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'ABSTRACT -

 ‘Comparisons of jron and sulfur atomic charges, derived

~:;frgijXténded=HUckéJ:calcylations, with:core electron bind-

" ing energies detéfminéd from x-ray photoeicctron spectfoscbpy L

yﬁéld[good correlations for neUtra]’moleCUiesr"The»assump-

- tions and limitations of such correlations are discussed.
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~tions on nitrogen and phosphorous compounds Jolly and Hendri ckson

“Central to the;QUEStioh of the eTectronic'strUCturé-of a tran-

sitibn metal comp]ex is its Charge distribUtidn A]thougn the cnarge

is orten used as a parameter in the calculat1on of e]ectron1c

structure, it has become feasible only recently to measure a quantity
d1rect1y:re1ated to_the net atomic charge. Core e]ectron b1nd1ng

energies'(B}E.s),-as‘measured by X-ray photoelectron spectroscopy,

" can be. correlated with atomic Charge.

;We'report*such correlations between measured_Fe3P e]ectron
B.E;s,and; iron atomic charge CaiCUlated'by means of the extended

HUckei M'O method. Compounds were chosen to represent a diversity

of e]ectronuc env1ronments In part1CUxar our 1nterest in meta]lo- v

‘ prote1ns suggested a number of mater1als conta1n1ng both’ 1ron and

”fsulfur. A s1m11ar corre]at1on has been estab11shed for the S2p e]ec{

tron: B. E s-in representatlve sulfur compounds

Theoret1ca1 1nterpretat1ons of measured X- ray photoe]ectron
chem1ca1 sh1fts have been attempted by other workers w1th vary1ng
degrees of success. Siegbahn et a] {1,2] have 1nvest1gated-s1mp]ev
sulfur, nitrogen, and carbon compounds ;:Fadley et aj [3] made the.
first attempt to exp]aln chem1ca1 shifts 1n ionic compounds

Hendr1ckson et al. [4 5] have carr1ed out sem1quant1tat1ve ta1tu1a—

have related thermodynamwc data to chemical shifts in electron binding

.energies."More recent approaches to interpretation of X-ray photo-

electron~spectra’have'beeh presented in several other papers. [7-9]
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Several aSsumhtiensnare madeawhenvdttempting to correlate -
~measured eoreie]ettronie.hinding:energies with a.barahete}'ea]ch-d.
]ated’by means of the extendedeueke]-forma]ism. Twe'have-assumed
that theTeXpehfhental'wquffunction.variations Qmth>$O]jd samples
‘are negl1g1b1e ETectronic‘neldxation effects”after removal of a
core photoe]ectron are assumed to be constant 'since th1s method of
ca]cq]at1on neglects such effects. (Just1f1cat1on for this assump-
tion is Qtven in a'repdrt by.Davis gt.gl. []O].) - The e]ectrostatich
pdtentia]‘COntributed hy‘the charge on surrounding ]igands.hqs‘not
“been ineluded eXpiiCitiy,'but'hasvbeen»assumedlto.be'incfuded im-
p11c1t1y through the mod1f1catlons of reference 15. (Attempts to
'.1nc7uae a SImple po1nt charge mod1f1cat1on us1ng a potent1a1 varyxng
as q /r resu]ted 1n no 1mprovement 1n the correlat1on ) F1na17/, we
have assumed that the extended HUcke] approx1mat10ns are 1ndeed
app]1cab1e to the transtt1on metal comp]exes studted here. A more
exp11c1t ana]ys1s of the approx1mat1ons of the extended hUcke. for-
'maJ1sm‘and 1ts use 1n_calcu1at1ng parameters of transition mete1
complexes: has been.deseribed-eiseWhefeufli,lzj; o
In‘our present=work.both'chargeiand binding energy wene calcu-

- lated usjngvan extended HUckeI method'fOrhuiatedvby Hoffman [13,714],
withhmodifieations'[]SJ to'the Cod]omb integrals and STater eXpenents
- such that 1teratlon to charge self-cons1stency could be obta.ned
Thls method does not include e]ectron repu]suon terms exp11t1t.y,
and uses emp1r1ca1 _parameters for eva]uatuon of the elements of the
secular determ1nant. (The size of the ele;tron1c systems considered

“in this paper renders impractical more sophisticated calculations at
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the preSeht time.) Coulomb'ihtegra]s were appfoximated}by va1ence’

Orb]tal Ionwzat1on Potentlals [16] (chdosihg an electronic configura-

‘tion of d sp for. the iron atom) Off—diaéonal elements of the
"secu]ar determxnant were approxwmated by Cusach's formula [17].
'Slater-type orbita]s [18] were used for the m1n1mum basis set of
:k”; wave functlons Charge va]ues, made se]f-cons1stent to 0.05 charge

~un1ts throu¢1 1terat1on were obtained: by Mu111ken s metnhod of popu-

1at1on ana]ysus [19]. :qurd1nates, bond d1stances, and bond angles
Wére'bbtafned from approbrfate‘litérature sources, and, in some
cases, Quantum Chem1stry Program PROXYZ [20] was used to obtain.
su1tab]e coordwnates Large molecu]ar structures, such as iron

phthalocyan1ne and the d1thiocarbamates, were . approx1mated by re-

| p]ac1ng per1phera] carbon substituents with hydrogen atoms in a

* ‘manner s1m11ar to that of Zerner et a] [21]

Table 1 11sts the measured and calcu]ated electron b1nd1ng

energ1es and ca]cu]ated charges for a d1verse ser1es of jron and

-sulfur compounds. For a representatlve samp]1ng of 1ron compounds,

- ‘the FedP B E. s-were ca]culated by including the Fe3P e]ectrons'1n

the molecular orb1ta] ca]cu]at1ons and using the resu1t1ng one

- electron energies of the three ]owest mo]ecu]ar orbitals as the Fe3P
| bund]ng:energ1es. Compar1son of these B.E.s w;th the corresponding
-ca]culated'charge.shows a direct corkelatfonvbetweén calculated B.E:v
-and calculated chafge._,Fromvthis;observatidn it seems feasbnab]e:to

| anpect similar results for attempts to'correTate measurad e]éctron
AB E s with either ca]culated charge or ca]cu?ated electron B.E.s when

: usmng_th1s_extended Hlckel method of calcu]atlon.
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?fgﬁre 1 shows the plot of measured Fe3pP B.E, ve. calculated
chafge; tHé line draWn.through_the peints.is a least squares fit to
| the deta4ffom neutfai’mo]ecu]es. From this piot, it is apparent
that thé.data point}positidhs of formaify charged'fonic complexes
“depart ffoh‘thOSé'df:heutra] mbfecu]es,in-a re]ative7y consistent .
manner. There are two important factors which contribute to this
variance With heutrai'mOIecule data;.-One factor is the']attice
pbtentia}[effect; and the other is the overembhesis of cova1eﬁqy in
idnic_md]etu]es when using the extended Hlickel method. |
A]se'shownyin Figure 1 is a b]ot of measured S2P B.E. vs. cal- .
culated charge. Sulfur d orbitals were ﬁot used.in“these'ca]culations;
'however, when d.orbitals were included for representative sulfur com-
'pounds, no s1gn1f1cant 1mprovement in the corre]at1on was observed
It shou]d be noted that if unrestricted ab 1gltlg,calculatzons
(inc]ud1ng re]axation.effects) were possible for the compounds we
| have 1nvestlgated there wou]d be no reason to expect a simple charge '
vs. B. E corre]atwon (even if there were no solld state effects: on
the e]ectron b1nd1ng energy)., The observat1on thatvour ca]cu]at1on$
show reasopab]e correlations between atomic’éharge and measured B.E.

(with.the exception of ijonic iron complexes) indicates that the

assumptions made in establishing these correlations are relatively -

good. However, the correlations are admittedly somewhat'artifitia]

since the simple extended Hlckel calculations are insensitive to some

impbrtant contributions to electron energy, which include relativistic,

electron cdrre]ation,'andvrelaxation effects. (In fact, the obser-

vation that the calchlated Fe3P'B.E.s of the neutral iron molecules



- . are cons1stent1y h1gher than the measured B. E s is. an expected

~bresu1t of thls 1nsenszt7v1ty ) Neverthe]ess, unt11 ab 1n1t10 cal-;

- .31 o ,;"culatlons can be appiled easu]y to Iarge e]ectronzc systems, sem1-f*°3€3"

v : ;s’quantmtatiye methods, such as used here, may be veny usefu] alds, o
A\ - _

“in understand1ng structura] and bondxng phenomena.'

v We -are veny gratefu] to Br. . D. N Hendr1ckson for makmng the
Hoffman extended Hdcke] program ava11ab1e to us, and for his valuable o

adece when beg1nn1ng th1s work |

Thws work was supported. in part, by the U. S Atomic Energy :

Comm1ss1on. _--- ',’f‘ﬁ.'_ .
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| Table 1
‘Measuredﬁénd-CalcuTéted é]ectron bfnding;enérgfes ahdvcaJCuTated
charge§'fdf'a‘diverse sgriéS,of'iron and'suifur'compounds.' Spectra
were produced and ahaTyzed'fn'the Berkeley iron-free e]ectrdh |
ﬁpeétfometef_[ZZJ. ﬁThe widths -at half maximum of the Fe3P and S2P
photbéfecffOn 1ines»ére about 2.6 eV and 2.4 eV, respéctively.j
‘.‘The relative binding énergies are reproducible to about 0.2 eV,
and charges-aré self-consistent to 0.05 charge units. Published
' synthetiéipkocedures wére fol]owed in the prepaféiion of ¢ompduhd§
f'.2, 13, 15, 18, and 25. Compounds‘T4; 9, and 16 were obtained from
Dr. H. H. Wickmah,for. D. N. Hendrickson, and Dr. J. B. Neilands,

respectively. A1l other compounds were obtained from commercial

soUrces;’ FeS and KFeS2 gave broad, ilifdefinéd iron photoelectron

‘spectra which were too ambiguous to assign a_definite measured

bindingiehergy.
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Table 1 (continued)

‘Meashred Calculated Calculated Measured Calculated

L]

~ Molecule . ¢e3pBE. Fe3P B.E.  .iron - S2P B.E.  sulfur
' S ' (ev) (eV) charge - (eV) charge
FeFg (KgFeFg) 8.7 56.0  +1.81
Fe0F (KoFeg) - 877 56T +1.79
Fe(H20)6" (Feféggj 34H20) 56.6 +1.5]
Fe(H20)6+2 (Fe30§(NH4)ZSO4 4.2 +0.86
5 Fe(CN)g™3 (KgFe(CN)g) 55.0 +1.24
6 Fe(CN)g™® (KgFe(tN)g) - 5.0 +1.03
7 Fe(metal) 3  :_ 52.0 .52.4(def.) O(def.).
8 Fe(CHs), . 837 54.5 +1.00
9~ Fe(CgHg) ot~ (NO2)3CeH20" 54.9 | +1.36
10 Fe(CO)s 54.0 54.7  +1.02
11 Fe{CO)g 54.6° . +1.30
12 FeSp 153.0 53.3  +0.45 161.5 -0.22
13 Fe(S,CNEtEt); 53.5 4095 161.5 -0.3
14 FeBr(SpCNEtEt)p 5400 . 541 . +0.82  161.4 -0.3
15 Fe(SgC5H3CH3) “N(n- c4Hg)4+ 53.2 - +0.29  161.4  -0.43
16 Ferrichrome A 54.9 §55.5.  +1.53 |
17 Hemin Cl , 54.2 +1.04
18 Fe*3C1 Phthalocyanine 54.4 +1.46
19080, o C . 167.8 +1.86
20 S05% 166.4  +1.40
21 CH3SOCHy 165.5  +0.70
22 CH3SSCHy 162.7 . -0.13
23 CHzSH . o 162.7°  +0.09
24 Fes 40,43 160.7 -0.43
KFes, +0.35 161.1 - -0.46




188 = 4 sulfur data
‘= 4= lron data

166
164

62+~

MEASURED S2P ELECTRON B.E. (ev)

160 -

62

1
()}
o

(ev)

RN WY Sl NN W W UL GO W SN . 52
-04 - O 0.4 08 - 1.2 I 20
' CALCULATED CHARGE

 Figure Caption,

XBL 708-5303 .

- Plot of fneasured Fe3P B.E. and S2P B.E. vs. calculated charge-in
iron and sulfur compounds chosen to represent a diversity of elec- . -

tronic environments.
is a least squares fit to the data from neutral molecules.

numbers associated with the data points correspond to the compounds

11sted in Table 1.

The line drawn through the iron data points .

The

MEASURED Fe3P ELECTRON B.E.
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