¢a ¢b dt = 0, However, for reelistic orbitels, the normelization
condition demends that ? = i.5/(1 £ f¢a ¢b dt). Now in most cases,
f¢a ¢b = 0.1 to 0.3, so - . this is e sizable approximation, leeding to
e chenge in the one center part of the potentisl (the first term) of
several eV, due to the CNDO/2 net electromic population (which depends on t‘2)
being vuo large or too small, depending on whether the sign is + cr - in the

moleculer orbital, However, there is & corresponding integral in the third
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term, whose neglect compensates for the error inm the CNDO net atomic
population; this integral is in a term of the form % 02f¢a 1/ria ¢b dri
vhich is &lso seversal eV. The two errors will always be of opposite sign,
and beceuse the neglected two-center integrel is roughly proportional to the
overlap integrel (see Fig, 5), the two errors will cancel in large measure,
However, the cancellation is only approximete, and therefore the resultant
error in Va can be of the order of electron volts. In addition to these
errors, there is an error in Va due to the use of semi-empiricel wave-
functions rether than ab initio ones. This error seems to be small, however,
by comparison of the CNDO/2 chemicel shirts with those obtained from gb initio
wavefuncx’ons.25
Two approaches were used to calcuiate Va; in ope apprnech,
integrals not neglected were calculated exactly using formulas due to
Roothaan;23 in another, the two-center integrals were approximeted by
1/Rab‘ The first approzch glves substantially better egreement with
experiment, but the second epproach is more intuitively appeeling. In

the second approach, Va becomes

v p -E: e2q /R P_ = net electronic populetion at atam &,
- - It 3 je a

where qJ is the net charge on atom j. qJ is the differecce between the
net electronic population and the nuclear charge. Thus the second epproach
is a "point-cherge" model of the electronic cherge distribution in the
molecule. In such e model, the chemicel shifts determine lineer equetions

involving the net etomic charges.+ If enough chemical shifts are meesured,

TIt is assumed here that AR = O; AEB = -AVa.
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the linear equations may be solved for the atomic charges; thus the
atomic cherges so obtained are strictly empirical. This approasch will be
discussed later.

Siegbehn, gE_gl.G heve correleted chemical shifts well with
changes in a CNDO/2 point-charge model potentisl. They varied V: to
maximize the correletion. With this model, of course, they did not
consider possible changes in R, the relexation energy.

Getting back to the first epproach, its exact celculation of the
two-center integrals tekes into eccount the differences between 2s, 2po,
end 2pnW orbitels. These differences are feirly large; for a 02 molecule
end an internucleer distance of 1.5 A, they sre, respectively, 9.60 eV,
10.77 eV, end 9.01 eV, It should be noted thet in the first epproach the
two-center part of the potentiasl depends on both the megnitude of the net
electronic populetion end how it is pertitioned emong the verious atomic
orbitals; in the point cherge model, 211 the orbitzls are treeted es if
they were s orbitals, so the pertitioning mekes no difference to the
point cherge potentiel. Thus the first model should be more semsitive
to changes in chemical environment then the point cherge model. For
exemple, Siegbehn, gg_gl.s point out thet the point-cherge model cannot
explein the nitrogen end oxygen chemical shifts vetween XO, Nz, end 02,
because the core electrons in NO heve higher binding energies than those
in either N2 or 02. However, because of its greater flexibility, the
first model does reproduce this effect.

As mentioned previously, some of the elements in the third term of

VE are reteined in the first model. These elements have the form
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b b
ciJ Sk f¢29 1/ria ¢29, ar, .

The etomic orbitals within the integral are 2p orbitals of different
megnetic guantum number, end centered on the same atom. These "non-
diagonal” matrix elements are of the order of 0 to 0.2 eV, so they don't
contribute substantielly to the potential; however, they are necessery
if V'l is to heve the same symmetry as the nuclear framework of the
molecule. Originelly, these "non-diegonal” elements were le’t out, and
as & consequence symmetrically equivelent nuclei were found to have
different potentials in certain cases. It is difficult to explain this
effect in a few words--what it tekes is & good visuelizetion of the 2p
atomic orbitals in different orientations--but roughly the reason for
this effect is that a definite coordinete system must be chosen in which
to define the orientation of the p orbitals. Therefore, the diagonel
matrix elements of the two-center integrals for atoms a end b may
vary with the direction of R h* This concludes the discussion of the
calculetion of Va. The calculet_on of CHDO/2 wavefunctions has been
developed by Pople, and is discussed in detail by Pople and Beveridge.gh
Two models were used to predict core-level ghifts with V'l and

CNDO/2 wavefunctions:

e

AEB = -AVa

e

AEy

-\ - AR,
a a

where R_ = 1/2(va(zg +1) - va(zg)). The first potential model was used

for the celculation of Va. for most molecules because it generally gives
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better agreement with experiment; this is shown for the fluoromethanes
in Fig. 6. From now on, the first potential model will be called the pp!
model because of the off-diegonal matrix elements employed ir it.

The first model is preferable to chemists because with it,
experimentel chemical shifts cen be interpreted in terms of ground-state
vevefunctions. However, AR must be zero, or close to zero for the first
approech to be velid. To test this, a teble of relaxation energies, R,
was celculated with CNDO/2 wavefunctions; in Table III, the relaxation

energies are listed in order of their magnitude.

D. The Problem of Relaxetion

It would be useful to have s thorough comparison of the relaxation
energies celculated by CNDO/2 with those celculated by gb initio wave-
functions, At the present time, however, only a few values of gb initio
relazation energies have been pub]_ished.26 The relaxation approach usually

but not elweys 26

works es well or better (it should alweys work better) than
the ground staete approach to chemicel shifts with CND"/2 wavefunctions.

Also, the CNDO/2 results exmggerate the b initio result for Rc(CHh) - RC(CO)
by gbout 2 eV. Another noteble feilure of the CNDO/2 relaxation approach is
its exeggerstion of the chemicel shifts between CSEG and the compounds Ceﬂh
and CH!;' Because of the very similar electronegativity of carbon and
hydrogen, these compounds are expected to have similer values for the ground
state potential at the cerbon nucleus (CNDO/2 velues are 88.88, 88.89, and
88.31 eV for CHy,, C,H,, and CGHG)' Therefore, the carbon shifts should

depend heavily on differences in the relexstion energy. The experimental
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Teble ITI. Relexation Energies

Carbon Nuclei
Mole ule - R (eV)

(8 = 1/2(v_(2° + 1) - v,_(z0))

co 11.92
co,, 12.86
HCN 1b.ko
CF), 1k.91
HCOOH 15.31
CF 1 15.38
C,hy, 15.43
C,H, 15.58
CF2H2 15.73
CH,, 15.89
C'FH3 15.92
c"F4CH,0H 15.93
C*FLCH,NE, 16.00
BC - C*F i 16 11

CH,0H 16.13
CF3 - CFy 16.19
BC = C'F, 16.25

5 C - c*FE, 16.30

c*Fy - CF, - CFy 16.h2

CFB” - CF = CF - CF, » 16.h2

CHy - CHg 16.50
CH, = C'HF 16.52

(continued)
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Teble ITII. (continued)

Carbon Nuclei

Molecule R (()ev) 0
(R = 1/2(va(z +1) -V (27))
a
L: ]
C'Hy - CHSF 16,53
~” 0\
H,C“=="CH, 16,53
CHF = CF, 16.58
CH,CH,NH, 16.65
c”ﬂ3 - CEF, 16.71
c"H3 - CcF, 16.75
c*H, = CHF 16.88
(c’ﬁ3)2c1mo2 16.93
CF3C§H20H 16.94
c*iF = CF, 16.96
C§H2 = CF, 16.99
CH3N02 16.99
CH3 -C F3 15,86
CF; - CF, - CFy 17.30
cyclo C6H3F3 (cF carbon) 17.43
(t?lis)zc*‘mvo2 17.57
eyclo C)F¢ (CF2 carbon) 17.63
cyelo CyFg 17.65
cyclo C.H)F, (CF cerbon) 17,65
cyeclo CGHG (benzene) 17.69
cyclo CAHyF, 17.80

(continued)
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Teble III. (continued)

Carbon Nuclei
Molecule R (eV)

(R = 1/2(v,(2° + 1) - v (2%)

CF3C*F = CFCFg 17.86
cyclo C6F3H3 (CH carbon) 17.9k
cyclo C6F6 17.95
cyclo C)F¢ (CF carbon) 17.97
(grephite) 19,14

Nitrogen Nuclei

RO 15.73
N, 16.67
HCHN 18.50
N 19,01
NF, 19.32
CH,NH, 19,75
H.N - NH, 19.98
NF, 20.00
CH_NO, 20.00
No, 20.39
(CHB)ECHNOZ 20,47
CGHSNOZ 20.61

(continued)
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Table III. (continued)

Nitrogen Buclei

Molecule B en)
(R = 1/2(\!&(20 + 1) - V&(ZO))
NOF4 20,63
N7, 22,99
Oxygen Nuclei

0, 1k,38
No 20.35
o 20.35
1,0 20.63
co 21.k6
o 22,02
CH0H 22.18
CF.CH,0H 22,63
He =0 - on 22.36
CH.CB,08 22,66
N c,_o.\c < 22.82
°H3N°2 23.1k
HC = 0 - OH 23.30
(CH3)2CHN02 23.54
CGHSNOE 23.79
(CECH,) 0 2k.16
cyelo CyH,0 (furan) 2h.21
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shifts are, reistive to CHh’ =0.1 eV for C2H14 end -0.h &V for C6H6’ 50
thet R should not vary by more than 1 eV for these compounds; the CRDO/2
relaxation energies give ARc between C6H6 and CH), as 1.80 eV, and between
CgHg end CH) as 2.26 €V. With this in mind, the CNDO/2 relaxation energies
should be viewed in & qualitative sense, rather than a quaniitative one.

The list of relexation energies in Table III exhibits some definite
trends with molecular structure; the most obvious one is the increase in

R with the number of atomic centers in the molecule. A related trend is

the incresse in R as ligands are added to an atom. Ancther trend is the
decrease in R with the substitution of F for H in a chemical bond. A
fourth trend is for atoms in an unsaturated or cyclic system to have high
values of R.

The first two trends can be partly explained by Coulomb's law,
following an argument given by D. A. Sh:i.rley:27 Relaxation always involves
the movement of electronic charge toward an ionized atom fram other atomic
centers; Coulwmb's law implies that as one removes electronic charge from
another center, the energy required for this goes up with the amount of
charge already removed. Therefore, as more centers become available, less
charge is removed from any one center, and the iorn becomes more
energetically stable. This effect is so important that it may actually
limit the emount of charge moved toward the ionized atom, as in the case
of diastomic molecules.26

The reluctance of the fluorine atom to give up electronic charge
to an ionized neighbor msy be a consequence of its greater electronegativity,

while the relatively high values of R for conjugated and cyclic systems

msy result from the high electronic density throughout the
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molecule in the ground state; because of Couwlamb's law, o higher density
of electrons would stabilize a positive cherge (inner shell vecancy) more

than a lower density.

E. Discussion of Results

The implication of the above for chemists is taat R must be
considered in order to interpret chemical shifts correctly—the total range
of R is T eV for carbon, while the total range of chemicael shifts is sgbout
12 eV, However, it may be possible to find classes of molecules for
which AR is close to zero, so thet one may apply the ground state model
with confidence, With this in mind, the CNDO/2 ground state approach has
been applied to a pnumber of molecules without regerd to differences in R,
and then to several series of molecules without regard to diflerences in
R, and then to several series of molecules separately on the basis of
the teble of relaxation emergies snd chemicel similarity. Whereas the
"“blanket" applicetion predicts shifts to within no better than 1 eV on
the average, the restriction of the ground-state model to separate classes
of molecules gives substantially better results--usually these pre-
dictions are good to 0.3 or 0.4 eV. The "blanket" zpproach end the
restricted approach are illustrated in Figs. 6 to 12. The clesses of
molecules include the flucromethenes, the fluoroethanes, the fluoro-
ethylenes, oxygen atoms bonded to only one other atom, oxygen etams bonded
to two other atoms, and fluorine stoms (ell of which are bonded to only
one other etom). There was no large group of nitrogen binding energies
for which the grourd stete approach held with accuracy. The N, - NO and

2

HQHHHQ - FQHNFz chemicel shifts were predicted well, while the
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Tig., 6. Vericus ground stete potential models using CNDO/2 wavefunctions
are compared with experiment.
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Fig. 7. This illustrates the "blanket" approach toward predicting chemical shifts. Both the ground
gtate model (in filled circles) and the relaxation model (in open circles) are presented. The
lines represent best least-squares fits of experiment to theory under the constraint of unit

slope. The standard deviations are given in Ref. 26,
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Fig, 8. Both CNDO/2 potential models ere compared with experiment for
the carbon chemical shifts in the fluoroethenes. The stawéard devietion

for the ground stete model is 0.1L eV and 0.31 eV for the relaxation
model.
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Fig. 9. Same es Fig. 8, except that it illustrestes C 1ls shifts in the
fluoroethylenes. For & slope equal to one, the stendard devietion is
0.38. eV for the ground state model and 0,53 €V for the relexation model.
For the fitted slope, the corresponding stendard devietions are 0.12 eV
and 0.07 eV. For the ground stete model, the fitted slope is 1,17,
end for the relaxation model, it is 1.25,
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Fig. 10. Seme &s Fig. 8, except that it illustrates oxygen 1s shifts
for oxygen atoms bonded to one .ther atom, The standard devistion
is 0.35 eV.
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Fig. 11. Same as Fig. 8, except that it illustretes oxygen ls shifts for
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0.L0 ev.
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Fig. 12, Seme &s Fig. B, except that it illustrates fluorime 1s shifts
in fluorocarbons. The stenderd devietion is less than 0.4 eV.
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NH3 - NF'3 chemicel shifts was exaggerated by ebout 1 eV. In fact, the case
of the nitrogen binding energies is the only one where the CNDO/2 relexetion
model gives substantial improvement over the ground state approachk. The
CNDO/2 potentials ere listed in Table V; the experimental chemical shifts
meegsured here are listed in Teble IV,

The success of the CNDO/2 potential models lends credence tc the
CNDO/2 charge distributions--obviously, the potential at a nucleus depends
hegvily on the charge distribution in the molecule. In particular, the
CNDO/2 method predicts electronegative substituents to polarize wolecules
in & very definite manner: the atomic charges obtained from CNDO/2 wave-
functions tend to gltermate in sign as one proceeds swey from the
substituent, For example, thz CNDO/2 method predicts the B-carbons in
a-Pluorinated ethanes to have negative charges, e.g.,

-+ -+

F3C - CH3 a

This type of cherge distribution was tested further; one of the hydrogens

on the B-carbon in C.F3(IH3 was replaced by the electronegative group - NH

If the CHDO/2 charge distribution were correct, this group would tend to

ot

decresse the positive cherge on the o-carbeon in (L!‘F3CH3 and perheps even
lower its core binding energy, This did occur--the binding energy of the

CF3 carbon in CF‘BCHQNH2 was lower by 0.2 eV then the CF3 carbon in CF30E13.

The CNDO/2 potential models predicted the shift correctly also, although

they indicate that much of the shift between the CF3 cerbons is due to

relaxation., The oxygen ls shift between CFBCHZOH and CH3CH20H was elso

predicted exmctly by the CNDO/2 ground stvate potential mcdel, In this



Table [iV.

CNDO/2 Potentisl Energies (eV), PP' Model

Cerbon Nuclei

Molecule v, (z°) v (20 + 1) -av,(z°%) -a0/2(v (2% + v (20 + 1))]
CH), 88.88 120.65 ] ]
CH 85.89 117.73 2.99 2.96
CH, T, 83.06 114,52 5.82 5.96
CHF 5 80,3k 111.10 8.5L 9.05
CF), T7.75 107.56 11.13 12.11
Colg 88.54 121.53 0.3k ~0.27
cu3“ - CHF 88.10 121.15 0.78 0.1k
oHy - cH,r 85.92 11842 3.06 2.6%
CHB" - CcHF, 87.70 121.12 1.18 0.36
CH, - CHF, 83.22 115,44 5.66 5.4k
cu“3 - CF 87.18 120,68 1.70 0.85
ci, - c'r, 80.84 112.56 8.0k 8.01
oF, - CF, 79.18 111.56 9.70 9.k0
cF, - ¢'F, - CF;  80.93 115.52 7.95 6.5k
CF, - CF, - CF, 79.11 111,94 9.77 9.2k

(continued)
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Table IV. (continued)

Carbon Nuclei

Molecule v (2°) v (2° + 1) -av_(2%) -ata/2(v (2°) + v (20 + 1))]
cyelo C\Fg 81.16 116.L45 T.7T2 5.96
CH, = CH, 88.89 119.7k -0.01 +0.45
cu", = cHF 88.66 122,42 .22 -0.78
CH, = c*ur 85.93 118,97 2.95 2,22
cn", = cr, 88.30 122,28 0.50 -0.53
Gi, = C'F, 83.02 115,51 5.86 5.50
c*ur = cr, 85.28 119.20 3.60 2.53
air = ¢'r, 82.57 115.73 6.31 5,62
CF, = CF, 82.15 115.53 6.65 5.88
CH = CH 89.27 120,42 -0.39 -0.,08
cyclo Cghe 88.31 123.68 0.57 -1.23
cyclo CgHy Fy 87.63 123,23 1.25 -0,67
cyelo CgH)F, 85.40 120.70 3.48 1.72
cyelo CgF Hy 87.91 123.79 0.97 -1.09
cyelo CgF.Hy 8k,50 119.36 4.38 2.8k

_09_

(continued)



Teble IV,

{continued)

Carbon Nuclei

Molecule va(zo) VE(ZO +1) -AVE(ZO) ‘A[1/2(va(z°) + vg_(z0 +1))]
cyelo CgFg 83.68 119.58 5.20 3.1k
HCN B88.57 117.36 0.31 1.80
CH_NO,, 85.87 119.86 3.01 1.92
co 88,21 112,03 0.67 I, 65
co, 82.31 108.02 6.57 9.60
HCOOH 84,37 11L.98 k.51 5.09
CH40H 87.01 119.27 1.87 1.63
eycla CH)0 86.95 120.01 1.93 1.29
(c"H,) oHmo, 87.50 121.35 1.38 0.3k
(cH,) ¢ 10, 85.79 120,92 3.09 1.1
cyelo C,Fe 8k .03 119.96 k.85 2,77
cyelo C)F 80.85 116.10 8.03 6.29
per-fluoro-2

butene 83.52 119.24 5.36 3.39
per-fluoro-2

butene 79.53 112.36 9.35 8.82

{continued)
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Tabl

e IV, (continued)

Carbon Nuclei

Molecule v (20) v (20 + 1) ~av_(2°) -al1/2(v,(2%) + v (2% + 1))
C“FS'— CH,NH,, 80. 89 112.88 7.99 7.88
C“HSCH2NH2 88.65 121.94 0.23 -0.54
Nitrogen Nuclel

N, 133.22 166,56 2.32 L.66
NO 132.43 163,89 3.11 6.39
NO, 125,58 166.36 9.96 8.58
CH_NO,, 124,22 164,22 11.32 10.33
HCN 13h.47 171,46 1.07 1.59
NH 135.54 173.56 0 0
CH_NH, 135.17 174,67 0.37 -0.38
NF 125.34 163.98 10.20 9.89
HoN - NH, 134,46 1Th. b1 1.08 0.12
HOF 119.46 160,71 16,08 1b, 4T
NT, 127,76 173.73 7.78 3.81

{continued)
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Tgble IV. (continued)

Nitrogen Nuclei

Molecule v, (2°) v (2® + 1) -av,(2°) -8(1/72(v,(2%) + v (20 + 1))]
06H5N02 125.04 166,26 10,51 8.91
NT, 131.24 171.35 4,3 3.25
(CH3)2cmv02 12L,67 165.61 10.87 9.41
CHBCHeNHQ 135,24 - 0.30 -~
CFBCHEN"He 134.25 - 1.29 -

Oxygen Nuclei

B0 192,22 233.47 0.0 0.0
0, 185.30 21h,06 6.92 13.17
co 187.39 230.31 4,83 k.00
NO 185.94 226.63 6.28 6.56
No, 188.29 228.98 3.93 L.21
CHZNO, 191.33 237.60 0.89 -1.62
HCO0"H 188.16 232,88 v.06 2.33
HCO"0H 191.38 237.97 0.8k -1.83

{continued)



Table IV.

(continued)

Oxygen Nuclei

Molecule va(zo) va(z0 +1) —AVa(ZO) -al172(v, (2%) « v (20 + 1))
CH3OH 189.97 234,32 2.25 0.70
C,H,0 189.79 235,42 2,43 -0,24
0614151\102 191.86 239,45 0.34 -2.82
NNO 189.69 233,73 2.53 1.09
(CH3CH2)20 189.92 238.24 2.30 -1.24 ;
C),H)0 189.10 237.6L 3,17 -0.,53 ;E
(cna)zcm\ro2 191.58 238.65 0.64 -0.23
CHacHEOH 190.12 235,44 2.10 0.07
’;F3CH20H 188.81 234,06 3.h1 1.k2
Fluorine Nuclei

Molecule Va(Z) -AVa(Z)

CFh 249,85 0.

CH,F 252,19 -2.34

CH,F, 251.40 -1.55

CHF3 250.62 -0.77

(continued)



Table IV. (continued)

Molecule

CH3CH2F

CH CHF'2

3

CH30F3

#
CF3CF20F3

“
CF30F20F3

cyclo ChFB

CH2 = CHF

CH2 = CF2
g
v = "
CHI 012

" = 3
2

cyclo chG

CFB(F)C = C(F)CF3

Fluorine Nuclel
va(2)
252.50
251.84
251.k2
2kg.52
2h9 .68
249.70
251.93
251.18
250.65
250.00
2h9.96
250.49
250.08

250,24

-AVB(Z)

-2.65
-1.99
-1.57
+0.33
+0.17
+0.15
-2.08
~-1.33
-0,80
-0.15
-0.11
-0.6h
-0.23

-0.39

_g9_
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Teble V. Experimental Chemicel Shifts
Compound Reference Ic.:.:fr‘:l EB(Ref) - EB(campound) (eV)
CeHg CF), C1ls -11.54 % 0,02
CHF 4 CF), C1s ~2.72 £ 0.03
CH,F, CF), C1ls <5.52 & 0.0b
CH,F, CF), F 1s -1.83 * 0.1
CH Ol CF), Cls =11.20 * 0.0k
CH,CH,F CF,, C1ls -8.57, =10.7T * 0.05
CH,CH,F CF), F 1s -3.20 * 0,06
CHCHF,, CF), C1s -5.91, 10.34 * 0,0k
CH ,CHF,, CF), C1ls -2.22 £ 0,06
CH3GF3 CF), C1s -3.32, -9.89 = 0,06
CHCF CF), F1ls -1.10 * 0.2
CF3CF3 CF), C1is -2.11 % 0,06
CFCF, CF), Fls -0.19 * 0.1
CF4CF,CFy CF, C1ls -2.22, .22, *0.03
CF4CF ,CFy CF, F1s -2.45, -0.91 * 0,2
CFCH,NH, CF), C1ls -3.54, =9.19 * 0,06
CF4CH,HH, CF), F 1s -1.k5 £ 0.2
CF ,CH,NH, u, W 1s -4.07 + 0.0k
CH,CHiH, i, N 1s -4.93 + 0.04
CH3CH20H 0, 01ls ~h.63 £ 0.06
CF4CH,0H 0, 0 1ls -3.51 + 0.04
CF4CH,OH CF), C 1s -3.25, -9.19 * 0.06
CF4CH,08 CF), F 1s -1.09 * 0.2

(contiaued)
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Table V. (contirued)

Compound Reference EZi:l EB(Ref) - EB(compound) (eVv)
(CF3)3C0H CF), C 1s -6.93, -2.50 + 0,2
(CF3)3C0H 0, 0 1s -2,63 + 0,06
H,C = CH, CF), C 1s -11.1 t 0,2 (a)
H,C = CHF CFy, C 1s -8.48, -10.86 2 0.1
H,C = CHF CF), F 1s -2.26 = 0.1
l,C = CFy CF), C 1ls -5.86, -10.63 * 0,03
H,C = CF, CF), F 1s -1.08 * 0.1
CHF = CF, CF), Cls -5.71, -B.09 + 0.0L
CHF = CF, CF), F 1s -0.72, -1.k2 x 0.2
CF, = CF, CF, C 1ls -5.k2 + 0.0k
CF, = CF, CF), F ls -0,50 * 0.2
CF F
,c=c CF), C1s -2.27, -7.04 £ 0.05
F CF4
CF F
3\ 7
c= c\\ CF), C1s -0.56, -0.98 * 0.2
P CF4
CF
EAN
/c = CF, CF), C ls -2.36, -h.98, -7,28 £ 0,1
F
CF
3\
/,c = CF, CF, F 18 -0.31, -0.72, -1.28 * 0.3
F
CFyCH = Cl, CF, C1s -3.2h, -9.93, -10,k0 % 0.1

{continued)
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Teble V. (continued)

Compound Reference 22::1 EB(Ref) - EB(compound) (ev)
CF4CH = CH, CF, F 1s -1.ko % 0.2
R P
F F CF, C1ls -h,71 * 0,05
F F
F
F, F
F F CFy, F 18 -0.bL £ 0.2
F F
F F
P
cry— ¢
| Il CF C1s -2.31, -b.77 * 0.07
. L
LFE\ CF
CFZ/C
J I CF,, F 1s -0.69h, -1.49 0.2
CF F b
2~~¢
CHNO,, CF), C1s -8.92 + 0,05
CH,NO,, N, N 1s 2,23 £ 0,0k
01131102 0, 01ls -3.98 £ 0,0L
(m3)3m02 CF), C1is -9.35, =10.53 + 0.1
(cn3)3cxm02 5, Nis 1.58 = 0.03
(c113)3cmm2 0, 0 1s -Lh,36 + 0.03
CGH5N02 N, N 1s +1.80 * 0.0k
CGHSNOa 02 01s -L4,71 + 0.03
0
” \” 0, 0 1s -3.46 + 0.0k
(CH30H2)0 0, 0 1s -5.30 £ 0.1

{continued)
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Teble V. {continued)

Core

Compound Reference Level EB(Ref) - EB(compound) (ev)
cyclo CH)0 CF, C1s -9.0 + 0.2

cyclo C,H)0 0, 0 1s =4,52 £ 0.1

CHOH CF), C1s -9.1 = 0.2

CH0H 0, 0 1s =L,27 £ 0.2

HCOOH CF), C1s -6.01 % 0,2

HCooH 0, 0 1s -2.80, -4,k2 = 0.2
CH), CF), C1s -11.0 £ 0.2 (e)
co, CF), C 1s -4,16 + 0.2

co, 0, 01s -2,03 % C.1

co CF), C1s ~5.6 * 0.2 (a)

co 0, 0 1s -0,53 % 0.2 (a)
NHO o, 01s -1.93 * 0.2

HNO u, 0 1s -1,18, +2.69 * 0.2
HCH H, H 1s -3,80 * 0,2

HCH CF, C1s -10.4 * 0.2 (b)

Hote: O ls Ref, to the O 1s level of O, with lowver B.E.

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

bP. Finn epd W. L. Jolly, Lawrence Rediation Leborstory Report UCRL-~19671.
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case, AR is almost zero; much of the shift is due to the dipole of the
--CF3 group, but some of it is due to the positive cherge induced by the
fluorine atoms at the oxygen atom. The CNDO/2 net electronic population
at the oxygen etom decreesed from 6.26 units of electronic charge to 6.23
between CHBCH20H and CF3CH20H, whereas the populetion at the hydroxyl
carbon atom increased from 3.84 to 3,94, The population at the hydroxyi
hydrogen atom decreased from 0.86 tc 0,84, however, so the "alternating"
inductive effect does not hold here completely; if it did, the electronic
population at the hydroxyl hydrogen etom should incresse between CH CHZOH

3
and CFBCH2OH.
Tinally, the method of obtaining aiomic populations (or charges)
from experimental chemical shifts will be discussed. Essentially, the

point=charge model of chemicel shifts is assumed:

0
-4V, (27); AR = 0

AE,

-
1

_ 0
a kqa-i- ZqJ/RaJ -
4

Here, q, is the astomic charge at atom =a, and RO is the equilibrium

aj
internuclear distance between nuclei e end J. In the summstion, J
cennot equel a. In this model, each chemicel shift determines a linesar
equation for the q's; these equations can be solved simultaneously for
the atomic charges if enough chemical shifts are measured, end if enough
reference potentiels erz known. The reference potentials may be obteined

from moleculer orbital calculations or from electronegetivity arguments.

The method is noteworthy in thet it depends only on internuclear distences



-T1-

and reference potentials (the k's can be obtained from stomic wave-
functions). Therefore, the method can be applied to any element which
possesses & core level. This method hes so far been applied to aromatic

28a,28c and to symmetrical sliphatic systems.zab In most

fluorocarhbons
of the applicetions, good egreement was obteined for the trends in the
charges gotten from other methods such as x-ray diffraction data and
CNDO/2 or @b initio wavefunctions. However, the method does essume
thet AR = C; this eassumption affects the atomic cherges in fluorobenzenes
by 0.1 charge unit if AR is 1 ev.28e
The empirical point-charge model (ACHARGE) wes epplied here
to the fluoromethenes; the results are listed in Teble VI, This model
clearly gives the B carbon a negative charge in all the fluoroethanes;
furthermore, the magnitude of this charge increeses with fluorinetion at
the o carbon., Similar results were obtained when this model was epplied
to the fluorobenzenes.eaa Thus, the charge distributions obtained by
the ACHARGE model for fluorocerbons are very similar to the CNDO/2 charge
distributions. This lends further support to the CNDO/2 model, but it
should be remembered thet the CNDO/2 potential model is very similer to
the ACHARGE model, and that to the extent that the CNDO/2 point-charge
potentiel model predicts cherges correctly, the CNDO/2 etamic charges will

epproach those obtained by ACHARGE.

F. Conclusions
CNDO/2 wavefunctions may be used successfully to predict chemical

shifts. The CNDO/2 potentiel models indicate that the relaxation energy
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Table VI. ACHARGE Results on Fluorinated Ethanes

Molecule Yo ch ay 4
CH3CH3 Q. 0. 0. —
CH3CH2‘F +0.233 -0.019 +0,002 ~0.226
CH3CBIF2 +0.493 -0.047 +0,006 ~0.23L
CI:I3CF3 +0,722 -0.093 +0,025 -0.23h

It was essumed that q, in CH3CH3 equalled zero.

teken relative to CH3CH3.

Chemizel shifts were
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upon core-level ionization must be considered in order to interpret
chemical shifts correctly. Relaxation energies show systematic varietions
with molecular structure; within certain classe: of molecules the
relexation energy is constant, allowing the interpretation of chemical
shifts in their core-level binding energies in terms of ground state

rroperties alone.



~Th-

SECTION V. MULTIPLET SPLITTING
A. Generel
vWhen the inner shells of peremegnetic systems are ionized,
multiple peaks may be observed. Much theoretical and experimental work

29 thet, the multiple peeks are due to the coupling of the

indicates
unpaired electron in the inner shell with those in the valence shell
in the "quasi-bound" finel states. This effect wes first vbserved in
molecules by the Uppsale grouph6 und in trensition metals
end trensition metal compounds by Fadley and Shirley.30 In the latter
ceses, che effect can be quite complicated; for exemple, configuration
interection wevefunctions ere required to predict the number of peaks,
the peek separation, and the relative intensities in the 3s multiplet
splitting in MnF2.31 The multiplet spiitting observed here is much
simpler, The spectre elweys ccnsist of two peeks, whose relative
intensity is a2lweys close to the ratio of the multiplicities of the two
final states of the ion, end the relative binding energy of the peeks
seems to be well-predicted by single-configuration wavefunctions.32
The multiplet splitting observed here mey be illustrated by the
core ionization of the lithium etom. The final states of the ion have

the configuraztion 1s2s; one stete is a triplet, and the other is e singlet.

The wavefunctions of the ions teke the form

|is + 27 4| (35)

_];(,ls+2s+]—lls + 25 +|) rs) .
V2

Here it is essumed that each wevefunction consists of a single cop-

figuretion, and that they ere lineer combinetions of determinants of
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one-electron eatomic orbitals. If the etomic orbitels are assumed to be the
seme for both states, the energy of the two states can be represented

as EO * K. EO is & sum of kinetic energies, nuclear ettraction integrals,
and coulomb integrels. K is the exchange integral between the inner and
outer electrons. In general, if the ground stute of the system has a

0

spin 87, the cnergy of the high-spin final state is E, - 25k (s¥ = s° + 1/2),

end the energy of the low-spin final state is E0 + K (Sf = S0 - 1/2). This
is known as Ven Vleck's theorem.33

The sbove theory will here be epplied to molecules, as has been
done prev:l'.ously,6 elthough these workers used initial-state wavefunctions
end they assumed that Koopmans' theorem would hold for multiplet splitting.
Koopmans' theorem will not be assumed here, and in fact it will be shown

that it is a very poor assumption for the interpretation of multiplet

splitting in molecules.

B. INDO/2 Predictions

For simplicity, consider a diatomic molecule, Let the molecular
orbital containing the unpaired valence electron be the usuwal lineer

combination of atomic orbitals centered on atoms a and b:
Y =a ¢E. + Db ¢b .

Assume that center & is the ionized etom, The exchange integral K

becomes

flsa(l) w(1) (1/r12) lsa(2) w(2) dt, dr, .



K breaks up into
2
a flsa ¢E(l/r12) s, 9, dt; d12 + Ze.bf 1s, ¢a(1/r12) 1s, ¢b dt, dt,

2
+b flsa ¢b(1/r12) 1s, dr,y dr,

Obviously the first term involves a one-center integrel end the second
and third terms in K involve two-center integrals. These integrals

have been celculated and pub]_ishech for RO by Brion, et gl. For the

1s orbital on nitrogen, the one-center integrel is 0,594 eV
(lsmapazﬂ.lsmzpam in Brion's notation), the two~-center integral in the
second term is 0.015 eV (lslN2pTr2le3H2p1Th0); the two-center integrel

in the third term is so small it is not even listed-~it involves the 2pm
orbitels on oxygen, end would be lebeled lsm2p1\'2ols3n2pﬂho. A releted
integral, lsm2p1T20253N2p‘rrh0, is celculated by Brion to be 0.0043 eV, The
largest two-center integral of the exchenge type is between the 1s orbitel
and the 2p0 orbitel. For the 1s orbital on nitrogen in HO, Brion celculates
it to be 0.1929 eV (lsm2p02olssﬂ2pah0); the corresponding integrel for
the 2s orbitel on oxygen is 0,070 eV (lsm25201531v25h0)' So unless the
moleculer orbitel conteining the unpeired electron (s) has a large emount
of 2p0 or 2s character on en stom bonded to the ionized stom, and only &
small emplitude to be on the ionized atom, the two-center terms in K are
negligible compered to the one-center term. For most molecular systems,

however, the unpeired spin is loceted in 7 entibonding orbitels.
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The molecular orbitals for the various systems studied here were
obtained with the INDO/2 method. Rich Mertin straightened out the open
shell pert of this progrem end calculated the moleculer integrals. Since
the INDO/2 method does not restrict the spatiel orbitels of paired
electrons to be identical, the expression for K must be modified samewhat
to allow for tke small amount of unpeired spin which resides in the
molecular orbitals below the highest occupied level. In the unrestricted

epproach, the one~center term becomes
+,2 -2
Z[(ci,i D P ) S (11)
i

Here, the term in brackets is the net spin density et atom & in molecular
orbital i (molecular orbitel i is really two orbitals which are elrost
identicel—they are occupied by electrons of paired spin).

Because INDO/2 considers only the valence electrons, same
epproximation to the final states must be made so that INDO/2 wavefunctions
can be used in Eq. (11). The equivalent cores approximation will be used
here agein. It is assumed that the moleculer orbitals of the valence
electrons of the two final states will be about the seme, and thet they

will both closely resemble the wavefunction of the valence electrons of the

equivalent-cores ion. This epproximation neglects in the Hamiltonian the

1/r, "exchenge" interection between the unpeired inmer electron end th.:

unpaired velence electrons, but for most of the molecules studied here, there

is only one unpeired velence electron, so Eion = Eo * K, end this neglect

will cancel out when teking the difference AEion' That is, K in the
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higher (low spin) final state will be slightly smaller then the K calculasted
vith equivalent cores ion wevefunction, end the K in the lower (high spin)
final state will bte slightly larger than the k caelculeted with equivalent
cores ion wavefunctions,

The celculations presented here neglect electron-electron
correlation, of course, becnuse an INDO/2 wevefunction consists of a
single configuration. In the case of multiplet splitting, much of the
correlntion error will cancel out vhen teking the difference between the
energies of the tvo finael states, especially the correlation between the
peired electrons--their correlation energies should be rlmost the same
in the two final states, However, one cannot neglect cffhand the
correletion error between the unpeired electrons in the valence shell
and the unpeired electron in the inner sheil. It is well-known35 that
the correletion error is greater for the iovw spin state then for the high
spin state. Therefore, neglect of correlation tends to exaggerate the
calculated multiplet eplitting. In fact, the multiplet splitting
calculated for the 3s shell in Mn?a via single-configuration wavefunctions
exceeds the experimental value by 5 eV.29 Unfortunetely, most of the
theoretical vork on two-electron correlation has been limited to two-
electron stoms, 8o it cannot be epplied to molecules.35 it seems reasonable,
however, that the correletion error in multiplet splitting should depend
heevily on the number of unpaired valence electrons, and on the overlap
between the orbital of the inner electron and those of the unpaired
velence electrons--the correletion error would vanish in the limit of

zero unpeired velence electrons, or in the limit of an infinite distance
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between the luner electron end the unpaired valence electrons. Thus,

the correletion error for multiplet splicling in first row molecules should
be somewhat smeller then for such splitting in the trensition-metal
compounds--both the number of unpaired velence electrons end the overlap
between inner shells and valence shells are smeller., Perhaps the best
indication that correlation errors ere small, however, is the almost
guantitative agreement between experimentel splittings end single-

configuration theory obtained for NO by Bagus and Schaefer.32

The
egreement between experiment and theory wes within 0.1 eV for both the
nitrogen end oxygen splittings. Therefore, it seems thet correletion
errors can be safely neglected here.

Probably the largest error in the use of INDO/2 wevefunctions
is the error in the unpalred electron demsity at the ionized atom. This
error is due partly to the semi-empirical and approximate Hamiltomian
of the INDO/2 method and partly to the INDO/2 essumption of orthogonality
of atomic orbitals. It is not feasible to estimate the error ceused by
the INDO/2 Hamiltonien, but the error caused by the assumption of
orthogonal etomic orbitals can be enalyzed as it was done in the section
on chemicel shifts,

Consider the case of 0;, vhich is the equivalent-cores ion for
the ionization of the nitrogen 1s electron in NO. The unpaired electron
occupies an entibonding T orbital, so its "minimum besis"™ MO must be of

the form

v=ad,-ady
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where the atomic orbitals are 2pm orbitels. Now e must satisfy the

w
normelization requirement that IT ¢y¢=1, or

2 2

a+a-252f¢“¢b=1
T&
2 _
a-O.S/(l-—f ¢e.¢b) .
T

Using Sleter 2pm orbitals and the experimentel internuclear distence for

NO, the denominator becomes 1 - 0.207, and a2

= 0.63. However, the
orthogonality assumpticn of the INDO/2 method requires that f$a¢b = 0, so
that a~ = 0,5. Thus the realistic net spin density at atom & exceeds

the INDO/2 spin density by ebout 25%--this emounts to & 0.2 to 0,3 eV

difference in the multiplet splitting, and it asccounts for much of the

difference between the INDO/2 results and the experimentel splitting. For

atoms bonded to more then one center, this effect will also be sizeble,

even for small spin densities on the ionized atom.

C. Irends
The experimental and theoretical values are listed in Teble VII., 1In

general, INDO/2 underestimstes the experimental vealues--most of this error
is due to the errors in the INDO/2 spin densities. However, the trends
emong the experimentel splittings are fairly well reproduced by the INDO/2
method. In perticular, the decrease in W 1ls splitting in going from NF2

to 1‘102 is reproduced, as well as the decrease in going from NO to the two
nitroxides (CF3)2NO and ((CH3)3C)2NO. Thus the INDO/2 method seems to

give a feir account of trends in the uppermost ™ MO's in these systems.
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Table VII. Multiplet Splitting

Experirent (eV) Theory (If0/2) (ev)
NO 8, 1.81(6) 0.96
by 0.53(8) 0.35
no, An 0.68(10) 0,64
By 0.65(10) 0.32
WP, by 1.94(7) 1.85
b —
0, 8, 1.11(5) 1,05
(CF3)2NO L. 0.40(20) 0.15
8, 0.75(10) 0.31
((CH3)3c)2no by 0.54(10) 0.20
A, 0.45(10) 0.17

Experimental errors are indicated in parentheses; the number in

parentheses is the error in the last sigrificant figure.
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This is elso known from other experimental methods such as ESRZ' end UV
photoelectron spectroscopy.36

An interesting feature of the INDO/2 calculations is the decrease
in the spin density on an atam when its nuclear charge is increased by one,
corresponding to inmer shell ionization. This generslly occurs in spite
of the fect thet the net electronic populetion on the atom alweys increases
by 0.5 to 1 electron. Upon exemination of & number of CNDO and INDO
vavefunctions for both open and closed shell molecules, it became apparent
thaet this effect is not related to the fact thet the electron is unpeired,
but to its occupetion of en gnti-bonding orbitel. Usuelly whet happens
upon core ionization is that the bonding orbitels increese in density eat
the ionized atom, whereas the anti-bonding orbitals tend to decreese in
density. An explenstion for this effect was obtained via simple Hickel
theory. A bonding and enti-bonding orbitel on a dietomic molecule were

constructed out of two etomic orbitals, one centered on each etom:

wbond

Yants = D0y - 8bg -

aby + by

The coefficients a and b were obtained es usual, but they were

expressed es functions of the matrix elements of the Huckel Haun‘.l‘t'.om’.e.n:37

a/b i s, 8 +1b =1

- 2
I TS %f(HAA HBB) .
anti 2 - 2 AB :
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Here, gy is the eigenvalue of the Hiickel Hemiltoniaun for wi;

Hii=[r¢ix1¢1

Byy = ,fT 4%y 0 -

Hii represents the kinetic and Coulomb potential energy of an electron at
center 1, end Hi 3 represents the interaction between nuclei i and J

and an electron between them. It wes assumed here thet

H =0'1(H11+H ) s

i) i)

which is close to whet is usuelly done in trisg field.aT Figure 13 shows

a2 and b2 plotted as functions of H‘BB/HAA‘ It is clear thet the Hiickel
theory reproduces the trends cbserved in the INDO/2 wavefunctions--es
EBB/HAA is inereesed, corresponding to ionizetion of a core electron from
etom b, end anti-bonding density on atom b decreases, For first-row
elements, core ionizetion corresponds to en increase in HBB/HAA of 0.2 to
0.25, end & decrease in 5.2 of v.1 to 0.3, which is compereble to the results
obtained with INDO/2 wavefunctions.

Thus, Huckel theory indiceates thet the decreasse in spin density
upon ionizetion is directly related to the enti-bonding cherecter of the
singly-occupied orbital, Furthermore, both the Hiickel and INDO/2 methods
indicate that Koopmens' Theoram is inappliceble to multiplet splitting
in molecules. Table VIII lists IRDO/2 unpaired electron densities for
both ground state and ion. It is evident that this density can change

considerebly upon ionizetion.
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Fig. 13. Fractional population in corresponding bonding and sntibonding
moleculer orbitals is plotted versus the ratio of atomic matrix
elements. This utilizes the Huckel model; it illustrates the effect
of core ionizetion (inereasses in Hpp) at atom b in a dietomic
molecule upon fractionel atomic populations at atom b.
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Teble VIII

Unpaired Valence Unpaired Velence

Molecule Popxiz:i;n on igpgisiiZEEEE 22;251
Ton
N 0 n® 0"
NO 0.6k 0.36 0.5 0.18 (INpo/2)
a, - 1.0 - 1.1 (INDO/2)
— 1.0 — 0.26 (Ref. U5)
No,, 0.36 0.32 0.0 0.21 (INDO/2)
NF, 0.63 - 0.35 -- (mpo/2)
(CF3)2NO 0.5k 0.38 0.25 0.09 (cNDO/2)

((CH3)30)2N0 0.52 0.31 0.19 0.05 (CHDO/2)
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D. Datae Anelysis

Finelly, the procedure for obtaining the experimental splittings
will be discussed. The spectra were leesst-squeres fitted as usuel; the
weighted variance turned out to be between 2 and 10, as usual. Some of
the splittings were lerge enough to obtain the intensity ratio of the two
peaks from the dete--this was elweys close to the multiplicity ratio of
the ions (e.g. & three-to-one ratio for triplet and singlet final states),
but always exceeded it by ebout 15%. This intensity ratio was then
assumed to ba the same for all the peaks in molecules with the same number
of unpsired valence electrons. This constraint eided the fitting of
spectra with unresolved peaks., However, the actual values of the splittings
were reletively insensitive to the exact velue of the ratio., The splittings
vere elso insensitive to whether or not the exciting radiation was essumed
to be & spin-orbit doublet, although the weighted varience improved

somevhat when the radiastion was assumed to be & doublet.

E. Conclusions

The multiplet splittings observed here ere predicted feirly well
using Van Vleck's Theorem and INDO/2 wavefunctions. The theoretical
splittings are generelly smaller then experiment, however; this is
partly due to the wunreelistic "neglect of differential overlep” in the
INDO method. The theory indicates that upon core ion.zation, the
migration of urpeired spin in valence levels is considerable. Therefore,
Koopmans' Theorem cannot be applied to these multiplet splittings. The
theory indicates further that the density of unpeired spin at the atom to
be ionized usuelly decreases upon ionization, This behavior seems to be

due to the occupation of antibonding orbitels by the unpaired electrons.
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