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\ABSTEACT“'

The binding'energies of:selected C,VN,‘O, and F 1s electrons in six
paramsgnetic molecules were measured by X=-ray photoem1551on. | A»splitting'of
1.934(k41) eV was observed in the N(ls) l1ne of NF,, and several other splittings

were remeasured or dbtained by fitting asymmetric»buf,unfesolved lines. Use

of.the Mg Ko doublet profile in fitting improved the fits markedly. A

12 .
multlplet hole theery was developed to predict the fihel-state_multipleg
splitting. It uses etomic.exchange iﬁtegrals, INDO calcﬁlations on an
nequivalent-core" fiﬁal state to‘obtain.spin densities, agd Van Vleck's

Theorem to account correctly for mﬁlfiplicliy. It gives‘results in very gobd
agreement with experiment, ‘and it -can be.used'for'laréer moleculee. Durlng
photoemission sp1n density migrates away from the 1ls hole 1n most cases, and
electronic charge flows_toward this hole,_affectlng both the ls splitting and
vthe 1s binding eﬁergy., The lower N(ls) bindlﬁg energy in di—t;but&lnitroxider

‘ then in NO arises from electron floﬁ-to hitrOgen'from the t;bhfyl gfeup during
photeemisSion. This inductive effect is closely related to the ease of sub-
stltutlon of nucleophlllc groups in unlmolecular reactlons w1th tertlary alkyl
halides, a phenomenon that must also‘be underSteod in terms of flnal— (or .
transitioﬁ-) state properties, father than simply'in terms of the initial state.
AInequivalent fluorines in.NeFulwere identified by an unreeolvea doublet

structure in the F(ls) peak.
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I. INTRODUCTION
Atoms:drlmbleCulés contéining'unpaired eleqtrons’éXhibit'pargmagnetism.

The most common species of this kind is the frée ﬁadicél. 1As mighf be'eipebted,

'most‘free.radicals'are transient species with'very'éhort lifetimes. When formed

(generally'by thermal decpmpositién or~photdlytic‘meéns)'they ﬁndergo>ihteresting'
adaifion.reactions (e.é, mefhylene.iﬁéértion>, act as’iﬁitiatofs'in pOlymerizgtion
proceéseé, and éarticipate in meny cher rééctioﬁs of cohéern to the organic
chemist. The electronic strgqture of'fh¢se'radicals_is obviously a subject
of gréat interest. Some pgramagnetic séecies also exist at reiativéiy high
concentfations and afe thereforé'émenaﬁle to stﬁdy with phptdelecfrbn speétroscoﬁy.
There have been several reports of ultraviplet;photoeledtron'spectroscopic studies
onvfree radicﬁls.lfY_ Thisrtéchnique is.c&pabie of yielding binding energies
of electréné in the.outemeSt molecular §rﬁit;ls, which4§re usefﬁl in assessing
the involvement of the unpaired electfén in»molecularfinferéctiqné.
X—ray.photbelectron spectroscspy also yields inférmﬁtion on the valence
electron distribution.v The binding'energy 6f’a particular core lével is relaﬁed_'
té the électfpstatic quential of that.level due‘to the.nuclei and fhe other |

electrons'in'fhé systém. Different chemical envifonments will_produce-different

‘valence electron distributions and,henCe.differenthinding énergies for core

levels of a given atom. This wéll—known phenoméndn is termed the chemical

- shift,8

The’coré~leve1 spectra of pagaméghetic épecies show an additional
interesting feature. In a system containing one or more unpaired spins, the

ioniZation of a core elecfron leads to at least two final states;9 one in

» which the‘rem&ining core.electrbn.is_coﬁpled parallel to the valence'spin,
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_'aﬁd one’in'which'the spingzgre antip&f&llél; Tﬁe,éqergigs of the.twoifinél'
‘_staxes will not be iden£ical.' Thus oné-e#pegtsvto see two peaks iﬁ-thé
core~level spectrum, separaﬁed'by_ﬁhe éﬁe?éy differenée‘beﬁwéén the two final
st;fés. This phenomehbn»ié £ermed mulfiplef splitting of core-level binding
energies. It was first reported in molecules by Hedmén;lgztgih,lo in 0, and
NO, in atoms by Fadley and Shirley,ll‘and in‘tfansition-meﬁals and salts by

Fadley,.gg_gi.le It has since been studied in transition métal saltsl3_18

19-22 pevis and Shirley23 have

and in the valence-Band épécira»of metals.
also reported wofk on NO and ditertiary bUtyl'nitrOXide. The.present paper
describes in Séc; iI'the experimenfal Obséryation df'multipiet splitting in
‘the 1s orbiﬁals of nitrogen, oxygen, and fluorine:in'the éompounds NO2,vNF2,
and (CF3)2NO. In Sec. III, a theoretical estimate for the ﬁagnitude_of the
spiitting based on semi-empirical INDO wé,vefunctidns2h is Presented, and the

results are interpreted in Sec. IV in terms of the spin density residing on

. the ionized center.



II. EXPERIMENTAL
Tue new species reported in this work ereu(CF‘) SN0, N Fh’ NO,, and NF,.
Al]l samples were run as gases on the Berkeley iron-free double-~focusing 2
spectrometer, as described earlier.?s‘ The gases were irradiated by Mg Ka X-rays
(primarily the Mg K l 2_spin—orbit doublet, which is unresolved and of energy
s

1. 2536 keV) at typical pressures of approx1mately 50 microns.

The spectra of NO and NF_, were obtalned by heatlng N Oh and N Fh’

2
respectively, in a special cell constructed for this purpose. The cell was
made of stainless steel and consisted of two chambers,: The gasvwas first
admitted into a "preheater" chamber in which thermal decomposition of the
dimer took place. This chamber was heated by tantalum wires non-inductively
wound inside boron.nitride'plates. The gas then passed through'a eonstriction_
and into the second chamber which was ﬁaintained at the same temperature. Here
it was exposed to the.x-rays. The temperature wss monitored through the use
of a Pt, Pt-Rh fhermocouple-near the ceii. | |

Nzoﬁ exists in equilibrium with N02 ap room temperature. At the
pressures in the gas eell, the decomposition tozNO2 is nearly complete
at room temperature.26_ fhe thermal decomposition 2NO2 -+ 2NO + O2 beéinspto be
important at 150°C and is»essentially'complete at 600°C. The spectrum of NO,

o

in the temperature range 150-170°C (identical to the room temperature spectrum)
is shown in Fig. 1. N2, 02, and NO are included for comparison. A small
~amount of NO was observed in the high-ﬁemperature spectrum, but the nitrogen

1s line was sufficiently shifted from that in NO2 to avoid confusion. N2Fh

also exists in equilibrium with NFQ. The room temperature spectrum of NéFh

and one at 180-200°C are shown in Fig. 2. Nth has been reported to be 99%

dissociated to NF2 at 225°C and 5 Torr total pressure.27 The dissociation
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’éhould.ﬁhefefore be essentiail& complqﬁe under our operating conditions., We
conclude that thé high—température spéqtrum in Fig. 2 réprésents multiplet
~splitting and not a chemi cal éhift,bétween NF, and NF) .

The expérimentél_data weré'anélyzed by a least-squares fit to a
_Lorentzian.peak shape with provision made for‘the spin-orbit splitting of the
exciting radiation. In:the casé Qf'phoﬁoemissipn peaks éhowing multiplef
; splitting, the'specfra were fepfoduced with.an intensity ratio of the‘triplet:
singlet core doublet df-3.h:1.- Prior work hasbshown that.the derived value of
the splitﬁing is relatively insensitive as to whethér the-fétio is takeh té be
that of the spin.multiplicities,(3:1) or alloﬁed'tQIVary.23 Thé binding
energies and'splittings'so obtained are pfesented in Teble I.

TheerFhIWas obtainedréommercially from Air Products and Chemicals,
Inc., and the.Ngog from Ma@hesén Scientific Co. The'(CF3)2NO was obtained from
Penisglar Chem,‘Research. The N(1s) peak in (CF3)2NO indiqated the presence
5f'én impufity which seemed to diminish with time. The source of the impurity
may be.dué to sample,handling techniQues or to a reaction.within our gas cell.
The splittings reported for this cdmpound'therefore represent an upper limit
fdr the ﬁagnitude of the multipletvsplitting, because the asymmetric peak
shapes may possibiy rgfleét impurities as well.asvthe exchange interaction

v

itself.
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I#‘photoele;trén sPeCtréégdpy-tﬁéffundamentélféherg& conserQafion

equation is

~ where hv is the incident radistion energy, E, is the total energy of the

final hole state,'Ei is the total enefgy'of the initial state, and T is the
kinetic energy of the photoelectron pfoduced. As was mentioned earlier, the

ejection of an 0(1s) electron in‘e.g., 02(32), leads to the final states
+.L +,2 ’ |
02( L) and 02(

there will be two peaks in the 0(1s) portion of the 02-spectrum, split by the

z). Becaﬁse these two final states have_different energies,

difference in the energies of,ﬁhe two final states. If this_difference is
smaller than the iﬁstrumental-reéolution,.a clean-separatipn will not be
observed. The infensity of the two peaks,:howeVer, éhould be roughly in the
ratio of their spip degeneracies, i.é.‘h:2; and'even though they may not be
distinctly'sépﬁrated in the spectrum,:tﬁe uhreéblved.total O(ls) peak wili show
asymmetty due to_the-difféfenf component inﬁensities. A value for the magnitude
of the splitting can therefére”be derivea by careful least‘SQuares'fitting to
the peak profiie. . |
In.the.exémple above, the ﬁbst diregf metﬁod of calculating the magnitude
. v A ,

of the splitting is to determine directly the total energies of the 22 and I

hole states of O;. The difference will yiéld the multiplet splitting.

It would be éonvenient, eSpecially'for larger molecules, .to be able to
estimate the magnitude of the splitting without resorting:to gg_iniﬁio hole-state

calculations. A particularly useful approach for systems with one or more
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unpaired spins is the Unrestricted Hartree-Fock (UHF) formalism. This
approach treats the many-electron wavefunction as a single Slater determinant

with different numbers of o and B spins. The word "unrestricted" means

 that eachvone electron orﬁifal'is allowed to vary indépendentiy. Thgs;
the spatial part of-the one-electron wa&efunction of the 1s o electron, €.y
‘may be different from that of the 1ls B eleétron, |
.'Working within the UHF approach, a simple one-elecfron pictdréjof
the splittingvis:regained. In the LCAC approximation, both a and B molecular

orbitals are expanded in a common_basis,{xu} of atomic orbitals

J H J

A T TR L A | | (2)
H . o ' :

Since Koopmans"Théorem3l,iS applicable in‘the UHF formalism532'one obtains
as a first estimate of the multipiet splitting (A) the difference between the
one-electron orbital energies of the o and B spin core electrons. Thus, for

‘a 1ls electron

- D - g ) :

a _ o Oy : o g o -

€ = Hj; * Z(‘.Iij - K ZJiJ : | ()
3 E . L o

‘Here p and g ‘refer to the number of occupied a ‘and B MO'él'respectively, and

H;; is the core Hamiltonian term

R4

.@ :
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which represéhts;the'contributioﬂs of-the kinetiC'and pCtential_energies of an

electron mov1ng 1n the fleld of the bare nuclel. inj'and'Kij are the usual
. ' Coulomb_and ‘exchange 1ntegrals. They are defined by
. 1 ; ‘
= —|y 2) ).
i3 = W Ay )=y (v 2) )
» 12 ‘
Oy Gy oyt Lo [0y O, 2 : ‘
K, o= Qs (@) lz=ianie)) . | - (6)
3 it r 3 i L
12 S o .
, Recently Basch has pointed out33 that for core electrons it may be justifiable
to assume w : w?s. This assumption leads to
. q P . - | j
R I S e _ : : _ o
bis = €15~ €i1s Ziﬁsw Z.K?S.J g o (7)
o J i ' . E
where the sum is over all occupied molecular orbitals‘except>the'coré orbitals.
Recalling Egs. (2), one then obtains
a :
= 1
e 7 00 O s Bl 'X v,
N J v_ v : v
- T ZZZCJU e I IX PR : (8)
») . A J v v ' _ S ’
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Assuming a valence basis set of atomic orbitals, and that

| N . o ...-2;_» | 3 - -
(wls Xpl;I;lXV wls‘)v_ duv (wls Xulrle'xv lpls X 2 (9)‘

the expression for the splitting then becomes

- P ; . oa o o
o 7. 2 o 2 o S
brs = Z{ CREEDCR } ETRTEE (20)
SR IR R _ -

. . ' 3k
or in the notation of Pople, et al.

'-'Alsl ="Zpu'K1s»,u- 2 S o , B : (13)

where p.u is ' the spin density in atomic'orbital XU and K is the exchange

1s,u
integral between XU and the’ls»orbital.

The indéx I runs over all atomic orbitals in the basis set;_but because
the exchange integrals between orbitals on‘differenf cénters are typically an
order of magﬁitude smaller thaﬁ'the'corresponding'one—center cénﬁributions, as
va first abpfoximation we might sum_oyér only the valence atomic dfbitéls of the
ionized center., The one-electron UHF épproach tﬁus givés the multiplet
splitting as the difference beﬁween lsd and.lsB orbital energies. This may be
approximated as the e#changé integral.between atémic érbitai:u and‘the 1s core
orbital, weightéd by:the unpaired spinvdensify in orbital U and summed over
- all the valencelatOmic orbitals on the iopized cenfef._

I.In.the derivation of (13) we have explicitly invoked Koopmans' Theorem.

Electronic relaxation accompanying photoemission is therefore neglected. At
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fifst thought one might ekpect_Koopmans‘ theorem to be:a particularly good
approximation in this case because the lsa and lsB.electrons.should be affected
very nearly equally by any migration of electronic charge toward the hole.

Indeed, since wevhéve already assumed identical'wavéfunctions for the lsa and

1sB orbitéls, the "Coulombic" portions of the relaxation repulsions are

implicitly assumed idéntical. The exchange interaction,ﬂhowever,vcan affect

the relaxation energies of the a and B electrons differently, Since the
relaxation toward the hole may not be equally partitioned between o and B
spins, one must consider the possibility of differential Spin migration as an

alternative to simply interpreting the splitting in térms_of ground-state

spin densities.

"A third abproach-involves multiplet hole theoryv(MHT),v Thisvappfoach,
applied to muitiplet splitting in transition-metal ions, is the subject of a
recent. paper by Freeman, gﬁ_gl,35 MHT #ecognizes the splitting as the dif-

ference in the total eﬁergies of the final states, and determines the total

energyIdifference,directly, rather than resorting to a one-electron description

as'presented in the preceding argument. A particularly useful theorem for

36

discussing splitting in s-type core orbitals was given by Van Vleck.” It

states that the difference in energy between the two final states of spin
(Sk + 1/2) and (Sk - 1/2) forméd by coupling an s electron to the_configuration.

'

ak in an atomic system is given by

A = (2sk'+ 1) Kas_. . ' ' o . o _(lh)‘

Here S, is the spin quantum number of‘the_ak cOnfiguratibn and Kaé is the

exchange integral between the orbital containing the unpaired spin(s)
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- andkthe' S .orﬁital beiﬁg.coupléd_toiif;. In-aﬁteﬁptingifo généralize (14) to
mdlgcuiar éystéms, we would require‘thaf'ﬁhe éplitting be-giyen by the épin multi_
plicity of~the‘parent‘éonfiguratioﬁ.timés the appfopriate éXchahge integral, Fdr
systems éuch as pi_radicais this is very unsatisfactory, since it is well known .
frém ESR expefiments'ﬁhat requiring the unpgired.spin'to reside entirély within

a pli symmetry ofbitél does not-satisfactérily-expldin.the e*périmental.

7 observations. The”polarizatidn of spin from ﬁhe.pi orbitals into the sigmé'

| system can be aCComplished through the use of gonfigufationviﬁtgraction, or

by using the UHF approach. The IﬁDO method,'based (for open.shell systems) on
UHF ;ith inclusion of the one-~-center exchaﬁée integréls,‘has‘been found to give
sétisfactory reprodﬁction of the isotrobic'part of the electroﬁ-nuclear hyperfine
interéction in ESR résult,s.3h It would thus seem to be a reasonablebmethod for
estimating spin'dénsities in free.radicalé. Generalizihg (14) to be compatible

Y

with UHF wavefunctions gives
brg = (28 + 1) E{:pp K1s,u | | (5)

Strictly speaking, Eq. (15) is applicable only to the'hole;stafe wave—
functions. It is possible, howéver, to use the ground-state wavefunctions as
approximationé to thé final-state wavefunctions (in the spirit of Koopmahs'

Theorem). In this versiOn'ofvthé frozen-orbital approach, the valence-orbital

N

spin dénsities would be obfaiﬂed from.an'iNDO calculation dn the parent

molecule, while the MHT "hole stateﬁ apﬁroach would obtain the spin densities @
directly from hole state wavefunctions. Since INDO does not include the 1s

’ _orbitalé in the basi$ set, a direct hole—staté calcu;ation is not pq;sible. .The

molecular orbitals of the hole.étate, however, can be rather well approximated by
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the "eQuivalént'Cores" technique.38f39 ‘This is based éﬁ'the féct that a 1s
electron shields essentially one unit of‘nuciear charge from the valence
orbitals. Thgs the valencé orbitais df atomic #itrogen_with a hole in the 1s
shell cloSely'resémble those of atoﬁic Qxygen.' In the spégific;application to.
this.problem, the multiplet splitfiné in 02, e;g.,‘would be 6btained in the
holé—state approach from spin densities and eiphange integrals appropfiate

to FO+. Since photoemission is a fasf process,»the molecular geometry used
for a.calculaxion on the hole state.is the.same as thaﬁ fof the parent‘molecule.
The experimental and calculated splittiﬁgs; along with the geometries used for
the calculations, are summarized in Table iI. Figure 3 shows a compafison of
the MHT and UHf "frozen orbital' theories fpr Als (Eqs. (15) and (13)) with

experiment. The MHT equivalent-core hole state results (Eq. (15)) are compared

with experiment in Fig. L.
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Iv.v DISCU oION

It is clear from Teble II that the MHT hole state approach is far
superior,'on the-average, to the other two approxlmate models, glving an rmS
deviation of only 0. 32 eV in AE, vs 0,77 and 0. 6& The suberiority of‘this
approach is even more obv1ous when the systematlc nature of the deviations from
experiment is considered, as shown in Figs. 3 and 4. The MHT hole-statg
predictions’ "track" experiméntal values, beihé N 0.3 +.0.1 eV low, while the
othertho models give predictions that afe much more errgﬁic. In discuésing
the results, we.shall first conceﬁtrate on fhose speéies which show mafked
splittings, rather thgn ohly asymmetric peak’shapes. These will be
sufficient to deduce the general failures or successes of the méthods employed.
The remainder of fhe spiiftings, being smaller, are more subject to the
liﬁifations imposed by.the fitting procedure'aﬁa hence less définitive.

The'expéfimental splitting of the N(1s) line in NFé is the largest
found to date. ThebMHT_"hole state"béalculation is in excellent agreement with
experiment in‘this case. Tﬂe ﬁfrozenvorbital" MHT approach does a reasonable
B Jjob, but is sOme&hat smaller.v One reason for this can be seen in.thevépin
den81ty mlgratlon; of Flg. S. The'INDO method-placesimost df the o spin on the

nltrogen in NF, When 1on1zatlon of the N(ls) electron takes place, the

2r
- molecular orbitals rearrange to .place more total electron density on the nitrogen
as well as donétingvfurther a spin to the nitrogen center. .Thus the frozen-
orbiﬁai method underéstimateé the amouht'of spin density on the nitrogen in thé
rfinalnstéte. The other contribution ariées from thé equivaleﬁt—cores épproacﬁ.
The dominant cohtributién to the calculated splitting comes from the spin.

density in the p orbitals and hence from the ls-2p atomic exchange integral for

nitrogen., In the "hole state" apprdach one uses the exchange integral for
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'oxygeﬁ, which is n 0.6 eV larger than that for»nitrogen. The increase ih

predicted splitting in the hole state case, then, arises'from increased spin
density on the ionized center, as well as an increase in the magnitude of
the exchange integral. The "frozen orbital" UHF egpreésion'which gives the

splitting as the difference in one-electron orbital energies is nearly a

factor -of 3 in error.

The splitting of the 0(ls) peek-in oé”is also again well described by
the MHT "hole state" approach. Bagus and Schaefer  have performed direct

"localized hole" @b initio calculations on 0,. By examining the total energy

L

of the z; and 22; states of O

2
deduced a value of 0.61 eV for the splitting in.02. Since they included a

produced by ionization of a log'electron, they

very large basis set of Slater functions (YS, 6p, 34, and 2f on each atom), the

reason for their discrepancy with experiment is difficult to understand. The

"frozen-orbital" MHT approach fails miserably for this moiecule, being in

error by nearly a factor of 3, It is evident from Fig. 5 that spih'migration

plays a very important role in this case. Here, unlike NFQ,_the majority spin

(o) migrates awsy from the center being ionized. The larger value for the

spin density in the ground state mofe‘theh compensates forfthe reduced value of
the eichangevihtegrel in the frozen orbital.approach,>thus‘greatly overestimating
the magnitude 5f,£h¢ splitting. For 02, thei"frozeﬁ.orbitalﬁ UﬁF_methodldqes a
reasonable Job. | | |

". The final peak showing ; marked splitting is'N(ls).in NO. "Hole State"
MHT‘predicts 0.96 eV vs l;hi experimentally. The "frozen:orbitai" MHT does
slightiy bettef here; whilebthe UHF expression is again nearly a faetOr‘of 3

N S W3 ' L - s
in error. Bagus and Schaefer,-3 as well as Schwartz, h have performed ab initio

calculations on the NO molecule. Schwartz calculated the splitting as
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(s, + 1) K 5o Where | i 1is the core o orbital of interest and j is the om Mo
" in NO (i.e. Eq. (11)). Double zeta quélity,wavefunctions were used to cénstruct.the
‘ground state of NO. This version 6f:Konménsf Theorem yielded a value of

1.26 eV for the N(1s) and 0.77 eV for the 0(1s) -splittihgs'.. Bagus and : .
' :Schaefer (using the same basis set as in Oz)lfoﬁnd-frézeh orbital 8plit§inés -
of 1.23 for N(1s) and 0.73 for O(ls);fwﬁile the direct hole-state cglculation'
vgave N(ls) = 1,35 eV and O(lé)_= 0;&8 eV, They chcluded that while frozeﬁ—
erbital calcuiations are in qﬁalitativé aéreément\with experiment, the diréct'
. hole-stafe.appgoéch is in-neﬁrly quantit;tiVe agreement. |

A possiﬁle source of error not mentionedithus far wifhin’the MHT

expressibns (as_weli as the UHF) is fhe poésibility of tﬁo—center exchange
integrals contributing significahtly in Eq._(lS); If a substantial amount of -
spin density which mighﬁ'have a éizable‘exchangg interaétion with the 1s hole
resides in an orbifal 6n an adjacent ceﬁtér; ﬁhe calculated splittings shduld
'increase; Wg_could_find no réasonabie approximate\scheme'for'estimatiné the-
maghitudes 6f £he two centér integrél.v Instéad, théy were'calculated directly |
using a program kindly furnished”by Pvrofv.ASchae_fer.hs 'Thé recalculated
. splittings, with inclusion of tyo—éenter exchénge integrals, are also li;ted
in Teble II. In no casé did the éorrecti§ﬁ amouht to more fhanVO.OS eV. While
it was found that some’of the integralsvwere rather large (0.218 eV for |
F(ls)———N(QpO) at R = 1.15'A) mqgt of.thé unpaired spin was usually in a p,

orbital for which the exchange integral with a 1ls orbital bn the adjacent center

o

was neariy zero., A plot of the exchange integrals vs internuclear distance is
shown in Fig. 6. As one might expect, the exchange integral between a is
orbital and an adjacent-center n = 2 orbital is directly proportional to the.

square of the overlap integral, as shown in Fig. 7. For the'convenience:of



{e.

~15-

future workers in this area we_haﬁe included in Figs. 6 and 7 ehough information -
to permit estimates of (1s) - (adjacent center n = 2) exchange integrals either
directly (Fig. 6) or from overlap integrals (Fig. 7).

In the remainder of the molecules studied, the "hole state" MHT

'approaéh is generally better. Here the experimenta1~splittings are smaller,

and although there are isolated cases of betfer agreement with UHF and "frozen
orbital"‘MﬁT, the hole state method is:thé oniy one whichﬂavoidS'gross
inconsistencies (e.g. A(0 1s) in DTBNO) aﬁd gives the qualitatively correct:
ratio of magﬁitudes'for two cére peaks in a single molecule. Considering the
approximations inherent in the INDO appféaéh and in the "equivalent cores"

technique for the hole state, it is rather remarkable that this very approximate

-method does as well as it does. It appears, however, that this approach has

predictive power_that.can be applied rathef directly to other'chemicallyf
interesting.freevradicals, while the.other two approaches.really héve only
qualitatiﬁe value.

The phenomenon of spin migration_acéompaﬁying photoemission is'obviogsly v
very impoftéﬁt. For;all cases'studied_in this analysis (with'fhe exception of

2

increasea by one (corresponding to inner shell ionization). This occurs in

NF,), there is a decrease in spin density on an atom wheﬁ its nuclear chérge is

spite of the fact that the net electronié popuiatioﬂ on the atom always

increases by 0.5 to 1 electron. . In general, upon core ioniZation the bondihg
orbitals increase in eleétron densi#& at,the iénized atom, whereas the contribution
éf the ionized cénter in the anti—bonding'orbitals tends to decrease. vAlthough
sﬁih miération arises from_the'rélaxatibh meéhapisms of fhe enfire_set-pf o -and

8 molecular orbitéls, as a first step in understanding'the phenomenon one is
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naturaily led to consider those prccesses Occurring in the‘highestioccupied
o molecular orbital,'which cohtaiﬁs thetﬁnpaired eiechron}' |
Since, in the moieCules studied in this work, the highesﬁ
occupied molecular orbital is anﬁibonding in character; its contrihution'to :
the electron.density at the ionized center in the hole state decreases. Thus |
spin density seems to migrate away from theiheie.v The apparent anomaly in ' &
NF,, must reflect a more‘subtie rearrahgement of the'akand.B wavefunctions
which lie "deeper" than the highest occupied.MO..

The'absolute values of the binding energies deserve comment. Flgure 1
shows a steady 1ncrease in the N(ls) blndlng energy from N2 to NO to NO2
Chemlcal 1ntu1t10n would predict such an orderlng as negatlve charge 1s succe531vely
drawn away from the nitrogen through oxidation. The N(ls) blndlng ‘energy in NF
is greater than that for N02, in agreement w1th the relatlve electronegat1v1t1es
of fluorine and oxygen. The O(ls) binding energy decreases from 0, to NO to |

NO The intuitive apﬁroach used above would predict the 0(ls) binding energies

o
'as bé >.NO,*‘N02._ We believe hhe‘rather.subStantial (v 2 eV) shift between NO and
NO2 is, in large part, due>tchelectron density migration toward the hole in the
final state. Although this "extra-atbmic relaxation" also affects the N(1s)
shlfts, the increased ox1datlon of the nltrogen in NO (vs NQ) apparently‘overe
rides the relaxatlon effect and the N(ls) binding energy.is greater for NOé.

The N(1s) and 0(1s) peaks in (CF ) N0 and ((CH3)3C)2NO are of special
1nterest They are both shlfted toward lower blndlng energies relative to NO.
This may be 1nterpreted in terms of 1nduct1ve electron donatlon by the alkyl
groups during photoemission. The fact that_the N(ls) and 0(1s) binding energles

are lower for the di-tertiary butylnitroxide than bis—trifluoromethyl nitroxide

is qualitatively in line with the.organic chemists' concept of strong inductive
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electron dcnation by a tertiary—butyl_group; Tertiary carbons can stabilize

positive charge more readily than secondary ¢arbons, and they in turn moré

L7

réadily than primary carbons. ' This is the basis of the general rule

concerning the order of reactivity of akiyl halides in SNl reactions., Since

the intermediate in these reactions is a carbonium ion, those species which

tend to stabilize_the.éarbonium ion transitibn‘state react more rapidly.
: 'S -+ ac Lhae : v i \

 Becau§e tertiary) carbdhs can stabilize the transition'state more effectively

‘than secondary, etc., the order of reactivity found is 3° >.2° > 1°, This

proéess can only be properly understood in terms of charge tfanSfer between
the initial (ground) state and the final_(dr transition) stafe; a discussion
thg% includes fhe initial stafe aloné is simply ﬁot adeqﬁaté._ Thé same |
is true in éxpiaihihg core-level bihdingfenergy shifts. Thié poipt is‘ﬁéde
especially cogently by the results of INDO calculations on NO, DTBNé, and

(CF3)2NO, preséﬁted in Table III. On the basis of ground stéte properties

_alone one would not expect a large shift in the N(1s) binding‘eﬁérgies

- from NO to DTBNO: ' the obsefved shift arises almost entirely from elecﬁron

transfer froﬁ the t—butyl.gfoups to the nitfégen atom in the final holg
state (extra]atomic relaxation). Thié.transfef enhancesrthe loss of the
N(1ls) electron sincé it stabilizes fhé positive ion iﬁ the final‘sfate;

The relationship between core—level'binding énergy shifts and other chemical
properﬁies (such as basiéity} sugéééts that'fufther study is warranted. -

'Based on experience with other fluorine compounds, the FWHM of the

F(1s) peak in NQFuiseems to be somewhat iarge (1.6 eV vs 1.4 eV in NFQ).

We found that the fit was much better when two peaks (with the same width as

the fluorine in NF2) were used to construct the peak profile than when one
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peak was used. (The weighted varianCe'bbfaihea from fitting our best set'of_
data with.one peak was 2.9% vs 1.88 for two peaks. This trend was qualitatively
reflected in two other ddﬁa sets.) There has been considersble discussion in

27,4852

"~ the literature as to the structure of N2Fh, It now appears that two

rotamers exist in equilibrium with one another. The gauche conformation

(dihedralvangle'%'70°) and the trans conformation appear to constitute an

50

approximately 1:1 mixture. The unusual width of the F(1ls) peak and the

improved £it with two lines ﬁould be consistent with the presence of two rotamers,

-but we do not regard this as very strong evidence. The shift deduced from
fitting the spectrum with two peaks of equal intensity ratio and a FWHM of

1.40 eV is presented in Table I.

- Re
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, V;” CONCLUSIONS
Mult1plet hole theory on the equivalent cores" INDO iOnS'satisfactorily

descrlbes the magnltude of core level spllttlng in paramegnetic molecules.

It was found that one can qualltatlvely predlct trends in the multlplet spllt-
vtlng in terms of the amount of unpaired spln density re51d1ng on the atom in

,question,.provided_that spin migration accompanying‘photoemission is considered.

For molecules in which mlgratlon plays an 1mportant role, Koopmans' theorem
estimates are 1napp11cable. A Erlorl determlnatlon of the direction of spln

migration'is not well understood. However, in the cases studied here the

general rule isothat spin tends to migrate away'from the ionized center, in

opposition to the direction of charge flow.

Although the preeent technological level of instrnmentation'does not

permit studies of the much'greaterAnumber'of're&ioals-thatvexist in small

concentrations, further refinements may make the‘technique;ofvgeneral use in

the study of free radicale. XPS measurements are complementary to the spin

density diStributions obtained from ESR sﬁudies.
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Teble I. 1s Electron Binding Energies and Multiplet Splittings (eV)

Linewidth

' Molecule® ’Biéding Ene?gyb | B (rame) | gﬁigii?:;&
ggﬁh 412.5(5)% ﬂi;be(hj._‘.‘

| = 233%83: 1(&0(8)?

NF, 'ﬁigigfggg .0'82<h) 1.93L(L1)
NE, :ggz:ggggz. E -1.&0(8). 0.720(8)

| y_be ﬁggg;g 0.94(3) | ?.702<35)
?“92 ek o1 g5t
(CF,) o : tgg:igg;g  1.1(1) . 0.5(1)
(CF3)éNO ggg:ggggg | 133(1) 0,8(1)
(CE,) M0 ggﬁggg '1,59‘(8)11 0.6(1)
(CF ;) N0 ggg;ggg | 1.00(8) 0.4(2)

QQ ;tg:igggi. 0.80(31)" 1.i22(25)
x e om@ e
lgg gfgzggggﬁ : 0.80(k4) 0.5h8(h9)‘
DTBEpm‘ _ﬁggjiﬁgigﬂ' 1.03(12) 0.590(70)
PTBNQ.m gggggggg | | ‘o:.‘7.6(5_) 0.525(1+S)_

{continued)
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Table I. (continued)

#The ionized atom is underlined. The cases O NO, and DTBNO have been reported

2>

previously. In this work they were redone incorporating the Ka doublet in
1,2
the fitting procedure.

bStandard deviation in the last digit is given parenthetically.
CFits were obtained by constraining the linewidths to be equal.

dReferenced to N2'
eReferenced to F 1s of CH3F. Spllttlng in F 1ls line belleved to be due to

inequivalent fluorines in N o), (see text) and not the presence of any NF,.

f : . . . .
FWHM constrained to be the same as that in NF, in obtaining fit.

2
€absolute binding energies for NF were obtained from the observed shifts from
N Fh when both were referenced to neon, coupled w1th the Nth absolute binding
cnergies referenced as in d and e.

hReferenced to 02.

i

FWHM constrained to be that of F 1s in CF_H in obtaining a fit.

3
JFWHMconstrained to be that of C 1s in CF3H in obtaining a fit.
kRef. 8.
zRef. 23.

PAbbreviation is for ditertiary butyl nitroxide,
nReferenced to HEO,

o - :
Referenced to neon.
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‘Table II. Comparison with Calculated Splittings ° (ev)

"Hole State" "Frozen "Frozen

1" "
" Molecule Experiment Ho;ﬁHgtate + two center orbital" orbital"
: exchange MHT UHF
a . . . . . .
NF, Ay 1s 1.93 1.85 1.85 1.k0 0.70
: d d
‘ ’,AF 1 0.72 ' - : - 0.11 0.05
b ‘ ' -
N0, By 14 0.7 0.62 0.6k 0.86 0.43
By 1 0.67 0.27 0.32 0.5k : 0.27
0, Ay 1g 1.12 | 1.05 ~1.05 2.91 0.96
b ' : ,
NO Ay g 1fh2 0.96 0.96 1.0k 0.52
By s 0.55 0.35 0.35 : 0.63 Q.3;
[ . ‘ . .
DTBNO AN 1s 0.59 0.20 0.20 o.6 . - 0.23
Ay 1a 0,53 : 0.16 0.17 1.3k 0.67
RMS ‘deviation . '
of each theory 0.320 0.310 0.768 0.636

&INDO calculation used geometry from M, D, Harmony and R. J. Myers, J. Chem. Phys. 35, 1129 (1961),
bGeometry from L. E. Sutton, ed. Tables of Interatomic Distaences and Configuration in Mclecules and Ions
(London, The Chemical Society, Burlington House, 1958). |
°Ditertiary butyl nitroxide; R(N-0) = 1.28 A; R(N-c} = 1,47 A, R(c-C) = 1.52 &, R(C-H) = 1.1 A; L oNC = 115°;

L NCC = 109.,45°; L CCH = 109.45°; the tertiary carbons, the nitrogen atom and the oxygen were assumed to lie

in the same plane,

(continued)
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Table II. (continued)

dIt is not possible to perform an "equivalent cores" hole state calculation in this case since it would

involve the neon atom which is not accounted for in the INDO parameterization.

g2~

ST6T-14T
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Table iII.' Nitrogen atom valenceseleCtron density in the ground state

and the corresponding hole state.

P, _(valence electron .

Molecule®™ _‘ : density) : , .. APN
. . k96
n*o e 55 - 0,54
((CHg) L) N0 I Y
((cup) o) "o ~ 5.9% S 0,95
(cr w0 - 5.15
(CF3)2N*0 o o E v,6,o3 | . 0.88

L

_aThe "hole state" case is denoted by an asterisk.
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FIGURE CAPTIONS
 Fig; 1. Nitfogen.and‘oxyggn'ls §ééks inidia@agﬁetic Né;gpéramagneﬁié Qé;
paramégnetié-NO; and the paramagnetic specieS‘NO2 (150 - 170°C).

Fig. 2. Nitrqgen,ahd fiuprine:ls‘peaké in NF, (180 - 200°C) and room_tgméérature
NéFh. vVértical bars indicéte binding energies in Fé and N2.

Fig. 3. fredictgd vs'experimeﬁtéi‘splittings; thé MHT "frozenvorbifal" estimates

| are aenotéd-by filled circles while fhe UHF "frozen orbitél" estimates are |
representéd by the open-circles;_tﬁe diagohal line has a slope of unity.

Fig. 4, Splittings predicted by the MHT "hole state" approach vs the experi-
mental éplittings. The diagonél'line has unit slqpef.

Fig. Se Totalvvalence’electron density and (spin dénsity) illustrating
migraﬁidn accbmpanying photoionization; the hoie statés are thoée used in
the "equi&algnt cores"‘.a'.pproximation°

Fig. 6. Thevtwo center gxghange'integral <Xa(l) xb(?)l;%;1xb(l) Xa(2) ) vs
the internuclear separation. The X(ls)—-Y(Epn) integrals are approximately
0.000 - 0,003 eV and are not shown.

Fig, 7. The two center eﬁcéhapge integral‘(xa(l.) Xb‘(g)l?i;lxb(l) X, (2) ) vs
the square of the overlap integral <xa|xb ). The data were obtained in the
internuclear separation regién 1.15 - 1.40 A, Integrals between F(ls) and
N(2s) Slater type orbitals, as well as N(2pc).orbitals, are denoted by
filled circlgs; F(ls)-—0(23,2pé)_déta denoted by trianglgs; 0(15)--0(2s,2p0)

integrals shown byvopen_circles;‘O(ls)?éF(Qs,QPd) data represented by squares.
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