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Application of Extended Huckel 'I'heory to X-ray Photoelectron

Spectroscopy. Correlations Between Electron Binding
mergy andCalculatedAtanlc Charge 1nImn T

AndSulﬁmW

| L. N. Kramer and M. P. Klein

Leboratory of Chemical Blodynamics, Lawrence Radiation Laboratory
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 ABSTRACT

VExtende’d Hﬂ'ck‘el M.0. calculations are used to help interpret X-ray photo-
electron spectra of iron and sulfur in a diverse series of 1ron and sulfur com-
pounds. Atomic charge ’ calcu].ated by this semiquantitatlve method is correlated
» vw1th the measured Fe3P and SZP elec!ﬁ'oh' 'binding energies. It is shown that the -

calculated charge is correlated directly with calculated F63P bindJ.ng energies |
in a representative series of iron ccmpounde when usmg the apprmczmations of
extended Hﬂckel t.heory. ,The measured bmdmg energies of fomally charged ionic
viron canplexee, however, depart from the charge vs. measured binding energy ‘
correlatione of neutral iron molecules, and this is attributed to lattice effecte “
and to: overemphesis of covaleney in the calculations. The use of S.C.F. Slater |
wave functions. and the inclusion of d orbitala an eulfur atana result in im-
proved correlatione between charge and . measured S2p binding energiee for suli‘ur
compounde. The limitatione of thie nethod are diecueeed briefly. -



INTRODUCTTON |

A potentially useful application of photoelectron spectroscopy is |
the elucidation of the structure and bonding characteristics of active
biological. systems. ‘A large number of active sites involve transition
metals of uncertain moieties, One group of such systems 1s the irrportant _
electron transport non-heme imn«proteiﬁs%ch an iron-sulfur
arrangenent acting as an active redox site, is 1nplicated.

| In order to help interpret the photoelectron spectra of these iron
proteins we have set up a correlation between the measured Fe3P electron
binding energles (B.E.s) and the calculated iron charge in a diverse
series of iron campounds . A similar comelation has been established for
S2P electron B.E.s in representative sulfur conpounds Because of the
large electmnic systems involved 1n transition metal conpounds ab initio
M 0.-sS.C. F'. calculations are extremely difficult if not inpossible s at the
present time. In order to obtain at 1east semquantitative understanding
of photoelectron chemical shifts in these conpounds we have used the extended
Huckel M.O. method to calculate the atomic charges used in our correlatims
for iron and sulfur cmpomds ‘

|
1

-Simllar correlations have been attempted by other workers. Siegoahn
et al. have correlated photoelectron chemical shifts with fractional
atamic charges ‘calculated by a modification of Pauling's method in sirrple
sulfur, nitrogen, and carbon conpoumb . For the compounds investigated
their comelations are generally good and can be used as a rough estimate
of some bonding vcharecteristics' such as resongnce structures and ligand
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_envimnent. Siegbahn's group has also performed ab initio M.0.-S.C. F.
calculations on sinple sulfur: ma qarbon compounds resulting in good
agreement between calculated and maasured B.E. Hendricksm et _a_l_.3 M _havev'__
had. varying degrees of success in correlating photoelectron chehdcal shifts
with charge calculated by means of the CNDO and extended Huckel methods in
‘nitrogen and phOSphOI‘OUS conpomds 'Ihe success of these semiquantitative
M.O. methods depends on the validity of the approximtions made. Fadley et
al. 2 have related measured B.E., with calculations of f‘ree ifon states modified
by Madelung and relaxation corrections for fluorine, chlorine ,vbromine, iodine,
and europium. ‘Ground state SCF-MO calculations (using Koopman's theorem)
. were performed by Bash and Snyder on sinple molecules COntaining carbon,
nitrogen » fluorine and oxygen. The calculated K-shell binding energies, when
plotted against Mulliken net charge, show an approxlmate linear relationship.s

Blyholder and Coulson’ have shown that the Hoffmann extended Huckel
formalism can reasonably appro:d.mte the more accurate Hartree—Fock S.C.F. -

Hamiltonian matrix elements within the 1imlts of certain assmrptionsl Althougi

the appm}d.nntions involved do not result in high accuracy, extended Huckel
calculations should glve satisfactory results for charge and one electron

energy calculations It 1s desired that the self-consistency of these
calculations 1s such that by using the sm enpirical parameters for a series
of molecules, one can obtain a suitable correlation plot of either calculated
charge or electrm binding energ 'Ihe cornelation could then be used to |
interpret photoelectron spectra with respect to the electronic and structural
enviromment of a particular molecule. - '
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The prj.nary assmptions in mking such cor'r'elations are; (1) e:q:erd.nental ’
-work function variations among solid sanples are small; (2) electronic relax-
ation eff'ects are relatively constant (3) lattice effects are conpensated with-

in the extended Huckel formalism or its modiﬁcat;lons, and ('-l) the extended '
_Huckel appro:d_mations are neascnablv va]id. ‘

" METHOD OF CALCULATION

" Both eharge and binding energy were calculated using an extended Huckel
molecular orbital method formilated by Hoffmann, 8,9 with modirications'® to
the Coulanb integrals and Slater exponents -such that iteration to charge self-
consistency cohld be obta_ined.‘ Coulonb integi'als were appmxinnated by Vaienee |
Orbital Ionization Potentials'' (choosing an electronic configuration of -
sp for the iron atam). Off-dlagonal elements of the secular detemdnant were

12

approximated by Cusach's™ formula

| Hig= i

5, (Hyy +Hyy) (2= |5y, )
. -

where H and S represent the appropriate Coulomb and overlap integrals, res-

pectively. . Slater-type orbitals were used for the minimum basis set of wave

functions. Slater's rules’> were }used for wave function paraneters' in both the

iron and sulruf calculations. Self—consistent rield Slater-type ﬂmctions of

Clement1 and nanmdill' were also used t‘or the sulnn- calculations, 1nclud1ng a

\ B
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orbitals on thev sulfur., SmewM'amhough roughly consmtent '
with previoue work'o"f' ) of 1.00 for the Slater exponent and 1,00 eV for the
ionization potential of the d electrons of sulfuri were used in the latter cal=’
culations. Charge values, made self-eonsistent to 0.05 charge units through
iteration, were obta.ined by Mulliken'e method of population analysis. 6-’
Coordinates, bond diatancee, and bond angles were obta.med from appropriate‘
literature sources, and, in some caaes, Quantum Chemistry Program PROXIZ'7
was used to obtain suitable coordinet.es. Large molecular etruct.ures such as .
‘the iron phthalocyanine and dithiocerbamates were approximated by replac:mg
peripheral carbon eubatituente with hydrogen atema R
Spectra were produced and analyzed in the Berkeley iron-free electron
spectrometer. 18 "The widths et half max:i.mum of the Fe3P and S2P photoelectron
lines are about 2. 6 eV and 2. A eV, respectively. Photoelectron line positione .
were reproducible t_o about <_°,°2 oV, Figure 1 shows representat.:we Fe3P and -
S2P photoelectron lines. |
All measured electron bindirlg‘ energiee were ref_ere_rgc_ecl to the B.E. of ‘-
the C1S electrons of ‘the ‘spect.rometer diffusion pump oi.l;, deposited on the
surface of our samples. The yfork_i;urrction ef the'spectraheter was taken as
L eV, and the C1S electron B.E. of the oil was defined as 284.0 eV.
| Published synthetic p‘rocederee were followediin the preparation vof the
following compounds: iron(N,N-diethyldithiocarbamate), Fe(SZCN02H602H6)3, R
KFe0, ;20 tetre—n-butylamnonim—bie (to1uene-3,z.-d1th1o1ate )iron;
'Fe(SZC6H30H3)2 . u(n-cha9)a Fo xr:sg ;22 Pe+3cl pm»,nalocyanim.?3 )
«.; o

i
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Monobronbis (N N—diallwldithi‘ocarb‘aﬁato).imn,“FeBr(S CNééHGCuHu) was obtained
from Dr. H. H. Wickman, “The muoopnimn picrate, [Fe(csns) o (No?_) C6H 0)"1
was obtained ﬁ-om Dr. D N. Hendrickson Ferrichmme A was obtained from
Professor J. B. Neilands. A1l other campounds were obtained from commercial
sources. , ' . o | ' |
| Comﬁutations were carrded out using the CDC 6600 computer of the
Lawrence Radiatien Laboratory in Bexkeley. Calculations were performed on
only those campounds for which both structure date"and_ photoelectron spectra
could be applied wnambiguously. | |

RESULTS AND DISCUSSION

 Table I ‘lists the calculated Fe3P ele.ctron binding'energiesA and the
corresponding calculated 1ron charges for representative iron compounds.
The Fe3P B.E.s were calculated by including the Fe3P electrons in the: mole-
cular orbital calculation and using the resulting one electron energies of the
three lowest molecular orbitals as the Fe3P binding energies. Figure 2 shows
the ‘corresponding plot of charge vs. 'electron:B.E.' This plot shows a direct
correlation between calculated electron binding energy and calculated charge
for a representative sampling of iron compounds. From this observation it
seems reasonable to expect simllar results if attempts are made to correlate
measured electron B.E.s with elther calculated, charge or calculated electron
B.E.s resulting from this extended Huckel method of ca.lculation. Since it is
much easier to calculate charge (fewer orbitals being necessary in the calcu-
lations) ’ especially ror large molecu.'l,es we have ccncentrated on establishing



. the greater magnitude
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correlations with calculated charge rather than calculated B.E.

Table III listsl the measured Fe3P electron B.E.s and calculated charges
for those campounds under investigation; figure 3 shows the corresponding a |
plot of measured B.E. vs. calculated charge ‘The line drawn through the
_ points is a least squares ﬁt to the data ﬁ'om neutral molecules. From
this plot it is apparent that the data point' positions of formally cha.rged' e
ionic conplexes depart- from those of neutral molecules in a relatively con-
sistent manner. , |

'Ihere are two :hrportant f'actors which contribute to this variance with
neutral molecule data.. One factor 1s the lattice potential effect and the
other is the overenphasis of cova.lency in 1on1c molecules when using the eXx-
tended Huckel method., Ihe qumW of these factors is not -
straigltfonvard becawe of the lack of adequate non-classical lattice

potential calculations and because of the breakdown of the extended Huckel
approximations for highly ionic conplexes. The effect of the periedic lattice

potential on the electron B.E.s will depend prlmarily upon core-electron

attractions andelectrm-electrm repulsions. These' will have opposing effects; s

| core-electron attractions will mcrease electrcn B.E., while. electron—electron

: repulsion will decrease electmn B. E Ir lattice potential effects are assu~

med to dominate the factors cmtr.lbuting to variance from neutral molecule ‘

data, then _the data of figure 3 suggestsgthat core-electron attractions have‘ '
We have empirically corrected the electron B.E.s of the formally charged

conplexes thmug: the use of the following relatiomhip _ v |
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where AE is the electron B.E. correction, Cis a proportiona]ity constant

(1.5, in this case) Q is the square of the iron atomic charge, and I 1s

the 1onicity or the neutral uetal—li@nd bond as defined by Pauling s »
»relationship, I=l-exp [-0.25(X A—Xg)© 21, where X, and Xg are the electonegativi- |
‘ties of the metal and ligand The OQ term is enpir'ically der'ived ﬁ'om the |
B data and represents the magnitude of the -effects from the lattice potential and

the overemphasis. of covalency The ionicity parameter, I, reflects the attenua—
tion of the effects in question due to the covalency of the molecular bonding. .

The modified . Fe3P electron B;E.s are listed 1n Table II, and the
corresponding plot of modified. B.E.s vs. calculated eha,r'ges is shown in fig-
ure 4, On]y compounds 1 thmugl6 and compounds 9 and 15 have been corrected
for B.E. The bond ionicities of these compounds are taken as 0.6, 0.45, 0.45,
| 0.45, 0.1, o.;’, 0.1, and 0.1 réépeétively.- (Altho'ugi _the bond ionicities of
 the he:_céhydratee should act‘uaily be larger than indieated, the value of 0.45 -
is used to maintain ét;rmistency witn' the correction formila presenfed above.)

Table ITT 1ists the measured S2P electron B.E.s.and the calculated
charges determined with the use of simplé Slater wave functions, and also,
the charges calculated with the use or S.C.F. Slater wave functions. Sulfur d

orbitals were included when using the S.C.F. wave -nmcéims, and in all cases, .

only a minimal basis set was used. Figures 5 and 6 show the corresponding plot
| ~of measured S2P B.E.s vs calculated sulfur charge. o

S.C.F. wave function parameters were not used for the iron series calcu-
iatiazs because of the difficulties 1n obtaining charge self-consistency
using d orbitals on the sulfur in iron-sulfur complexes. PFurthermore,. the few

simple iron compounds tested using S. C.F. wave function paraneters showed no

hrpmvemnt 1n the charge correlation with electmn B. E.
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» Considering the assumptions made in carrying out these celcula.tions s the ‘
resulting atcmic charges show a relatively good ccrreletion with the corres-
ponding measured B. E'e provided one eccepte the argument for B.E. correction
in formally charged ionic complexes., The success of theee correletions supports,
the suggestion made previouelyzsthat chemical shifts in the core electron B. E.e
of an iron atom (or, more generally, any atom) are related to changee in its
total electronic environment rether than simply to ita i‘omal oxidetion etete.
Ideally then, one should be eble to dietinguieh between electronic envz.ron-
ments by meaeuring the electronic B 1:.. and then ueing a cherge ve. B.E. cor-.
- relation to help : ehneidete the electronic bonding features. In practice, |
however, there m,y ‘be canplexee which are not in such good agreement with
this correlation, but at least approximate dgreement can be expected.
B CONCLUSIONS

In the introduction it was pointed out that several eeeunptions muet be
made in any attempt to correlate atcmic charge with measured B.E. F‘urther—
more, it ehould be noted that if unrestricted ab initio calculations (including
relexation effecte) were possible for the compounde we have investigated, there
would be no reason to expect a L.L charge vs. B. E. correlaticn. The obser-
vation that our calculations ehow reasonable correlatione between atomic .charge
and meeeured B.E. indicetee that the eseumptione dre relatively good. However, .
the correletione are admittedly samewhat artificial since the eimple extended
Huckel calculetione are insensitive to same:important contributione to elec-
.tron energy, which include relativietic, electron correletion, and relaxation
effects, Nevertheleee » until ab initio calculatione can be applied eaeily to

large electronic aystens, eemiquentitetive methods, euch as used here, may be -

U

very ueeful aids in understanding atructural» and bonding, phencmensa;
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Table I Calculated Fe3P electron bindmg energies and the correSpondmg P
' “iren charges for representative iron compounds |

wvem——
e

No.  Molecule © 7 Cale, B.E. (V) Calc. charge

e . L
4 \ Lo

NI 1

1 Rt M T e g
B

2 R0 s 4179
© . (KgFe0) R S
‘lfM Ferrichruma A 59.06 . 41,53 -
 M'.j7pe(0o)g o 517  © 583 1,02
L Fe(CSHS)z». o ssa L0

| :FbBr(52GNCzH604H4)2 s s

RS, 569 40,45
R . 56,0 (defined) O (defined)

—
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- Table IT | | |
Measured Fe3P electrcn binding energles, calculated charges, and. binding
energles modit‘ied for lattice and 1onic1ty effects. Binding energies are
reproducible to. about 0 2 eV and charges are self-cmsistent to 0. 05

charge units

No. Molecule = Measured Calc. iron Modified
3 C Fe3P B.E. ;. Charge "Fe3P B.E. -
(eV) 3 : B ') I

| - (KFeFg) S
2 COFen”T TsTT w9 s
LK JFe0y) L B

3. Fed 0)6"3 - 55‘_5.‘.'_,;{_» P i35l
- (NHy),50,24H,0) | e e .
R RGOSk w6 osny
- (FbSOu(M{u) so,. A e
* 6H,0)
5 Fe(Gﬂ)6"3 55-0"‘ _ v+1..2’4 54.8 -
L KgRe(N)g) e TR
6 @)t L osho 41,03 L 538
(KyFe(CN)¢) - ' (
7 Fe (metal) ‘- 52.4 . T (deﬁned) -
8 - Pe(CHy), B3 '+1 o --



_. cpable‘,,rgj_:,,.(.coﬁt..)..n,._;.-,__ |

No. | Molecule  Measured  Calc. iron . Modified
(eV) R L

o IrelCeligy
10 "Ffe(co)s o '.5"°°.. e La.02 SR
11 Fe,(c0)g CoUsh6 a3
12 R, 530 4ols —
13 m(Séch2H6czﬂ6)‘3j_ 53.5 . 40.% -
W Fer 540 0.8 .0 . —

- (SINCHC Y P
15 Pe(S,CgH,CH)™ 0 63.2 4029 53

NG, 'l |
16 Perrichrame A "._1]*_5'4.'9 S 4153 -

17 Hemncl  sk2 . o4l04 . —
18 Fe*3c1 Pnthalo- . 5B.4 41,46 S
~ cyanine - '

:

..,. l-
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| Table III | |
1Measured-$2P electron binding energies aﬁd charges calculated through
the use‘of.both simple Slater wave functions and S.C.F. Slater wave
functions including sulfur‘d orbitqls' Binding energies marked with
an asterisk were taken from Ref. 2, suitably corrected by a sing]e N
-additive constant to achieve agreement between spectrometers B1nding .
energies are reproducible to about 0.2 eV and- charges are self-conSIStent :

. to 0. 05‘charge_units_

No. M516C01é“-1 | Measured - Celc. sulfur Calc. suffur .

oo L SZP B.E. (eV) ~ charge-Slater- - charge-SCF .
R so4*ri,.;,7;é;3;5ie'ﬁ157.3 R Rl I +1.69

2 ’5°3= T e 541,40 o 1.2

3 CHBSOGH3 "'ﬁt«_J ;'165.5*'},A 4070 0 4.0

4 T CHgSSCHy 1633 03 4002

5 CHSH  ig2.6" 40009 40.26

6 Fes,' B [ o -o;zzvf o .fﬁzo;ls

7. FS 1607 .43 o T

B Fe(S,QMTET); © els .03 .

9 FeBr(S,ONETET), 1614 .03

10 Fe(S,CoHaCHy), —  161.4 ©20.43 - ---

M KFeS, 611 046 —
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FIGURE CAPI‘IONS

X-ray photoelectron spectral lines of Fe3P and S2p electrons
'excited by AlKa radiation. The full width at half maximum is

26erorironand2llerorS

'_ Calculated binding energies of Fe3P electrons Vs, calculated

" charge. All valuep‘are referred to neutral Ee whose 3P binding
:energy is arbitrarily set ‘equal to 56 0 eV. The nunbered

| .points refer to the compounds listed in Table I

- Measured Fe3P electron binding energlies vs. calculated charge
' for a diverse series of iron corrpounds The nurrbered points
refer to conpounds listed in Table II.

Fe3P electron binding energies (modified for lattice and ionicity
'.effeets) vs. calculated charge The nunbezed points r'e.ﬂer to
i compounds listed in Table IT%,

: Measured S2P electron binding énergles vs. calculated charge using
simple Slater waveﬂmctims'. The nunbered points refer to the

~ compounds listed in Table IIT.

* Measured S2P electron binding ene?gies vs. calculated charge
-us:Lng S.C. F. Slater wave functicns and including sulfur d orbitals, _

' The nunbered points refer to the conpounds listed in Table III

0
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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