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ABSTRACT 

X-ray photoelectron spectroscopy (XPS) has been used to 

obtain information concerning the structure and: bonding in. 

several biological and biologically related systems; it has 

also been shown to be useful for quantitative analysis of 

grain proteins. Correlations between charge and Fe3P and S2P 

electron binding energies (B.E.s) have been established for a 

series of iron and sulfur compounds. These correlations, 

along with the XPS spectra of model iron-sulfur complexes have 

been used to help interpret the XPS spectra of the non-heme 

iron proteins. The resulting evidence supports postulated 

structures. In a similar manner the bonding and nature of 

the Prussian blue complexes were investigated. It was con­

cluded that the Prussian blues are covalently bonded IIsuper-

complexes ll rather than ionic compounds. The nature of magnesium 

in chlorophyll found in photosynthetic membranes is also inves­

'tigated by BPS. No significant difference can be determined 
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b~tween the XPS spectra of magnesium contained in illuminated 

and non-:-illuminated photosynthetic membranes. Finally, the 

q~antitative and qualitativ~ analysis of nitrogen and sulfur 

in cereal grains have been carried out in order to demonstrate· 

XPS asa method for rapid screening of grain proteins. 

~,,,: 
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I. INTRODUCTION 

There are a considerable number of spectroscopic tech­

niques ~vailable to obt~in information related to the 

electronic bonding and structure characteristic of chemical 

systems. However, X~ray photoelectron spectroscopy (XPS) 

has the unique versatility of yielding direct electron 

energy measurements from virtually any atomic species. This 

technique was first developed by Siegbahn and coworkers, and 

has been used to study solids, gases, and frozen liqUids. l ,2 

A variation of this spectroscopy, molecular photoelectron 

spectroscopy,3 uses vacuum ultraviolet radiation instead of 

X-rays and is applicable primarily to the valence shell 

electronic structure of molecules. 

The ba~ic photoelect~on experiment involves irradiation 

of a sample with ph6tons of energy hv and analysis of the 

resulting photoelectron energy distribution emitted from the 

sample. Knowledge of the photon energy .and determination of 

the photoelectron·kinetic energy (EK.E.) yields the electronic 

binding energy (EB.E.) according to the following basic 

relationship: 

EB.E. = hv - EK.E. (1) 

This process is illustrated for X-ray photoele~tron spectro-

scopy in Figure 1. In this figure an electron from the atomic 

2s energy level is shown being photoejected into the energy 

continuum of the spectrometer vacuum chamber. Measurement of 



the energyd~stribution of ~lectrons beingphotoemitt~d from 

trie sample surface is carried out in a dOtlble-focussing 

magnetic spectrometer as represented in Figure 1. This system 

pe~mits'measuremel'lt of small changes in electron binding 

eriergies with a-r~producibility of ~bout 0.2 eV in many cases. 

Changes in the electronic' environment of an atom,' 

resulting from a chirige ~n ligands or formal oxidation state, 

has been shown to correspondingly change the core electron 

binding energies. These "chemical shifts" can be interpreted 

with t~eoreticalphysical concepts. Theoretical interpreta~ 

tion~ cit chemical shifts in sulfur, nitrogen, arid carbon 

. ·12 
compounds have been carried out by Siegbahn, et al. ' using 

both empirical charge correlations and molecular orbital 

calculations. Fadley, et al.,4 using atomic~rbital'calcula­

tions with corrections for lattice effects presented an 

explanation for chemical shifts, in ionic compounds. Semi-
. . . 
quantitative molecular orbital calculations on nitrogen and 

2 

phosphorous compounds' were carried out by Hendrickson, et al .. 5 , 6 

~611y and Hendrickson7 have related thermodynamic data to 

chemical shifts in electron bind~ng energies. More retent 

approaches to the interpretation of X-ray photoelectr6n 

. . ' . .8-11 
spectra have been presented in several other papers. 

Besides chemlcal shifts of core energy levels, XPS has 

.'tr' . 

been used to investigate molecular orbitals of gases,2,12 Q 

~ransition metal d bands,l j 13 and spllttings in core electron 

binding
C

energies. 13 ,14,15,16 The splittings originate from 
. . 

electron correlation effects of unfilled valence orbitals 



upon core levels13~15,16 and probable ligand field effects 

. 14 
on core P3/ 2 levelsj . 

In order to establish a comparative perspective of this 

XPS technique with other scientific·probes and the informa­

tion obtainable from them, a generalized "crystal-field" 

Hamiltonian of a single ion is presented in equation (1).17 

The physical nature of th.e Hamiltonian's perturbational terms 

and their related spectroscopic probes are briefly discussed. 

(1) 

The first -term of equation (1) can be represented as 

n - n 

Ho I Pa Ze 2 

+ 1: e 2 

= 2m - ra r 
a=l a>b=l . ab 

(2) 

where these terms describe the kinetic energy, the electron­

core potential, and the electrori-elect~on repulsion, respec-

tively. In this expression ~ is the linear momentum of the . a _ _ . . 

ath electron, ra its distance from the nucleus and rab the 

distance between the ath and bth electr.ons. This term includes 

all the interadtions within the free ion. 

Electronic behavior is affected by the strong electric 

fields set up by the surroundin~ ligands. This is expressed 

by the second term of equation (1) 

HV = I -e V (X a' Ya ' Z a) . 
a 



where V is the potential of the electric field set up by 

the ligands and Xa ., Y
a 

,Za are the coordinates of the ath 

electron of the partlY filled shell. 

The magn~tic interaction between the electron spinS, 

sk' and the orbital. moments, lk' give rise to the third term 

in equation (1) 

(4) 

H~'andHls may be of comparable magnitude depending on the 

strength of the-ligand field. 

These first. three terms of H, equations (2), (3) and (4) 

determine the electron energies (on "the order of I to 1000 

eV) meast.lredthrou.'gh the XPS technique. Of course atomic 

abs6rption~ X-ray absorption and emissi6n, electronic 

absorption and fluorescence, and electr6n spectroscopies such 
\ 

as electron impact give information concerning electron 

energies described by th~se terms~17,33 However~ except for 
c 

some electron spectroscopies, these techniques involve 

energytr~nsitionsbetween bound states, and the information 

obtainable is correspondingly restricted. None oft-he above 

mention~d spe~troscopies is as versatile and di~ectiri 

measurement of electron energy levels as photoelectron 

spectroscopy. 

The remaining terms in the generalized Hamiltonian are 

magnetic perturbations which make a negligiblecontrlbution 

to the total electron energy. These are,in order of appear-

4 



i·, 

ance in equation (1), spin-spin, nutlear-spin, quadrupole 

and external magnetic interactions. The greatest energies 

involved in these terms are the result of spin-spi9 inter-

.. -4 
actions with transitions on the order of 10 eVe Methods 

of invesiigation include SPR, NMR j and Mossbauer spectro­

scopies. 17 However, th~s~ techniques require some special 

characteristics of the system, such as unp~ired electron 

spin, in order for them to be applicable. The XPS technique 

5 

is not so restricted. Applicatiqn of various techniques 

mentioned atiove and a discussion of their spectral interpreta-

tion is presented in the section dealing with the non~heme 

iron proteins. 

Because of the versatility of XPS we have been able to 

apply this technique to a wide range of biologically related 

problems. lnformation has been obtained about the nature of 

the iron-sulfur moiety in the non-heme iron proteins as well 

as that of magnesium in chloroplast systems. Through 

correlations between calculated charge and electronic binding 

energy, information can be obtained as to the nature of the 
, 

bonding in these systems. Rapid quantitative analyiis of 

nitrogen and sulfur in grain proteins has also been possible 

by suitable application of this XPS,technique. 

II. EXPERIMENTAL EQUIPMENT AND METHODS 

The X-ray photoelectron spectrometer used in these 

experiments is illustrated schematically in Figure 2 and is 

described in detail elsewhere. 18 ,19 This spectrometer is 



const~ucted from two air-cored iron-free solenoids, which 

give a field form vary~ng approximately as 1/;;-, permitting' 

"double-focussing" of electrons (i.e. both radially and 

axially) . 
, .6E 

Its energy resolution is E = 0.06% full width at 

half maximum intensity. The solid angle of source subtended 

bythe'res~lution baffle is approximately 0.12% of 4w, and 

the source and detector slits are approximately 0.04 cm wide 

and 1 cmhigh. 

The primary components of the spectrometer system 'ar~ 

described below. X-rays are produced from a specially 

constructed X-ray tube with interchangeable anodes (usually 

constructed from magnes'ium or aluminum) giving characteristic 

Ka X-rays (with energies on the order of 1200 to 1400 eV). 

Several source holder arrangements are available. A solid 

sample holder19 and a low temperature transfer chamber were 

used in our expe,riments. This accessory transfer chamber ;is 

shown in Figure 3 and the use of this chamber is described 

be16w. After dispersion in 'the spectrometer, the electrons 

are counted by an open-window Bendix channeltron electron 

multiplier. The solenoid current and data acquisition and , 

recording system are controlled by a PDP-8 computer with 

associated electronics. 

The accessory transfer chamber mentioned above was used 

for all work with protein solutions. In Using this chamber, 

the solutionis placed in a shallow-~upped~ ~old-plated 

sample holder and is frozen at approximately ~50oC while 

under an atmosphere of pure dry nitrogen in a dry box. ,This 

6 

'., 

j .. . " 

1 
t' 
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~\ 

,. 
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clean atmosphere prevents condensation of extraneous vapors 

on the surface of the solid solution. Such condensates could 

drastically decrease the solute spectral intensity since only 

those electrons originating within a few hundred angstroms 

of the surface eacape elastically and enter the spectrometer. 

The frozen sample, still under the inert atmosphere, is 

transferred to the'sp~ctrometer by means of the portable 

chamber fitted with a suitably valved airlock. The sample 

temperature is then reduced to the desired value by radiative 

heat transfer to a surrounding surface maintained at 77°K, 

which acts as a trap for extraneous gases in the spectro­

meter. The transfer container is then evacuated and the 

sample moved into position in the spectrometer. A more 

complete description of the use of this technique is presented 

elsewhere. 20 

Experimental data were curve-fitted by a least-squares 

computer program which fitted either Gaussian or, L6rentzian 

functions to the X~S spectra. 21 

III. BINDING ENERGY DETERMINATIONS USING AN EXTERNAL CARBON 

REFERENCE 

Ail electronic binding energies (EB.E.s) reported in 

this manuscript have been referenced to the CIs B.E. of the 

carbon film deposited on the sampl~surface. Without 

referencing of this type what one ~ctually determines f~om 

the XPSexperiments is 

7 



where the term, l/Jwf' is the work function contributiont'o 

thE! energy, which ~1ll either accelerate or retard the photo­

electrons entering the spectrometer~·. Further, when compar-

ingcthe binding energies between two samples one determines 
., 

.' 

where 6l/J c is the contact potential between. thetwo'samples 

and represents the difference between the ·two work functions 

of the samples.** In using an external ref'erence f'ilm it is 

assumed 6l/J c is negligible between the s~mple and the surf'ace 

*The "true work function" at the surf'ace of an ele'ctrical 

conductor isdefined22 as the dif'f'erence between the electro­

chemical potential, ~, of the electrons just inside the 

surface and the electrostatic potential, -e~, of'· an electron. 

in the vacuum just outside it 

-
l/Jwf'=-e~ - u 

** When two electrical conductors are connected electrically, 

electrons will f'low f'rom one to the other until equilib~ium 

is attained. There then occurs a diff'erence of potential 

between a pOint aboVe the surf'ace of one of the conductors. 

with respect to a point above the surface of' the other. This 

"contact potential" is the diff'erence between the two work 
c 

. 22 f'unctions of the.samples: 

I, 



,'" 

.~. 

film, only if this assumption is true, is accurately known 

relative B.E.s obtainable. 

Ideally a reference material for measuring electron 

B.E.s should reflect all external effects on the B.E. of the 

sample being investigated. The only reference meetingithis 

requirement. is an atom of constant 'chemical environment 

within the m6lecules investigated. In practical terms, an 

external reference must usually be used, and the best one 

can expect from such a reference is a measure of gross exter­

nal phenomenon acting upon the sample's electron energies-­

such as charging effects and variations in the static 

magnetic field. 

9 

All references should be able to reflect the effects of 

variati~ns in magnetic fields but adequate determination for 

charging phenomenon requires good physical and electrical 

contact between reference and sample .. This can be accomplished 

by deposition of a thin film of reference ·material on the 

sample surface. Furthermore, electrons 'in high dielectric 

materials will feel only a partial effect of surface charging. 

This attenuation ~s due to internal polarization screening, 

and the net charge inside a dielectricis 23 

where Q is the charge on the surface, and K is the dielectric 

coefficient of the sample. The use of metal films (with a 

K = 1) may overcompensate for charging effects since metallic 



and Ei 'is the orbital energy. In the modified method used in 

this ma~~script, diagonal ~a~rix elements ~re approximated 

by valence orbi~al ionization po~entials (VOIP's). For the 
. '26 

ionization cq 
:+ Cq+l the VOIP is computed from the formula x y 

where q is the charge on the atom, I(q) is the ground state 

ionization potential of c~ and the E's cdr~espond to the 

we~ghted ~eanofenergies of all m~ltipl~t term~ arising 

from ~ g~ven configuration relative to the gr6und stat~ of the 

.atom or ion in question. These diagonal elements were 

adjusted for partial ~harges by21 

H~a = H. aa 2qi 

where qi is the charge pn atom lIi ll
• This adjustment is 

made in an attempt to compensate for the effect of the 

potential of the su~rounding ligand atoms upon the central 

12 

atom. Off-diagonal matrix elements are approximated by Cusach's 

formula 28 

Slater-type orbitals ~ere used as a minimum basis set for these 

calculations. ·These orbitals are wave functions describing 

the motion of a single electron in a c~ntral field in which 



." 

29 the potential energy is given by . 

V(r) 
_ 

Znl + n*Cn*-l) 
- r 2r2 

* The quantity n is an effective principal quantu~ number 

13 

and Znl is an effective nuclear charge. These Slater orbitals 

27 were also adjusted according,to 

0.35 qi 

n* 

where uiis the adjusted orbital exponent of the exponential 

Slater function. The Mulliken population analysis30 can be 

illustrated by a simple example of a two atomM.O. 

Squaring this wave function and integrating gives 

N = N6i + 2NC i Cj Sij + NCJ.-
, I , 

where N is the number of electrons in the molecular,orbital, 

NCi and NCl are the net atomic populations and 2NC i Cj Sij is IS 

the overlap populatidn. The net atomic population plus 1/2 

of the overlap population is defined as the gross atomic 
. ! I, 

population. The n~t charge on an atom is calculated by 

summing over all occupied molecular-orbitals. The entire 

procedurewas.reiterated until charge self-consistency was 

attained. 

III 



14 

There ar~ many 'limiiation~ to this semiempiric~l M~O. 
. . . 

method. It neglects important contributions to elect,ron 

energy which include electton-correlationj relaxation and 

relativisti~effects. An analysis of the approximations of 
.. 

the extended Huckel formalism and its use in calculating 

parameters of transition metal complexes has been described 

by Blyholder and Coulson3l and Basch et al. 32 However lacking 

a more comprehensive method for calculating electron energies 

of large molecular systems (considering the practical 

limitations of compute~ time and expense), we use this method 

to help ~nterpret the XPS spectra of transition.metal.complexe~. 
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Figure 1. X-ray photon shown -photoejecting an electron 
into energy eontinuum, illustrating the X-ray 
photoelectron experiment. 
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Figui;-e 2. Schematic _11l'ilstrati6n ofX~ra.Y spectrometer 
used" in this work.· ... , 
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XBB 715-2008 

Figure 3. Low temperature transfer chamber, showing sample 
block in extended position. The gold plated sample holder and 
a coppe r box which surrounds the sample block and acts as a 
trap for extraneous vapors are shown next to the chamber. 



Table I 

Fe3P B.E. Fe3P B. E~ 
Compound Un90rrected Correct.~d . 

tape .... -

K3Fe(CN)6 59.6 54.9 

Fe 20 3 (1 ~ 62~l' :>4.9 
I 

Fe20
3

(2} 61.4 54.7 
( ','.; 

Ferric 
phosphate broad 

\ 

CIS 
B.E. 

288.7 ~V 

288,~ 7 eV 

291. 2 eV 

290.7 eV 

290.6·eV 

·Au4f.B.E.s 

87.3 
83.7 

87.2 
83.6 

87.3 
83.7 

'87.3 
83.7 

87.4 
83:7 
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The non-heme iron proteins, collectively referred to as the ferre­

doxins, have received considerable attention in recent years because of 

their unusual properties. The biochemical interest derives from their 

extreme values of redox potential which nature has exploited by their 

incorporation into several electron transport chains. The biochemical 

investigations have been summarized in recent reviews (1,2). Several 

types of physical measurements have been performed, the objectives of 

which have been to elucidate those features of the molecular, atomic 

and electronic structure responsible for the biochemical properties. 

T~ble L lists some pertinent physical properties of these proteins. 

The chemical and physical investigations on these proteins have been 

reviewed by Tsibris and Woody (3). The work reported. here, employing 

a relatively new class of physical measurement, was engendered in the 

same spirit of probing further into the structure-fun~tion relationship 

of these intriguing molecules. 

When this work was initiated it was known that the. proteins con­

tained non~heme iron, acid labile sulfur and cysteine sulfur. The 

absorption spectra of the intact proteins exhibited features which 
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changed in a characteristic and reversible manner upon reduction (or 

oxidation). Since these features were totally absent in the apo-proteins. 

it was concluded that the iron and probably certain of the sulfurs were 

at the active site. Subsequently, the elegant EPR experiments deriving 

from Beinert and collaborators (4,5) wl1ich employed isotopes of iron and 

sulfur, and replacement of the labile sulfur with selenium. showed con­

clusively that these elements were indeed at the EPR site and presumably 

at the active site. There has thus evolved a picture that the active 

site(s) contain an iron-sulfur complex or clusters. 



24 

The problem which we addressed was to examine the iron and sulfur 

moietles by X-ray photoelectron spectroscopy (XPS). This method permits 

a study of each element specifically and individually, aild is capable of 

providing some structural and bonding inforInation-rathermore directly 

than-is accessible from any other contemporary form of' spectroscopy. We 

have applied this method _to four non-heme iron proteins: rubredoxin, 

"high potential iron protein" (HIPIP), clostridial ferredoxin, and 

spinach ferredoxin. These four were chosen as representative of all 

the currently known irQn.:..sulfur proteins. XPS data from model complexes 

which correlate well with theory are used to aid in the interpretation 

of the protein spectra. 

The first section of the paper describes. the phys~cal method. The 

second discusses the experimental procedures. We then present the experi-

mental results, followed by a discussion and interpretation, and conclude 

with a summary -of the findings, 

METHODS 

When a sample is irradiated with light of sufficient energy, electrons 

may be ejected and their kinetic energy is given by the well known Einstein 

relation, 

ICE. = hv - R.E., 

where ICE. is the kinetic energy of the electrons, h is Planck's constant, 

v is the frequency of the light quantum, and R.E. is the binding energy 

of thee1ectrons .in the sample. If the photon energy is increased suffi--

cientIy, by using X-rays, electrons may be ejected from the inner or core 

• 
levels of the constituent atoms of the sample. Since photon or X-ray 
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energies are known to high accuracy, the binding energies may be deter-

mined wi tIl precision by measurement ,of the kinetic energies. The measure- , 

ments may be performed with a variety of devices, but most commonly 

magnetic and electrostatic deflection analyzers are employed. The over-

whelming majority of the energy levels of the elements across the periodic 

table have 'been determined in this manner. 

The method is outlined schematically in Figure 1. In this figure 

are sketched the discrete energy levels of a particular atom in a com-

pound as well as those levels which are a collective property of the com-

pound as a whole and make up its valence band or molecular orbitals. 

An X-ray photon is shown lifting an electron from the 2S level of this 

atom'into the continuum of energies, or~ equivalently~ removing ,it to 

infinity. At this'point the electron enters the spectrometer, wherein 

it is brought to a focus and impinges on a detector when the electron 

has the correct energy (more rigorously the correct momentum). The 

energy range is scanned by varying the strength of the magnetic field 

and thus a spectrum is traced out by recording the number of electrons 

, reaching the detector at each value of the magnetic field in complete 

analogy with mass spectrometry. This method was developed and brought 

to its present state of refinement, by the group at the Institute of 

Physics at the University of Uppsala, Sweden (6). 

Since all atoms are constructed in the same manner, it is possible 

to photoeject their electrons, and by a suitable choice of exciting 

X-ray energy and particular atomic level 'one can distinguish among the 

different constituent atoms of the sample. It is apparent, then, that 

calibration against a sample of known elementary composition will permit 
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. a qualitat{ve ahd quantitative analysis of the unknown sample. The 

absolute s'ensitivity of the me thad is very high, although it is not 

especially suitable for detecting small amounts of one element in the 

presence of a large excess of other elements. 

More recently it has beert shoWn that a given element in different 

chemical configurations exhibits chemical sllifts of its binding energies 

(7) • These chemical shifts thus extend significantly the utility oj 

the method s'o that not only the total quantity of a given element may 

be determined, but als6 the type or' types of chemical bonding situation 

in which the atom is located. The origins and theoretical foundations 

for these chemical shifts are rather well understood (7,8). An intui-

tive understanding of the chemical shifts may be derived from the 

following simple argument. In a neutral atom the electron binding 

energies are determined by the attractive potential between theelect::-ons 

and the positive nucleus and the repulsive interactions among the elec-

trons. In a normal complex the valence electrons are partially donated 

to or accepted froin the ligating atoms. The net ·effect in a particular 

complex is a decrease or increase of the net charge on the atom under 

study relative to the charge on this atom in other complexes. This 

change of net charge is accompanied by ~n increase or decrease of the 

binding energies of the tore electrons. More formal and detailed 

arguments will be found in the literature references and will be presented 

in the discussion section. 

EXPERIMENTAL PROCEDURE 
v 

Spinach ferredoxin was prepared by the method of Tagawa and 



Arnon (9). Clostridial ferredoxin and clostridial apoferredoxin were 

obtained from Prof. J. C. Rabinowitz, HIPIP from Dr. R. G. Bartsch, 

and rubredoxin from Dr. W. Lovenberg. 

All spectra ,.,ereproduced and analyzed in the Berkeley iron-free 

photoelectron sp·ectrometer (10). In order to obtain spectra from proteins 

in a state approximating the solution and to obviate the interfering 

= effects of S04 . accompanying (NH4)2S04 precipitation, the samples were 

run in frozen buffered aqueous solution. An accessory transfer chamber, 

which allowed controlled cooling of the samples, was used in the spec-

trometer source housing (11). The solutions were frozen to about -90°C 

before submitting them to the spectrometer vacuum of about 10-5 torr. 

Each ferredoxin spectrum represents the best data obtained from experi-

ments with from three to five different samples of the same protein. 

Spectra composed of . several peaks were resolved by curve-fitting .with 

lorentzian lines of restricted half-widths by means of a computer program 

described elsewhere (12). 

X-ray doses of 105 r ~ are known to decompo·se cys tine and cys teine 

in aqueous solution at room temperature (13). Radiation decomposition 

of amino acids in the dry, solid state in air is also known to occur (13). 

Experiments were carried out to determine the radiation dose to which the 

samples in our spectrometer were subjected. Exposure ofa radiation 

safety film badge to the conditions of a typical experiment indicated a 

maximum dose rate of approximately 103 rads/hr. To determine the effect 

of this quantity of radiation on the proteins, samples of spinach ferre-

doxin, frozen to dry ice temperatures, were subjected to a dose of 

3 x 4 of Co
6O 

biologi-10 rads y-rays. These experiments showed that the 

cal activity of the irradiated sample, as determined by the rate of NADP 



reduction (9),decreased approxiniatelyl0 to 15% from an unirradiated 

control sample. As all 'of the spectra presented in this paper were 

ob tained \"i thin 12 hours, bulk decomposition does not appear to be a 

serious factor. 

The purity of the ferredoxin samples; fromwhichXPS spectra were 
, , 

obtained, waschetked optically. All samples had purity ratios' within 

10% of the optimum literature vaiues. The optical purity ratios of the 

samples, before 'and after XPS spectra were obtained, appeared to l;'emain 

co'nstant to within 10% •• However, XPS spectra result from the top few 

hundred angstroms of the sample surface (7), and degradation in only 

th.ese . layers lJoul'd be difficult to detect by an optical method (since 

only a fraction of the sample would be affected). ThesE7 top layers are 

submitted notcmly to an X;;'ray flUx of about 1000 rads/hr, but are also 

susceptible to freeze-drying effects and possibly surface reactions 

(althoughtneasures were taken to avoid the freeze-drying phenomenon) 

(11) • The spectra presented here were consistently reproducible using 

about three different samples for each protein,· -and the corresponding 

spectra did not deter-iorate significantly with tinie.· Thus, the proteins 

investigated by this XPS method did n, t explicitly show the effects of 

decomposition. 

Figure 2 shows the S2P photoelectron spectra of the four non-heine 

iron proteins under investigation and also. that of clostridialapoferre-

doxin. This apoferredoxin was prepared in the laboratory of Dr. J. C. 

R.abinowitz by removing the iron and labile sulfur from clostridial ferre-

doxin, leaving only cystine groups in the protein (14). 

28 
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The corresponding Fe3P photoelectron spectra are shown in Figure 3. 

These spectra have been adjusted by s~btracting out a constant background 

from the ra\vdata. It should be noted that the typical Fe3P spectrum 

displays a half-width of about 2.8 eVe However, the apparent broadening 
.. , 

in the iron spectra of these proteins is not necessarily due to the 

existence of chemically or magnetically different iron species, but may 

result from the very poor statistical resolution of the Fe3P photoelectrons 

from these proteins. 

Table II summarizes the quantitative results of ,these iron and sulfur 

spectra. The estimated error to the measured B.E.s is the scatter of 

values obtained from several experiments with each protein. The area 

ratios have also been estimated by considering all experimental spectra 

but, nevertheless, are only a rough estimate and are n..:>t to be taken as 

precisely accurate. 

These non-heme iron proteins were reduced'using Na2S203 (or, in the 

case of HIPIP, oxidized with K
3

Fe(CN)6) and investigated as frozen solutions. 

However, .no significant change in the photoelectron spectra could be 

detected upon reducing or OXidizing the proteins. HC;lWever, in many cases 

the reduced proteins showed significant decomposition after exposure to 

the experimental conditions and thus unequivocal interpretation of the 

effects of reduction upon the XPS spectra was not possible. 

Pos'sible model ligating sys terns of the iron-sulfur complex in the 

non-heme iron proteins are presented in Tables III and IV. TableIII 

contains the measured Fe3P and S2P B~E.s and calculated charges of synthe-

sized model iron-sulfur complexes. Table IV contains the calculated iron 

and ~urcharges of hypothetical model iron-sulfur complexes. The data of 

Tables II, III, and IV are summarized by Figure 4, in which. the B.E.s of 
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the 'non-heme iron proteins are represented as shortlilles within the 

semicircles. The uncertainty in these B.E.s is represented by the 

length of these lines. Model complexes from Table IV are abbreviated 

by the notation M.C. in Figure 4. 

To provide background information for use in the interpretation of 

the protein spectra, the iron and sulfur photoelectron spectra of a diverse 

series of compounds of known stoichiometry and structure were collected. 

In a previous publication we have presented these results together with 

an interpretation based. upon the extended HUckel theory (15). These 

data are presented in Table V and Figure 5. We will consider these 

model data in the Discussion section • 

. DISCUSSION 

The photoelectron spectrum ofa chemical systemshouid give insight 

into the electronic structure of that system, since changes in chemical 

environment of an atom will correspondingly change the B.E.s of its core 

electrons (7). When interpreting our XPS data,we use the assumption that 

similar atomic binding en~rgies represent similar chemical environments. 

Although this assumption is necessary, it is not sufficient alone for 

interpret·ing XPS spectra. Molecular orbital calculations of atomic 

binding energies or'parameters related to B.E.s in'synthesized and hypo-

the tical model complexes can also be helpful in substantiating the inter-

pretation of the XPS spectra. We have established, in a separate publi-

cation (15), direct correlations between electron B.E. and atomic charge, 

calculated by means of extended HUckel theory, for a diverse series 

of iron and sulfur compounds. 

II 
I 
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-""" Atomic charges and binding energies of the mOdel complexes were 

calculated using the extended HUckel method formulated by Hoffmann (16,17), 

~"ith modifications to the Coulomb integrals and" Slater exponents such 

that iteration to charge self-consistency could be" obtained. This 

method does not include electron repulsion terms explicitly, and uses 

ernpiricalparameters for evaluating the elements of the secular determinant. 

Table V shows a direct correlation between calculated B.E. and calculated 

charge. From this observation it seems reasonable to expect similar 

results for attempts to. correlate measured electron B.E.s with either 

calculated charge or calculated electron B.E.s. However, the correlations 

are admittedly somet.,rhat artificial since the simple extended HUckel calcu­

lations are insensitive to some important contributions. to electron energy 

which include electron correlation, relativis-tic and relaxation effects. 

Because of its success in predicting relative B.E.s in organic complexes 

(15), the extended HUckel fonnalism offers" the best method available to 

calculate charge and binding energy for such large molecular systems as 

we deal with here, despite its limitations mentioned above~ 

Using these correlations and the XPS data from a number of inorganic 

iron-sulfur complexes we have interpreted the XPS spectra from the non-heme 

iron proteins. "Where applicable, we also compare the results of other 

spectroscopic techniques with those of XPS. 

The sulfur data are especially interesting. Rubredoxin, with no labile 

"" sulfur atoms and 4 cys teine sulfurs ,shows one S2P photoelectron peak at 

162.7 eV, which is relatively close to the. value for S2P photoelectrons 

from clostridial apoferredoxin. Correlations between B.E. and calculated 

charge (as shown in Figure 5) indicate that a B.E. of 163 eV corresponds 
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to a sl.lifur charge of abo tit zero .. This is consistent with. the apoferr~-

doxin, which contains cysteine sulfurs. However, X"';ray diffraction I , 

results (19) 'indicate the four sulfurs of oxidized rubredoxin are bound 

to iron in a tetrahedral arrangement, and' the 'XPS of inorganic complexes 

sh6~y such sul'iuI'sto e.,,<h.ibit typically an S2P photoelectron peak at about 

l61.5e'V' (see Table III and Figure 4) • Consequently. the rubredoxin S2P 

B.E. of 162.7 eV must be interpreted as an unusual' bonding situation 

where'the cysteine sulfur is weakly bonded to neutral iron such that little 

or no charge is effectively transferred betWeen the two atoms, or, con-

sidering item lc 'of Table IV, as cysteine sulfur bonded to iron in a 

positively charged complex wherein any negative charge on the sulfur 

~vould be neutralized.' The peak at about 168 eV in the ~ubredoxin spectrum. 

c'orresponds to the S'2P electrons from the S04 = ion; which .is appar~ntly 

present with this protein. 

HIPip, with four labile sulfur atoms, and four cysteine sulfurs, 

yi.elds two sulfur photoelectron peaks of approximately equal intensity 

at B.E.s of 162.9 eV and 161.5 eV. The value at- 162.9 eVcorresponds 'closely 

to that' of the S2P photoelectrons from rubredoxin and is given a similar 

interpretation. As illustrated in Figure 4, the value of 161.5 eVcorres~ 

ponds morene'arly to the typical value of an iron-bonded sulfur found in 

the iron-sulfur complexes of Table III. The sulfur associated with this 

B .E. is assume:dto be' the "labile" sulfur and to be bonded orily to the 

iron and not to the protein. The third S2P peak at hi£hestBo.E. is , ., 
assumed to originate from an ,oxidizedsulf,~r spec,iesnot asspci.ated' with. 

the: acti.ve'site. 

Spi.nach ferredoxin, witht:wo labile sulfur atoms and five cysteine 

sulfurs, exhibits a: spectrum which can be deco .. ,posed into at least two 

", 

,>, 
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S2P photoelectron peaks in the. approximate ratio of 5 to 2 (as detC!rroined 

by a computer analysis). Through a lorentzian curve fit, these peaks 

are determined to occur at 163.1 eV and 161.1 eV, respectively. TIle 

value at 163.1 eV is taken to correspond to that of rubredoxin and is 

interpreted similarly, while the value at 161.1 eV again corresponds more 

nearly to the sulfur of inorganic iron-sulfur complexes and is assigned 

to the "labile" sulfur. 

Clostridial ferredoxin, with six to eight labile sulfurs and six to 

eight cysteine sulfurs, ~also can be decomposed into at least two photo­

electron peaks in the approximate ratio of 4 to 3. It should be noted, 

however, that in at. least one experinlent with this protein, an intensity 

ratio of 1 to 1 was found. It is not certain which ratio is the more 

accurate. The B.E. value of 163.2 eV is interpreted in a manner similar 

to that of rubredoxin, while the value at 161.5 eV corresponds again to 

an iron-bonded sulfur found in the iron-sulfur complexes. 

Curiously, the XPS .spectrum of ammonium sulfate precipitated 

clos tridial ferredoxin displayed only one S2P peak at 161. 3 eV aside 

from a sulfate S2P peak at 168 eVe This could possibly be due to a 

difference in bonding between solution and crystallized ferredoxin. 

There is also the possibility that the spectral intensity at approxi­

mately 163 eV is due at least in part to cysteine groups in denatured 

protein since no samples attained 100% purity and surface. decomposition 

would not be detected directly_ Finally" it should again be noted that 

the intensity ratios given for the. above protein spectra are only rough. .. 

estimates based on the assumption that only two peaks are present; thus 

quantitative interpret~tion of sulfur content cannot be made withcer­

tainty. 

"~I 
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Due to the ambiguities of peaks position and the unspecified origin 

of spectral broadening, interpretation of the iron data is somewhat less 

certain than is the sulfur data. Rubredoxin, containing only one iron 

atom, yields a single Fe3P peak of normal ha:lf-width. The Fe3P D.E. of 

54.6 eVis unusually high compared to those of the iron-sulfur complexes 

listed in Table III and Figure 4. EPR investigations of oxidized rubre-

doxin indicate that the iron is in the ferric state, and since X-ray 

diffraction data: give a structure which would not be expected to delocalize 

charge to a great degree, the high Fe3P B.E. is compatible with the EPR 
~ . 

interpretation. A complex such as shown in lcof Table IV could give an 

XPS spectrum corresponding to that of rubredoxin, since the high positive 

charge on the iron should result in a relatively high Fe3P B.E., while 

the zero charge on the sulfur would correspond to an S2P B.E. of approxi-

mately 163 eV. HIPIP, clostridial ferredoxin and spinach ferredoxin have 

somewhat similar Fe3:P B.E.s ranging from 53.0 to 53.6 eV. As seen in 

Fi.gure 4, these values are much more consistent with those of the iron-

sulfur complexes presented in Tables III and IV. X-ray diffraction data 

(21,22) indicate that these latter three proteins contain iron associated 

\vith S in Fe-S clusters. This type of chemical environment would most 

likely result in electron delocalization, and consequently it would be 

difficult to assign a specific oxidation state to the iron of these proteins o. 

This electron de localization would be consistent with the low Fe3P B.E.s 

exhibited by the proteins. Such close association of irons is also 

suggested by EPR and magnetic susceptibility studies (23-25). Inter-

preting EPR data from spinach ferredOXin (clostridial ferredoxin has a 

similar EPR spectra), Brintzinger ~~ (26) devised a.model of an 

Jil 



iron-sulfur center as t\voiron-centered tetrahedra joined at an edge. 

Gibsen ~ aL (27), interpreting the same data, assumed that the active 

moiety contains, in the oxidized form, two high~spin Fe3+ irons which are 

anti-ferromagnetically coupled to form a singlet state. It has also been 

I reported that oxidized clostridial ferredoxin gives a magnetic suscepti .... 

bility per iron 'which shows a linear increase with temperature over the 

range 6 to 65°C, indicating strong anti-ferromagnetic coupling between 

irons (24). If the SII charge on model complex 112 from Table IV were more 

positive (and thus have-a higher S2P B.E.) through perhaps a charged com-

plex, then this type of model would be compatible with the XP'j" spectra 

of spinach and ciostridial ferredoxin and HIPIP. The Fe3P photoelectron 

peak broadening can possibly be due to slightly different chemical environ-

ments of the iron atoms or to core pvlarization effects (12). Core 

polarization phenomena are due to electron exchange interactions between 

unpaired valence electrons and the electrons of the inner atomic shells. 

The net result is a splitting of core electron binding energies of 

several electron: volts. Information concerning spin state and ligand 

arrangement is derived from the intensities and separation· of the split 

photoelectron lines. However, the Fe3P peak broadening may simply 

result from the poor statistical resolution; thu~, no definite inter-

pretation can presently be attributed to this broadening. 

The observation that both the iron and "inorganic" sulfur peaks are 

absent in the XPS spectra of apoferred9xin is consistent with the optical 

~ata, i.e., these constituents are associated with the chromophoric group 

in the native protein. Unlike optical spectroscopy experimental diffi-

culties mentioned above have thus far precluded assessment of the effects 

of reducing agents on the XPS spectra of the non-heme iron proteins. 
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CONCLUSION 

TQ.e XPS data of the non-heme iron proteins have been interpreted with 

respect to hypothetical and synthes,ized iron-sulfur complexes. \..There 

applicable these intetpretations have been shown to be compatible with 

results from other spectroscopic techniques. Essentially we have found 
I 

that the XPS data from rubredoxin, exhibiting relatively high-B.E.~ fo;~ 

the iron 'and sulfur atomsancl only one sulfur peak, are compatible with 

a structure Similar to item lc of Table IV. On the other hand, the XPS 

data from the other three proteins investigated, exhibiting relatively low 
.~ . , 

B .E.s for the iron atoms and two sulfur peaks, . are more compatible with 

a structure simiiar to item 2 of Table IV. These interpretations are 

admittedly somewhat generalized, but can be used as a ·foundation for more 

conclusive work in the future. 

This report has demonstrated the -feasibility of using XPS for 

studying biological systems. Experimental liIDitationsof spectral reso-

lution and intensity should he overcome in ord-er to yield much more 

information than presently is'possible. For example, valuable information 

concerning ligand arrangements about an atom, electron distribution and 

spin state can be obtained by studying core polarization phenomenon of 
! 

suitable complexes (12). One must always be concerned about the.detri-

mental effects of radiation upon biological systems, and better methods 

should be developeci to monitor the pur~ty of a sample's uppermost layers. 

'~ithimprovements in equipment and technique, this spectral method should 

prove a Valuable tool lllprohing biologica~ sys.tems. 
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TABLE I 

(I)No.of Fe X-RAY 
(2) No.of S i (inorg.) REDOX DIFFRACTION 

PROTEIN M.W. (3) No.of So (cysteine) POTENTIAL EPR (Fe-S moiety) 

( I ) I Fe Oxidized: 
C_S S_C 4.3,9 

RUBREDOXIN 6,000 (2) o Si -57 mV ------ -Fe-
Reduced: C_S- -S-C 13) 45 0 (none) 

SPINACH ( I ) 2 Fe Oxidized: Postulated 

FERREDOXIN 12,000 
, 

(2) 2 Si -430mV 
(none) c-...S s..... S/C ------ '// Reduced: S ..... Fe'S:"Fe,s....... (3) 5 So 1.89, \.94,2.01 C...... C 

(I) 4 Fe Oxidized: 

H I PI P 10,000 (2) 4 Si +330 mV .9 .. = ~.!..2.! 2..1.': ~:94 Unknown 
(3) 4 So Reduced: 

(none) 

CLOSTRIDIAL ( I ) 6-8 Fe Oxidized: 
FERREDOXIN 6,000 (2) 6-8 Si -410mV -' ~o.!':..) __ Unknown 

(3) 8 So Reduced: 
l.89, 1.96, 2.00 

XBL714-5123 

\. 

Summary of important physical characteristics of th.e four non-heme 

iron proj;eins under investigation. 



PROTEIN 

OXIDIZED 
RUBREDOXIN 

REDUCED 
HIPIP 

OXIDIZED 
CLOSTRIDIAL 
FERREDOXIN 

OXI.DIZED 
SPINACH 
FERREDOXIN 

APO 
CLOSTRIDIAL 
FERREDOXIN 

TABLE IT 

AREA STOICH 10METRY 
OF Fe-Si MOIETY Fe3P H.E. RATIO 

I Fe--O Si 
4 Cysteines 

~ 

4 .Fe-4 Si 
4 Cysteines 

X Fe-X Si 
8 Cysteines 

54.6±.4 eV 

53.0 ±.4 eV 

(x· 6 to 8 atoms) 53.4 ±AeV .. 

2. Fe -2 Si 
5Cysteines 

o Fe-O Si 
4 Cystines 

53.6 +.5eV 

AREA 
S2P a.E. RATIO 

162.7±.3eV 

162.9 ±.3 eV 
161.5 ±.3 eV 

(approx) 
163.2±.3 eV '4 
16L5±.4 eV3 

163.1 ±.4eV 
161.1 +.4 eV 

163.2.±.2eV 

(approxl .. 
5 
2 

XBL 714-5124 

Summ~ry of the quantitative results.from the XPSspectra of the 

non~heme iron proteins. The area ratios are only approx. values derived 

fromlorentzianfunctions fitted to the1PS data. 
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TABLE ill 

MODEL Fe3P CALC. S2P CALC. 
COMPOUNDS B.E.(eV) CHARGE B.E.(eV} CHARGE 

FeS2 53.0 0.45 161.5 -0.22 

Fe S 0.43 160.7 -0.43 

e 
©=s .-s=@ o s:::Fe-.s ,0 ,53.2' 0.29 161.4 -0.43 

" ©=s-.~ ~s=© S"- le-.S 

® 
52.9 161.4 

KFeS2 0.35 161.1 -0.46 

Br 
Et, /S ........ I "......s, ...... Et 

54.0 0.82 161.4 -0.3 N-C Fe C-N 
Et/ 'S .................. S/ 'Et 

Et, , ,....S, /s, . /Et 
~-C C-N 

Et 's--}e.;;;:s/ 'Et 
53.5 0.95 161.5 -0.3 

' s ..... 9,....s 

Et/N'Et 

, , CH3 
OC, $ /CO 

OC-Fe/ ......... Fe-CO 54.9 162.3 
OC/ ....... r/ 'CO 

H3 

(C5H5FeS)4 54.0 162.1 

XBL 714-5125 

Measured Fe3P and S2P B.E.s and calculated charges of synthesized 

model iron-sulfur complexes.' The B.E.s are reproducible to within .3 eV 

and the charges are self-consistent to within .05 charge units. 

III 
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TABLE N 

BOND BOND 
MODEL CALC. Fe CALC. S' CALC. S· DIST .. ;tF1 DIST.H2 

COMPLEX CHARGE CHARGE CHARGE UU UU 

(I) o ,@ 
H3C-~ lrS-CH3 

Fe 
H3 C-S/' 's-CH3 

(a) Tetrahedral, neutral 0.37 -0.22 2.3 1.82 

(b) TetrahedrJJl, +2 complex 0.63 -0.06 2.3 1.82 

(c) Tetrahedral, +3 complex 0.71 0 .2.3 1.82 

(2) H3c-s . s'(i) ®S!!....CH3 
. >e/ "Fe'?" 

HaC-S ...... S....... 'S-CH3 

Tetrahedral, neutral 0.66 -0.31 -0.32 2.24 2.44 

, (3) 
CH3 
1'(1)® .. H3C- S S I 2 S-CH 3 

...... Fe/' "'Fe/" 
H3C-S....... .......S....... ......s-CH3 

Tetrahedral, neutral 0.64 +0:15 -0.23 2.24 2.44 

(4) H3C, ..... H •y CH 3 

~N" ....-s~ ~S:...-cH3 
-S--Fe Fe-' 

H3C / '5/ " H 

H3c! W'~H3 
Pseudotetrahedral, neutral 0.3 . ::-0.6 +0.1 2.3 2.48 

XBL 714-5126 

Calculated iron and sulfur charges of hypothetical model iron-sulfur 

complexes. The charges are self-consis·tent to wi thin .05 charge units. 
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TAllLE V 

Neasurcd and calculated e~ctron binding energies and calculated 

charges for a diverse series of iron and sulfur compounds. The. B.E.s 

arc reproducible to within .3 eV and ·the charges are self-cons is tent 

to ~vi thin .05 charge uni ts. 

Measured Calc. Calc. 
iron 

charge 

}leasured 
S2P B.E. 

(eV) 
No. Ho1ecu1e. Fe3P B.E. Fe3P B.E. 

(eV) (eV) 

57.7 
... 

2 Fe04 (K2Fe04) 57.7 

+3 
3 Fe (H20) 6 (Fe2(S04)3' 

(NH4)2S04·24H20) 56.6 

+2 
4 Fe(H20)6 (~eS04(NH4)2S04 

.6H
2

0) 54.2 

5 Fe(CN)6-3 (K3Fe(CN)6) 55.0 

6 Fe(CN)6-4 (K4Fe(CN)6) 54.0 

7 Fe (metal) 

8 Fe(C5H5)2 

+ -9 Fe(C5H5)2 .(N02)3C6H20 

10 FeCCO) 5 

11 Fe2 (CO)9 

12 FeS2 
13 Fe(S2CNEtEt)3 

14 FeBr(S2CNEtEt)2· 

52.4 

53.7 

54.9 

54.0 

54.6 

53.0 

53.5 

54.0 

- .+ 
15 Fe(S2C6H3CH3)2 .N(n-C4H9~ 53.2 

16 Ferrichrome A 54.9 

17 Hemin C1 ~4. 2 
+3 . 18 Fe Cl Phthalocyan~ne 

20 S03 = 

21 CH3SOCH
3 

22 CH
3

SSCH
3 

23 CH
3

SH 

24 FeS 

25 KF.eS2 

54.4 

56.0 +1.81 

56.1 +1.79 

+1.51 

+0.86 

+1.24 

+1.03 

52.Q(def.) O(def.) 

54.5 +1.00 

+1.36 

54.7 +1.02 

+1.30 

53.3 +0.45 161.5 

+0.95 161.5 

54.1 +0.82 161.4 

+0.29 161. 4 

55.5 +1.53 

+1.04 

+1.46 

+0.43 

+0.35 

167.8 

166.4 

165.5 

162.7 

162.7 

160.7 

161.1 

43 

Calc. 
sllfur 
c·large 

-0.22 

-0.3 

-0.3 

-0.43 

+1.86 

+1.40 

+0.70 

-0.13 

+0.09 . 

-:0.43 

-0.46 



X-RAY SAMPLE DETECTOR 
TUBE (ES.E.) (E ) K.E. 

( EX-RAY) 
Magnetic Field. 

Focussing 

. ES.E:. = EX-RAY 
(Known) 

EK.E . 
(Measured) 

o FREE ELECTRON 

CONDUCTION BAND 
----------- FERM'·LEVEL o VALEN·CE BAND 

0:: 
w 
z 
w 

·z 

Figure 1. 

o 
0:: ~-6~~~~~~--~~~~ 

303/ 2 
305/2 ..... 

U 
W 
-.J 
W 

3P3/2 
3PI/2 

35 

2P3/2 
2P!/2 

2S 

L-----c:.-----<!)-------~ J S 

XBL 705-5218 

Schematic. ou:tline of. X-ray photoelectron 
method. A 2S electron is· shown being 
ejected into the ene~gy continuum by an 
X-ray pho~on. 
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Figure 2. S2Pphotoelectron spectra of the four non-heme 
iron proteins under investigation and also that 
of clostridial apQferredoxin. The spectra have 
been fitted with lorentzian curves by means of 
a least squares computer analysis. 
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Fe3P phot6electrorlspectra of the four non-heme 
iron proteinsuncter investigation. The: spectra 
have been fitted with lorentzian curves by 
means of a least squares computer analys~s. 
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rt=:\'r s. --s~ ~s:::Fe ...... s-J..9; 

M.C.4 -----"'7 

Fe3P B.E.s 

APO FOX. 

Br 
Et, ..... s.' I ....... s, .. ,/EI 

N-C . Fe C-N: 
Et/ 'S/ '-S"" 'Et 

j 
OX. SPIN. FOX. 

S 2 P B E s lOx. CLOSTR. FOX: . . 'lEo. HIPIP t OX. RBX. 
M.c.4----t160 RED. HIPIP III j 

OX.CLOSTR. FOX'j /. . . OX.SPIN~FOX -+-16""'3'-:-____ ( d) 
, J ~ M M.C.4 S 
"-t .C. 3 (S.') 

... RSSR 

FeS-- 61 ~ 
'--..J 41.C. I M.C. Ie (S") 

b (S') 

Figure 4. Summary of the XPS data from TablesII~ III~ 
and IV. The curved lines within the semi-

4 '( 

. circles represent the error range. of the XBL716-5219 

corresponding binding energies of the· . 
samples. The data labelled M.e.are the model 
complexes found in Table IV and the B.E.s 
corresponding to the charges fro~ Fig. 5. 



..... -

62 

168 + Su I fur dato -> + dota 60 > ~ Iron Q) 

w 
co 166 w 

co z " 0 58 z 0::( 
~ 0 f- 2 0:: <..) 

f-w 164 <..) .-.J 
~., W W 

--l 
CL 

56 
w 

C\J 
CL cJ) 
f<) 

0 Q) 

162 l..L.. w 
0:: 

0 :::> w cJ) 54 cr: <! :::> w if) 2 <! 160 w 
2 

52 
-0.4 0 0.4 2.0 

CALCULATED CHARGE 
~ 

XBL 708-5303 

Figure 5. Plot of measured Fe3P B.E. and S2P B.E. versus 
calculated charge in iron and sulfur compounds 
chosen to represent a diversity of electronic 
environments. The line drawh thro~gh the iron 
data pOints is a least squares fit to the 
data from neutral mOlecules. ~he,numbers 
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· APPENDIX 

In order to obtain an overall view of the ·type of information 

ob tainable from XPS as compared to other spectroscopiQ.5, presented 

below is a brief description of the information resulting from the 

main spectroscopic probes used to investigate the ferredoxins. 

As reported in the main text, the EPR ~pectra of the non-heme 

iron proteins exhibit· characteristic g values. These spectra can be 

interpreted with respect to the follo\ving hamiltonian: 

(1) H = gBH.S - Bu 
where ~ = D[S 2 - 1/3 S(S+l)] 

z 
+ E(S 2 _ S 2) •. 

x y 

~ is the zero field splitting arising from spin-orbit coupling and is 

dependent on the symmetry of the ligand field. This coupling modified 

the normal free electron g values to give g values characteristic of 

the system. 

Measurement of magnetic susceptibility, ~, of the non-heme iron 

proteins can be related to the spin state of the active moiety. A 

typical r~lationship between magnetic susceptibility, ~1' and spin 

magnetic moment, US' is as follows: 

(2) XMcorr = NUs
2
/3k 

T 

(3) Us = g Is (S+l) 

where the constants have their usual significance. 

MBssbauer spectroscopy has been ap~liedto several non-heme iron 

proteins.· One can obtain information about the chemical environment 

and oxidation state of an iron species by determining the nuclear isomer 

shift which is due·to the electrostatic interaction betw'E!en the charge 

,; 



distribution of the nucleus and that of electrons whic~ have a finite r 

probability at the nucleus ~, liS" electrons). Anocher parameter is 
I 

the nuclear quadtupolesplitting which. is the result of the interaction 

of the nuclear quadrupole moment with:he gradient of the electric field 

at the nucleus. The field gradient is caused by ligands and empty 

valence shells. 'Finally one can measure the magnetic hyperfine inter-

action, 

which is the interaction'of the nuclear magnetic moment, I, with a 

magnetic field, H. The effective magnetic field acting on the nucleus 

arises from the electrons of the atom itself and is usually called the 

internal field. The main contribution to this field is given by the 

Fermi contact interaction, ~, direct coupling between the nucleus 

and the unpaired S-electron density. One can also use an external 

magnetic field. 

'. 
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VI. INVESTIGATION OF THE BONDING AND NATURE OF THE PRUSSIAN 

BLUE COMPLEXES USING X-RAY PHOTOELECTRON SPECTROSCOPY 

AND E.H. M.O. CALCULATIONS 

There has been much controversy in the past years over 

the nature of the iron atoms in the Prussian blue complexes. 

This prbblem has been reviewe~ recently in a paper by Wilde, 

et al. l The nominal chemical formulas of soluble and 

insoluble Prussian blue are KFe(Fe(CN)6) an~ Fe4(Fe(CN)6)3' 

respectively.2 However, these formulas are difficult to 

51 

confirm because of the presence of adsorbed impurity ions l ,15,16 

Although many investigations have attempted to character~ 

ize these complexes~I-14 the actual constituents and the 

natu~e of bonding involved are still not unequivocally 

established. There are several possible structures which 

are compatible with X-ray and magnetic susceptibility data. l 

However, the generally accepted structure of the Prussian 

blues is a face-centered-cubicstructur~_with either potassium 

ions or ferric ions occupying the interstices in th~ lattice. 

There is also uncertainty about the type of bonding between 

the iron and cyanide groups. Some investigators consider 

the Prussian blues to be supercomplexes,I,17 While others 4 ,18 

consider the Fe~N bond to be- mainly ionic. 

In order to help eluCidate these uncertainties of the . 
Prussian blue complexes, we ha~e used a method of investiga-

tion wh~ch can obtain direct information ~bout the electronic 

environment of an atom; !~~., photoelectron spectroscopy. 



Recently, chemical shifts of inner-core el~ctron binding 

energies have been observed in a variety of iron crimplexes,9 

52 

and have been related to the atomic charge by using self­

consistent charge (S.C. C.) ext~nded Huckel moleCUlar orbital 

(M.D.) calculatiohs. 20 Specifically, we have compafed the 

photoelectron spectra of the Prussian blues and the calculated 

charges· of a hypothetical approximation to theGe complexes 

with those of the iron cyanides. 

Both inso"luble and soluble Prussian blue Here prepared 

by the method outlined in reference 4. The spectra were 

produced and an~lyzed in the Berkeley ~ron-free electron 

spectrometer. 21 Figure 1 shows the photoelectron spectra 

of the iron cyanides and Prussian blues.' Figures 2 and 3 show 

least squares fits to the Prussian blue data by Lorentzian 

curves restricted only in width, intenSity, and number. For 
~ - - ~ - _. ~ - - - -~ - - -.--- -- -- -." - .. - - - ~-

both Prussian blues only two peaks were assumed to contribute 

to'the experimental data, with ratios of 1:1 for the soluble 

Prussian blue and 3:4 for the insoluble .£russian blue. The 

widths at half-maximum were restricted to that of the 

spectra of the iron cyanides (i.e., 2.8 eV). Table I lists 

the relative electron binding energies 6f the nitrogen IS 

and iron 3P electrons in these compounds. Also listed in 

Tabler are the ~alculated charges on the irOn and nitrogen 

atoms. The calculated atomic orbital overlaps between tqe 

iron and carbon and the iron and nitrogen in the Prussian 

blue model are listed in Table II~ Figure 4 shows the model 

used for the Prussian bl~e calculation; the values in Tables 
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I and II were determined for those atoms marked with the 

corresponding primes in Figure 4. Bond distances were 

obtained from reference lO~ (Fe-C and Fe-N.distances being 

1.85 artd 2~07 i, respectively). 

Although the Prussian blue spectra have been fitted ~ith 

only two peaks, there is no conclusive evidence that this 

represents the true origin of the .observed spectra. In fact, 

Hilde ,et ale 1 have pOinted out that iron impurities on the 

order of ID% can be e~pected in even the most carefully 

prepared samples of Prussian blues. Furthermore, the commonly 

accepted structure of insoluble Prussian blue includes inter­

stitial FeCIII) ions surrounded by water molecules. If this 

is in fact irue~ the photoelectron spectra of these Fe(III) 

ions could fall anywhere within the Prussian blue spectra 

and not necessarily in the same position ot the nitrogen­

surrounded FeCIII) ions. Consequently; the postulated 

decompoSitions of the Prussian·blue spectra shown in Figures 

2 and 3 r~presentonly a possible interpretation, which is 

probably more significant for the soluble Prussian blue 

complex than for the insoluble complex. 

The method of charge calculation using extended Huckel 

tfleory has been described elsewhere. 20 Owing to the large 

number of electrons involved~ we limited our Prussian blue 

representation to the hypothetical structure shown in Figure 

4. Although this structure may not give the best quantitative 

charge values~ the values should have at least qualitative 

significance with respect to other calculated charges using 
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Figure 1. Fe3P photoelectron spectra of th~ Pruss ian Blue 
and iron cyanide complexes using Al Ka. irradiation. 
(a) K4F~( CN) 6. (b) Soluble Prussian Blue. 
(c) K3Fe(CN)6· (d) Insoluble Prussian Blue. 
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Figure 2. Computer fit to soluble Prussian blue data 
by two equivalent Lorentzian curves. 
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Table I 

Measured Relative Binding Energies of N(lS) and F~(3P) 

Electrons and the Corre~ponding Calculated 

Charges on the Atoms ~nder Investigation 

Fe(3P) Fe(3P) 
Compound B.E. (eV) Calc. charge 

K4Fe (CN)6 54.0 1.02±.05 

K3Fe (CN)6 55.0 1.22±.05 

KFe Fe (CN)6 56 .. 0 (Fe') 
1.65 ± .07 

54.6 (Fe' , ) 
1.23 ± .07 

Fe4[Fe(CN~J3 56.4 (Fe' ) 
1.65 ±.07 

55.0 (Fe' I ) 

1.23±.07 

N(lS) 
B.E. (eV) 

397.1 

397.0 

397.1 

397.2 

N(lS) 
Calc. charge 

-0.84± 0.05 

-0.80±0.05 

-0.79 ± 0.07 

-0.79 ± 0.07 

.. 
" 

57 



'. 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 
----- -~-

Fe 

Table II 

Calculated Atomic Overlaps between the Corresponding 

Fe-C and Fe-N Atoms Shown in Figure 4 

Fe' - C' Overlap Fe" - N' Overlap 

C2s C2Pz C2Px C2Py N2x N2Pz N2Px N2Py 

3d 2 -.0834 0 .0939 0 -.0640 0 -.0767 0 
z 

3d xz 0 .1246 0 0 0 -.0764 0 0 

3d x 2_y 2 .1444 0 -.1627 0 .1108 0 .1328 0 

3dyz 0 0 0 0 0 o~ 0 0 

3d xy 0 0 0 .1246 0 0 0 -.076,4 

4s .3917 0 -.1281 0 .3216 0 .1135 0 

4p 0 .2297 0 z 0 0 .1634 0 0 

4p 
x .5479 0 -.1160 0 .4799 0 -.1367 0 

4p 
Y 

0 0 0 .2297 0 0 0 .1634 

:... 
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Figure 4. Hypothetical approximation to the Prussian blue 

structure (used for molecular orb{tal calculations) . 
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this~xtended Buckel method. The calculat~ons were cafried 

out with the only restrictions being that the total charge 

of the two iron atoms should be +5, and each CNgfoupshould 

carry one extra electron, giving the total complex a -6 net 

charge. The most striking result of this calculation is 

that the gfeater charge is found on the cafbon-surrounded iron 
/ 

atom, which has been considered to have only a +2 Oxidation 

state as opp'osed to a +3 oxidation state for the other iron 

atom. In fact, there is a significant differenc~ between the 

calculated iron charges in the hypOthetical compl~x amounting 

to about 0.4 charge units (the difference between the rerro-

and ferri~yanides is 0.22 charge units). COmpared with the 

1.4 eV peak sepafation in the computed Prus~ian blue spectra, 

this computed 6harge difference iE reasonable. Furthermo~e, 

the computed charge on th~ nitrogen atoms in both the Prussi~n 

blues and iron cyanides are very nearly the same within the 

accuracy of the computations. Consequently, one expects, and 

actually does obtain similar chemical sh~ftB for the nitrogen 

electrons. The overlap matrices between the Fe-C andFe~N 

atoms are shown in Table II. The·qualitative significance 

of this data is that the strength of inter acti tin. between the 

Fe~N atoms is comparable to that between the Fe-Catoms. 

Hence 
.... , •• o, , 

4. one would not expect ionic bonding to play a significant . 
role, except perhaps for interstitial counterions. 

Table III presents the ana2'Ttical results for the 

Prussian blues. The fi-rst column in this table .contains the 

6.0 



results from net chemical analysis of the Prussian blues . 

.Normalization of these results indicate that there is about 

8% excess iron in the insoluble Pru~sian blue and almost 30% 

excess iron in the soluble Prussian blue. This excess may 

be attributed to iron imp~rities. Impurities can cause 

erroneous interpretation of XPSspectra. Consequently~ the 

evidence presented by this method cannot give an unequivocal 

answer as to the nature of the iron species lnthe Pruss ian 

blues. However, on the assumption that the major portion of 

the XPS spectra results from the Prussian blue samples, the 

most certain observation one can make from the Prussian blue 

spectra is that there is more than one distinguishable iron 

species in both complexes. Because of the lack of peak 

resolution, the photoelectron spectra of the Pruss ian blue 

complexes cannot unequivocally support anyone structure. 

They can only suggest reasonable possibilities. Furthermore, 

the molecular orbital calculations are necessarily crude and 

their value can only be judged from the ~onsistency of their 

predictions, (~.g., ~s presented in a previous work).20 

Neverthele~s, there is significant potential for this type of 

investigation into the electronic and structural environments 

of many chemical complexes. 
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'l'able III 

A. Solubl~ Prussian Blue 

Element Theoretical wt. % ,Experimental wt. % 

C 15 12 

N 18 13 

Fe 23.7 29-.5 

B. Insoluble Prussian Blue 

Element Theoretical wt. % Experimental ltIt. % 

C 16 17.8 

N: 19 21. 8 

Fe 29·5 37 

.-

\, 
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VIL X-RAY PHOTOELECTRON INVESTIGATION OF MAGNESIUM AND ITS 

NATURE IN CHLOROPHYLL SITUATED IN PHOTOSYNTHETIC 

MEMBRANES 

The role of chlorophyll molecules ~n the photosynthetic 

process has long been a subject of intensive investigation. l ,2 

However, the nature and role of magnesium in biologically 

active chlorophyll has not yet been un~mbiguously det~rmined. 

In order to help elucidate this problem, we have used a 

spectroscopy, X-ray photoelectron spectroscopy (XPS), which 

can give direct information co~erning the electronic 

environm~nt of magnesium (or of any element, for that matter). 

This technique has previously been des0ribed elsewhere,3 and 

only a b~ief sketch will be given here. Essentially, photo-

electron spectroscopy involves bombarding a sample of the 

material to be investigated with low energy X-rays (~.g., 

Al(Ka) X-rays with an energy of about 1400 eV) and analyzing 

the k~netic energy of the resulting photoelectrons. From 

this information, one can obtain the binding energy (B.E.) lof 

the core electrons. These binding energies have been shown 

to exhibit chemical shifts 3 due to a change in chemical (i.e., 

electronic) environment of the atom under investigation. 

This technique is illustrated in Figurel. 

In order to help interpret the photoelectron spectra of 

the chlorophyll magnesium found in'b~ological systems, we 

have establ~shed a chemical shift series from a ~epresentative 

sampling of common magnesium complexes. Figure 2 illustrates 
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-this s~ries. In artalyzing this data one should keep in 

mind that the values given are at best only relative, and 

solid state effects such ai surfac~ charg~ng anJ work 

function variation,s can cause significant chang,~s in the 
" 

m.easured 'binding energy values. However, the v;llues reported 

in Figure 2 have thus rar b~en reproduced to apprOXimrtelY 

0.2 eV~ 

A few comments are nece~sary to cla~ify thevalu$s 

shown in Figure 2. The Mg (2~) B.E. of magnesium m~tal wa~ 

obtained by a computer fit of Lorentzian functions to>"the 

p:lotoelectron spectra of magnesium foil; this is shoVlnin 

66 ' 

Figure 3. The foil spectra showed a broadened peak,appareritly 

corresponding to overlap of MgO ~nd Mg metal spectra. A 

computer least squares fit by two Lorentzian curves of equal 

width resolved the foil :;lpectra into component~ at 87.5 eV 

(corresponding to MgO) and at 85.5 eV (pres umably from fvlg 

metal). The photoelectron spectrum of Phemyl MgBr Grignard 

in frozen ether solution is shown in Figu~e 4; a broadened 

peak is observed. Due to the equilibrium of chemical species 

in Grignard feag~rtts, (R 2Mg + MgX 2 : 2R MgX : 'CR MgX)2)' 

multiple peaks are indeed expected. Figu~e 5 shows the 

photoelectron spectra of magnesium chloride (dehydrated) and 

bf ~gCI2·6H20 frozen at -50°C to prevent dehydration in the 

vacuum system of the spectrometer. The dehydrated magnesium 

chloride spectrum was obtained after, allowing the frozen 

r:;;agnesium chloride sample to dehydrate 'at" room temperature 

while in the spectrometer sample chamber.' The difference in 



>­
(!) 

0:: 
W 
Z 
W 

z 
o 
0:: 
I­
() 
W 
.....J 
W 

67 

X-RAY 'SAMPLE 
TUBE (ES.E.) 

DETECTOR 
(EK,EJ 

'E B.E. 

Magnetic Field 
Focussing 

E K.E. EX-RAY 
(Known) (Measured) 

o FREE ELECTRON 

CONDUCTION BAND 
FERMI LEVEL 
VALENCE BAND 

~ 303/2 
30 5/2 

3P3/2 
3P\/2, 3S 

2P3/2 
2P\/2 

25 

XBL 705-5218 

Figure 1. Essential fe~tures of the X-ray photoelectron 
technique used for this investigation. X-rays' 
from an aluminum anode cause emission of photo­
electrons from the atomic core of an irradiated 
sample. The ~inetic energy of ~hese electrons 
are then analyzed by a d6uble-focussing.magnetic 
field in tho Berkeley iron free spectroDete~~ 11 

~nless otherwise specified~ AlKa X-rays were 
used for all spectra presented in this report. 
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Figure 2. Chemical shift diagram of a representative 
sampling of magnesium compounds. Peakwidth 
athalf~maximum is about 2.1 eV; energy 
measurements, are reproducible to about 0.2 eVe 
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Figure 3. Least squares fit of two Lorentzian functions 
to the X-ray photoelectron spectrum of magnesium 
foil. The only restriction was that the two 
peaks have equal half-widths of 2.1 eV. 
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D.E. between the two compounds of about one eV is attributed 

~h8n to the loss of water of hydration. This shift is 

qualitatiVely consistent with that observed in iron compounds 

with varying numbers of water molecules in the coordination 

sphere. 5 The shift towards higher B.E. with loss of water 

molecules indicates an increase in lattice potential and/or 

the loss of electrdn density contributed by the water molecule~ 

~0 the magnesium complex. It should also be noted that the 

position of chlorophyll ~ on the chemical shift series 

indicates at least ·partial covalent character associated with 

the. magnesium atom> as is illustrated below. This suggests 

that the electronic environment of magnesi~m is coupled with 

that of the surrounding porphyrin molecule and> consequently> 

would be affected by molecular excitations during the photo-

synthetic process. The Mg (2S) spectrum of chlorophyll a 

(shown in Figure 6) also exhibited a secondary peak at abo~t 

91 eV, whicih is attributed to the background spectrum. 

The general validity of these chemical shifts have been 

checked through independent extended Huckel calculations. 

This method of calculation and its limitations have been 

discussed elsewhere. 6 Table I comPares the calculated charges 

~ .. ) ++ 
01 magnesium metal, Mg phthalocyanine> and Mg(H 20 6 .. The 

observed trend is in agreement with the chemical shirts of 

Figure 2. 2 Whether one assumes a configuration of sp or s 

fbr the magnesium valence electrons makes a difference in 

the quantitative> but not qualitative, relation between 

charge values calculated by this method. 
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In order to obtain photoelectron spectra of chlorophyll 

;:;~lGn0sium in a biological environment" we first attempted 

tL) _i,nvest iC;:l te spinach chloroplae:; ts . Spinach chloroplas ts 

were prepared by the method of Jensen and Bassham,7 One 

"12 

\'lould expect difficulty in obtaining a magnesium photoelE:ctron. 

spectrum from whole chloroplasts for several reasons: (1) 

tIle relatively low concentration of magnesium atoms would 

make detection difficult; (2) the variety of magnesium in 

different· chemical environments would tend to wash out any 

specific magriesium spectrum; (3) the chloroplast membrane 

l'JOuld inhibit electrons from reaching the sample surface; and 

(4) low temperature work" as is necessary fOr investigation 

ofinta;t chloroplast suspensions,8 results in a loss of 

spectral intensity after a few hours in the Epectrometer 

(because of experimental limitations in maintaining a clean 
, , 

sample surface at low temperature). Nevertheless"several 

attempts were made to obtain a magnesium spectrum from intact, 

frozen chloroplasts',' frozen chloroplasts'oroken' through 

sonication, and also freeze-dried chloroplasts. Preliminary 

experiments indicated that the chloroplast preparations 

exhibited a magnesium photoelectron spectrum somewhat similar 

to that of crystalline chlorophyll ~; a similar result was 

1 't· d . th h t th t· b t' . 1 h h" 12 a so 00 alne Wl p 0 osyn e lC ac erla c romop ores. 

Tnesespect~a are shown in Figure 7. However, the 6rigin of 

these Mg spectra from such a complex~ ill-defined system is 

not unequivocal (i.e." the spectra from free chlorophyll" 

bound c~lorophyll, other Mg species, or all three). 



.. 

50 

.' 46 

C\.l 42 I 
0 -
>< 

38 
(/) -c 
~ 

0 34 0 

c 
0 
:.... 26 -u 
OJ 

w 
22 

r-, 
jl 
I \ 
r \ 

\ 

i
L 

"2:1 1. 
• eV. \ 

.I '\. 
-/ .. ··0 ~' • . ?' .. ,. .. 

,.....,.. . '0-... ~ , • "\ I 

I 

•• 
r\. • 0 

/ \ 

Magnesium Chloride 

(dehydrated) 

.f ., 

t ----
2.1 \ I 

,f eV ~ 
~ 

. ~ 

: / -) 
i..J 

\ 8 1-.L.._:...-L.._-..J..._--L~-.L_-I'----"" __ 

94 92 90 88 86 84 82 
Mg {2S) f:?E (eV) 

XBL 7010-5467 
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Table I 

Calculated Charges and Experimental B.g.ls of 

Representative Magnesium ,Complexes 

Calculated Atomic Charge 

l\iolecule (S2config. ) (SP config.) 

+1.94 +1. 86 

Mg phthalocyanine +1. 54 +1.10 

iVIg (metal) o (defined) 

ii' 

Relative 
B.E. (eV) 

89.0 

87.5 

85.5 
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in order to obtaininformat~on from a mote definitive 

system, it was decide~ to inves~igate sub chloroplast paiticles 

which could still carry on the ~hotosyntheticprocess. Such 

a small chloroplast particle obtained with Triton X.;..lOO has 
, .. l 

been described by Vernon et al./ Chloroplasts were again 

prepared by the method of Jensen ana Bassham,7 and the photo~ 

reactive subchloroplast particles, designated P-DlO, we,re 

isolated by the method of Vernon. This particle contains 50 

chlorophylls:l cytochrome b 6 :1. cytochrome f:0.5 P700. 

A frozen suspensi6n of P-DIO particles exhibited a 
. . 

noisy, broad photoelectron spectrum of magnesium 2S electrons; 

this is'shown in Figure ~(a). Further attempts to improve 

upon this ambiguo~s spectrum ~e~e unsuccessful due to reasons 

noted earlier. No unequivocal interpretation of this spectrum 

can be made, except that the center o~ the spectral peak o6curs 

near 88 eV, which is r~latively close to that of crystalline 

chlorophyll a. This spectrum may corresp6nd to a combination 

ofdiff~rent magnesitim ions, other than that in chlorophyll. 

In order to obtain a more unambiguous magnesium spectrum, 

P-DIO particles were again prepared as before, washed with 

distilled water to remove any loosely bound magnesium, and 

then freeze-dried. Figure 8{b) shows the magnesium photo-

electron spectrum of these particles, time-averaged over- a 

period of 20 hours. Although the ~pectrum is again somewhat 

noisy, the peak shape and position. can be as~ertained. The 

peak occurs at about 87.6 eV, and has a half-width of 

apprOXimately 2.1 eV, b6th of which correspond to the magnesium 
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(b) X-ray photoelectron spectrum of freeze-dried 
P-D10, particles after washing with distilled 
water. ' 

; (a), X-ray pl1otoelectron spectr'um of illuminated " 
P-D10 particles corresponding to Fig. 7(b). 



~pectrum of chlorophyll a. 

On the assumption that the chlorophyll molecul~s are 

:.itill in 3. relativelytlnatural"· environment in these freeze-

~ried P-DIO particles, we .decided to investigate the effect 

of light upon biologically active chlorophyll magnesium. It 

has b~en determined that when using a chlorophyll concentra-

~ion of 50 ~gms/ml in a 0.3 cm cell width, the6ptimum 

activation flux for 668 A light (in order to carryon light 

induced photosynthetic processes) is 3 x 10-9 einsteins/cm2-

10 sec. Estimating a chlorophyll ~ monolayer concentration at 

10 x 1013 mole~ules/cm2, then 2 x 1015 molecules/cm2 would be 
o 

present in 20 monolayers of 10 A thickness each. This would 

correspond to a distance of 200 ~ from which photoelectrons 

would be emitted witho~t significant energy loss (as is 

suggested by Siegbahn3 ). This quantity of chlorophyll 

molecules represents the maximum quantity of chlorophyll 

molecules absorbing light in the photoelectron experiment. 

By using a calibrated flux meter, the incandescent light to 

be used to 111umihate the P-DIO particles had a flux of 

approximately 15 nanoeinsteins-cm2-sec-1 when passed through 

a 670 glass filter. This flux is much greater than is 

necessary to activate all the chlorophylls that may contribute 

tc the photoelectron spectrum. 

The Mg (2S) photoelectron spe~trum of freeze-dried P-DIO 

particles while illuminated by the incandescent light noted 

above is shown in Figure 8(c); a similar spectrum of the 

frozen suspension of P-DIO particles was too ambiguous to 

Ii' 

.!. 
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~Llaly ~~~. Once again the spectl'u'lll is noi:.:::y, but the peaL 

~lppl.::lI'S to occur at about -87.6 eV and has a ha~_f-width of 

~pproxirnately 2.1 eV; this corresponds to. the B.g. ofthG 
. . 

Inagnesiu~ of P-DIO particle. withou~light.' The la~~ bf 

spectral clarity makes comparison between the P"':DI0 spectra 

difffc~lt and the only:definite observation is that there 

does not appear to be any significaht difference between 
.1 

the Mg (is) s~ectrum of freeze dried P-DI0 pirticleswithout 

or with illumination. 

The observation that the Mg (2S) photoelectron spectra 

o.f the P-DIO particles does not' differ appreciably from that 

of crystalline 6hlorophill a indicates that the chemical' 

environment about the chlorophyll magnesium does not differ 

significantly between isolated chlorophyll and that wh':Leh 

is still in its original biological envir6n~ent. This' 

chemical environment of chlorophyll magnesium appears to be 

one of appreciable covalent character, and one would expect 

any change in the ~lectronic environment-of the chlorophyll 

molecule to have some type of effect upon the magnesium atom 

(although probably ~inor). However, the questian as to 

whetller light has any effect upon the magnesium atom in 

biologically active chlorophyll has not. been unequivocally 

answered by these experiments. Evetlif the chlorophyll's 

~iological a6tiviiyin thefr~eze~driedP~Dlbpar~{cies wa~, 

still intact, any effect upon the ~~gnesium at6m du~ to 

illumiri~tion may be 'so small that· detection would be· 

impo~~ible by thi~ method ie~pecially in view of the paor 
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spectral clarity). Consequently, the only definite concl~sion 

available is that the electronic environment of the chlorophyll 

n~gnesium in the P-DIO particles (taken as a whole without 

ciifferentiating between II reac tion centerll atoms) does not 

appreciably change upon illumination of the particles. 
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Section VIII. Grain Protein Quantity and Quality: 

A Rapid Non-destructive Means of 

Evaluating Cereal Grain is P~ovided by 

X-ray Photoelectron Spectroscopy. 
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, '. 
I ntraduction . 

The "1 ncrez,s i n0 \'/orl d popul atidn'has been accompanied by demands . 

1:0 malntait1 a cot.~]jensurate food su'pply.The cereal grains, legumes 

~hd oil steds provid~ the major protein sources in the less developed 

countries. It was thus natural to seek methods to improve the yields' 

of ~hese crops. The successes of Bbrlaug and his collaborators in 

these endeavors, acknowledged recently by the award of the Nobel Peace 

Prize, haye led to the ,so-called "green revolution" (1). It is 
"I' 

desirable that increased yi~ld$ be accompanied by concomitant increases 

in the quantity of protein per grain, by the quality of the protein as 

rr.easured by the content of essential amino acids and by the digestibility 

of the protein. This last property can be evaluated only by feeding 

trials; it lies outside our area of competence 'and will not be discussed 

further. 

In order to assess the relative nutritional values of the massive ., 

number of seeds involved in any plant protein improvement program, it 

would be desirable for the agronomist and plant breeder to have avail~ble 
.. I 

a convenient, rapid, economical, and non-destructive method for deter-

mining the quantity and quality of grain protein (2). vie present some 

results of a new method which can no\" satisfy some of these requirements 

and offers the potential of sati sfyi ng them all. 

j\~ethod 

vIhen a sample is irradiated with 1 ightof sufficient energy, 

. e 1 ectrcins maybe 'ejected and their kinetic energy is given by the well 
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k:.o','.'!l Etnstci.n relution, 

K.E. ~ hv ~ 8.E. 

~hcrc K.E. is the kinetic energy of the electrohs. h is Planck's con-

st.:nt, v is the fr2quency of tr.2 lisht quantum, and B.L is the binding 

energy of the elJctrons in the sample. If the photon energy is increased 

sufficie~tly, by using X-rays, electrons may be ejected from the inner 

or core levels of the constituent atoms of the sample. Since photon 

or X-ray energies are known to high accuracy, the binding energies may 

be determined with precision by measurement of the kinetic energies. 

The measurements may be performed \IIi th a vari ety of devi ces, but mos t 

COI;iiJ10n ly magneti c and e 1 ectros tat; C defl ecti on ana lyzers are employed. 

The over\'Jhe lmi ng majori ty of the energy 1 eve 1 s of the elements across 

the periodic table have been determined in this manner. Although the 

complementary method of X~ray emission contains the same information, 

the former method , caned X-ray photoelectron spectroscopy ,offers so '" 

many direct advantage~ that we will confine the present discussion. 

thereto. 

The method is outlined schematically in Fig. 1. In this figure 

are sketched"the discrete energy levels of a particular atom in a com­

pound as \'{ell as those levels vJhich are a collective property of the 

compound as a whole and make up its valence band or moletula~ orbitals. 

An X-ray photon is shown lifting an electron from the 2s level of this 

atom into the continuum of energies or, equivalently, re~oving it to 

irofinity. At this point the electron enters the spectrometer \·:herein 

it is brought to a focus and impinges on a detector when the electron 

has the correct energy (more ri gorous ly the correct momentum). The 



Ql~2;'0Y 1';;.ng2 is sC;:lnned by varying -'~~1G. strength of the m"gn2tic field 

and thus a spectrum is traced out by. recordirig' the number of electrons 

~'e2.(:hiI1g the detector at each valu20f magnetic field. This method 'lias 

deve loped and brough t to its present state of refinement by the group 

at the Institute of Physics, University of Uppsala. S':leden (3). 

5i nee a 11 atoms' are cons tru efedi n the s arne manner, it is pass i bl e 

to photoejeet their electrons, and by a suitable choice of exciting 

X-ray energy and particuiar atomic level one can distinguish among the 

different constituent atoms of the s~mple. It is apparent, then, that 

calibration against a sample of known elementarytornposition 'lin 1 per­

;xit 2. qua.litative and quantitative ar.alYsisC'f the unknov/n sample." 

The absolute sensitivity of the method is very'high al'though it is not 

especially suitable for detecting small amounts of one element in the 

presence of a 1 arge excess of other elements. 

More recently it has been shown that a given element in different 

chemical configurations exhibits chemical shifts of its binding energies 

(4,5). These. chemical shifts thus extend the utility of the method so 

that not only the total quantity of a given element may be determi ned, 

but also the type or types of chemical bonding situation in 'dhich the 

c.tom is situated. The origins and theoretical foundations for these 

chemical shifts are rather well understood (4,6,7). 

EXDerimentalDesign 
" 

Since virtually all of the previous' work in this field ;has been 

d.irected toward precision measurements ,of the energies of the photo-

e 1 ectrohs, \\Ie ~,ere. ob Hged to devi se techniques to permi t the quanti tati Ve 

. , 
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dctcri;Jinations of the relative nun:bers of relevant atoms cor,tained in 

the s;:::r::plcs. \'!e \':cre further interested in esti:lblishing the feasibility 

of measuring not only total protein by nitrogen, but also of assessing 

the amino nitrogen as a measure of lysine, arginine and histidine and 

the sulfur as a measure of cysteine, cystine, and methionine. Our 

ptincipa1 ~esearch ~ndeavors prior to our introduction to the present 

topic are related to iron and sulfur and the non-heme iron-sulfur pro-

tei ns knm·m as the ferredoxi ns. Accordi ngly, 'de had some pri or kno"'l-

ledge of sulfur spectr.abut no current nitrogen data 'dere pertinent 

to the present problem (8). 

The first task undertaken was the observation of the nitrogen and 

sul "fur spectra of re 1 evant ami no aci ds, simple pepti d~s, and knO'.·m 

proteins. Fig. 2 $hows spectra of three such compounds. The cystine 

spectra show lines from both nitrogen and sulfur. The designations 

N1S and S2P indicate that the electrons arise from the lS level of 

nitrogen and the 2P level of sulfur, respectively •. The di-peptide, 

L-isoleucyl-L-alanine,. exhibits a nitrogen peak considerably broader 

than that of the cys ti ne. Th i s peak may be decomposed into two peaks 

of width equal to the cystine peak; one component is of the same 

energy as the cystine peak and we conclude that it corresponds to the 

a~ino nitrogen. The other peak occurs at lower binding e~ergy and is 

attributed to the amide nitrogen formed during the peptide bonding. 
{ 

The lower lines originate from a sample of hemoglobin. The nitrogen 

peak occurs at the position of 1o\'Jerbtnding energy and is therefore 

1:0.e amide ni trogen. The sul fur peak is sho\vn magnified by 50-fold 

and exhibits an increasing shoulder at higher binding energies. We 
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, bc:;:c;vc 'this. 'shoulder arises from sulfur as 504 and that it most probab1y 

~blic':'(;;2d the sample duringammoniurnsulfate precipitation of the protein ~ 

rg' l ) . 

Figure 3 shmvs the ni trogen and sul fur spectra from three protein 

sJ:i:ples,hel;loglcibin (repeated for continuity), equine cytochrome C, 

and the apo-ferredoxin and its native form from Clostridium pasteurl2:nLim. 

This latter protein has a molecular weight of 6000 and contains 8 iron 
, 

atoms, 8 moles of cysteine, and 6-8 moles of acid labile sulfur (10). 

Th'ecytochrome C spectrum is similar to that of hemoglobin but 5110 ... /S 

a higher sulfur content. It also contains S04.The apo-ferredoxin 

spectra are qual i tatively simil ar to both the heme-proteins. except 

for the 1 arger quantity of sul fur. The nati ve ferredoxi nspectra are 

s i gni ficantly di fferent from the heme-protei ns; both 1 tnes are broader 

and exhibit rather obvious shoulders. The nitrogen shoulder at higher 

bindihgenergy pr~bablyarises from nitrogen entering as NH: during 

ar.mohium ;sulfate precipitation of the protein. The lowenergy sulfur 

shoulder definitely arises from sulfur bonded to· iron and is ~haracteristic 

of suth bonding -(8). 

Figure 4- shO\vs the ni trogen spectra of Barker barley seed and of a 

,da'lk red kidney bean. The barley spectrum is very similar to the other 

proteins; the kidryey bean spectrum is considerablybrcader and exhibits 

~ high energy shoulder. 

Figure 5 shows the ni trogen spectrum of a, 1 ight red kidney beCifl and 

the curve has, b,een decomposed into t\vO compo,nents by cOr:lputer. '. The 
, 

major peak, at 1 owerbindi ng energy; represe.nts the anide ni trogen, 

hh 11 e the sma 11 er peak at hi gherbi ndi ngenergy represents the ami no 

nitrogen. Fiure 6 shows the sulfu~ re ion of this samp 'rim"l.::. 
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Figure 7 shOl'/s the: nitrogen s~)ectrum of a sample of rar;10nti '!!heat 

\':l~Qr~ agdi.n the. experimGnta 1 dat~ have been fi. t by t'dO peaks corres" 

po;:,d1ng to the amide and amino nitrogen. Figure 8 sho\'JS the sulfur 

region of the wheat sample. 

All of the foregoing spectra were excited by Mg Ka radiation at 

1252 eV and analyzed in the Gerkeley iron-free spectrometer (11). 

Sample Preparation 

The nature of photoelectron spectroscopy imposes constraints on 

89 

the form of the samples. Since the kinetic energy of the photoelectrons 

is very 1m.", usually less than 1.5 keV, they must be analyzed in va::uo 

to reduce scattering. Also, because of their low en~rgy, they are able 

to penetrate a distance of only a few tens to a fevi hundreds of angstroms 

in solfd material. Thus only those electrons originating within ,this 

distance from the surface of the sample escape elastically and give 

rise to discrete photoelectron lines. Only the. surface of a given sample 

is of use. 

Accordingly, for these studies the samples were prepared as powders 

by grinding in a ball mill. For the quantitative determinations the 

biochemicals were mixed with NaCl and then pulverized together •. The 

amino acids, di -pepti des» herr:ogl obi n, and equi ne cytochrome C \'/ere 

obtained from commercia1 sources. The ferredoxin \'Jas prepared in :'.he 

laboratory of Professor J. C. Rabinmvitz in Berkeley. The seed sz.mples 

~'.'ere obtained from the seed station of the Universi.ty of California, 

Davis, California. 
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Q,u,'.l1ti t.1t i V2 Dctermi nat; cns 

The:! basic relative sensitivity for nitrogen and sulfur I-las obtained 

frc:ll a san:ple of cysti.ne mixed \'Jith NaCl, The areas under the inS, S2?, 

and Na2S peaks were integrated by computer and were treated as follows: 

Sulfur 

1. 

2. 

3. 

Area S2P Moles NaC] . 
Area Na2S x Moles of compound = 14/1 atom equivalent 

Weight of compound x % S = Moles of compound 
32 

Area S2P 'Mo 1 es NaC] 32 
Area Na2S x 14 x Weight of compound = %S 

Hi trOQen 

4. Area N1S Moles NaCl 
Area Na2S x Moles of compound = 9.4/1 atom equivalent 

Weight of comDound x % N = Moles . 5. '14 of compound 

6. Area N1S x Moles NaCl 14 ~ % N 
Area Na2S 9.4 x \'Jeight of compound .. 

These sens i tiv; ty factors are speci fi c for our i nstrliment and for the 

partic:ular sample geometry and method of data analysis. 

Table I gives the quantitative values for several samples determined 

by this method. The Uvo cysteine samples were prepared independently 

and are shm·Jn as an indication of the reproducibility of themctbod. The 

cystine sample was different from that used as the calibration standard. 

For the. seeds, the experimental weight percent ni trogen ,d.etermi ned from 

the photoelectron spectral amide nitrogen peak, was converted to percent 

protein by assuming .a nitrogen:protein \oJeigh.t r,atio af 0.15. Table I includes 

.. bath ni trogen and sulfur analyses by bath X-ray photoelectron spectroscopy 

". 
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end by convent lona 1 viet chemi cu.l ana lys. 1.s. Except for the 1 i gh t red 

ki on2Y b2J.n 1 the results are comparable. The apparent discrepancy for 

th2 119ht red kidr.ey bean sam?le may be attributed to the fact that this 

m~t~rial is extremely hard and may hot have been milled adequately to 

produce a sufficiently fine powder. 

Also shown in Table I is the distribution of protein bet.-leen the 

embryo and the total seed for the light red kidney bean. To ascertain 

the val i di ty of the hypothesi s that the component of the ni trogen photo­

electron line ascribed to the amino nitrogen did in fact correspond to 

the quantity of basic residues, an amino acid analysis was performed. 

The results, derived from ·such an analysis on the total acid hydrolysate, 

are given in Table II wherein the fraction of the basic residues is shown 

to be 17.4%. This value equals that derived from the photoelectron data 

thus substantiating the assumption. 

Ccnclusions 

This report demonstrates that the quantity and quality of grain 

protein may be determined by X-ray photoelectron spectroscopy. The 

quanti ty of protei n may be determi ned by quantitati on of the ami de 

nitrogen photoelectron line. 11'/0 measures of the qua1ity of the protein 

are available: 1) The basic amino acids including lysine, arginine, and 

hlstidine may be determined byquantitation of the amino nitrogen photo­

::::l,ectrons, and 2) the sulfur-containing amino acids, cystine, cysteine, 

and methionine, may be quantitated bymeasuting the sulfur photoelectron 

line, although the sulfur measurements "are not yet perfected. 

The quantity of material required to perform the measure~ents need 



be only J few milligrams. Indeed) the active volume giving rise to 

the photoelectron lines is probub ly no greater than a few te:ns of 

r.:icrogran:s of material of unit density. Thus, it is feasible to excise 

a small section of a seed for the analysis whil~retaining the remainder 

of the seed for future pl anti ng. We performed one such experiment and 

were able to bring the bulk of the seed to germinatioh. 

The experiments reported here were designed to test the feasibility 

of the method to measure protei n qual i ty and quanti ty. Thus, care \'/o.s 

taken to measure the entire nitrogen and sulfur regions of the photo­

electron spectrum. The times requi red for these ni trogen determi nations 

were approximately 1 hour per sample. Such a large p~riod of time 

cl early limits the util i ty of thi s method for mass·screeni n9 opera ti ons. 

~~ere it satisfactory to perform only a total nitrogen--and ~hus total 

protein--analysis on a large number of samples, one could dispense \'1ith 

the high spectral resolution and measure only the integrated nitrogen 

intensity .. Such a measurement could be accompl1~hed in about 2 minutes 

per sample. This estimate is for the spectrometer observation time ~lone 

and does not include the time required for salilple preparation. Since the 

seed material is analyzed in its native state, aside from the pulverizing ~-

operati'on, the time consuming preparative steps requisite to and employed 

in purely chemical ~ethods are eliminated, as are the separate and inde­

pe~dent procedures required for each element of interest. Newer initru­

mentati.on promises to offer a significant. further saving in time. 



X"-rJY photoelectron spectroscopy offers a method of hiSh potential 

fOl' det~rmining the quantity and quality of grain protein. In this method 

a small quantity of material is irradiated\'Jith X-rays from a suita.ble' 

target material and electrons from all constituent atoms may be photo­

ejected. The kinetic energy of these photo~mitted electrons is equal 

to the ph oton energy of the i nci dent X-rays mi nus tr.e bi ndi ng energy of 

the level from which the electrons are emitted, K.E. = hv - B.E. This 
'. 

kinetic energy, and hence the bindi 'g energy, are determined bya mag-

netic or electrostatic momentUil1 analyzer, and are characteristic of 

the atom and level whence the electrons orisinated. All elements across 

the periodic table may be inVEstigated. Calibration against compoun~s 

'of known elementary compOSition permits a quantitative determination of 

the amount of each atomi c speci es conta; ned in the sampl e. The bi nd; ng 

energies exhibit chemical shifts which permit a distinction be't\'Jeen a 

given element in different chemical groupings .. These experiments have 

demonstrated: 1)' Total protein may be evaluated by quantitative deter-

mination of the amide nitrogen peak; 2) amino nitrogen may be dis­

tinguished from amide nitrogen, thus providing a measure of the basic 

a~ino acids lysine, arginine and histidine; and 3) the sulfur content 

may be determined by observing the sulfur photoelectrons. 

Insttumentation currently under developmerit promises to reduce the 

tiffie per sample from hours to minutes and thus rendef possible large­

scale screening. 
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TAGLE I 

QUANTITATiVE DETER~n:'iATION OF. NITROGEN AiW SULFUR CONTENT 

Cys tei ne* (1) 

Cy::;teine* (2) 

Cys ti ne (1) 

.. 
*Cysteine~hydroch1oride­
monohydrate 

Seed Cf N(XPS} /J 

Barker Barley + 
1.5 - 0,2 

Ra:r.ona\·Jhea t + 
1.6 - 0.2 

Rapida Oats + 2.2 - 0.2 

Light Red + Kidney Bean 3.2 - 0.3 

Elen~ent 

:'Jitrogen 
SuT fur 

Nitrogen 
Sul fur 

Ni trogen 
Sul fu r 

Experimenta 1 
\, " "t 0/ ",el gh 10 

8.2 
18.0 

. 8.5 
20.0 

13.0 
26.3 

ELEMENTAL ANALYSIS 

% N(anal) % S(XPS} 
+ 

1.5 - 0.2 .05 : .02 

+ 
1.7 - 0.2 .05 : .02 

+ + 
1.9 - 0.2 • 1 - .03 

.4.1 : 0.3 + 
.08 - .04 

Calculated 

8.2 
19.3 

8.5 
19.3 

11.7 
26.7 

% S(anali 

.01 
+ 

.01 -
.. 06 : .03 

.02 : .02 

.13 : .06 

SEED PROTEIN DISTRIBUTION (LIGHT RED ~iDNEY BEAN) 

95 

S2mole ~~ N(XPS} % N(anal} % Basic A.A.(XPS} % B2si c A.A. (anal} 

: 0.3 
..J.. 

17 :t 5 Endoplasm 3. 1 4.0 .:. 0.3 

1 0.3 
..J.. 

18 : 5 
17.4 

Eri'lbryo and 3.1 4.2 .:. 0.3 
Endoplasm 

-



TABLE II 

A."'lINO ACID AN/~L.YSI$ - LIGHT RED KIDNEY BEAN 

. Aspartic Acid 

Quantity 
(}Jn1012) 

.163 

Threonine - ... 030 . 

Seri ne .016 

Glutamic Acid .203 

PtO 1 i ne and Cys ti ne .063 

Glyci ne 

Alanine 

.- .Cys ti ne 

Valine 

Methionine 

. '. 
.099 

.087 

.001 

.086 

• 005 

Aminb Acid , 

All 0"'"iso1 euci ne 

Isoleucine 

Leucine 

Tyrosine 

Phenylalanine 

NH3 

Basic Amino Acids, 

Lysine 

Histidine 

Argi nine .. , 
." .I 

Total A.A. content = 1.207 fjffiole 

% Basic A.A. = 1:~6~ x 100 = 17.4% 

96 

-Q t" ~ uan 1 .. y 
(umole:) 

.007 

. .. 060 

.109 

.011 

.057 

.369 

.093 

.039 

.078 

.. ~ , 

.. 
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APPLICATION OF EXTENDED HUCKEL THEORY 

TO X-RAY P·HOTOELECTRON SPEr.TRA OF TRANSITION METAL COMPLEXES. 

CORRELATIONS BETWEEN ELECTRON BINDING ENERGY 

AND CAL C U LAT ED AT 0 M ICC H A R GEl N I R ON AND S U L PH U R COM PO U N D S 

L. N. KRAMER and M. P. KLEIN 
Laboratrn'Y of Chemical Biodynamics, Lalf'rence Radiation Laboratory·, Unirersily of California, 

Berkeley, California 94720. USA 

Heceived 23 Novemlier 1!l70 

Comparisons of iron llnd sulphur atomic charges, deri\'ed from extended HUckel calculations, with core 
electron binding energies determined from X-ray photoelectron spectroscopy yield guud cUl'l'l'iations fot· 
neutral molecules. The assumptions and limitations of such correlations are discussed hl'it'fl.\". 

Central to the question of the· electronic 
structure of a, transition metal complex is its 
charge distribution. Although the charge is 
often ,used as a parameter in the calculation. of 
electronic structure, it has become feasible only 
recently to measure a quantity directly related to 
the net atomic charge. Core electron binding 
energies(J?E.'s), as measured by X-ray photo­
electron· spectroscopy, can be correlated with 
atomic charge. 

We report such correlations between mea­
sured Fe3P eleelron B. E.' s and, iron atomic 
charge calculated by means of the extended 
HUckel MO method. Compounds were chosen to 
representa diversity of electronic environments. 
In particular" our interest in m etalloproteins 
suggested a number of materials containing both 
iron and Sulphur. A simUar correlation has 
been established for the S2!> electr()n. B. E.' s in 
representative sulphur compounds. 

Theor~H~~! i!}t~rpr~lilH~ns pf Illeasurj:!d 
X-ray ph()toelectrOi1~ch'~mica~ shifts have be~n 
attempted by other workers with varying 
degrees of success. Siegbahn eta1. [1,2] have 
investigated simple sulphur, nitrogen, and 
carb6n compounds. Fadley et a1. [3] made the 
firstattelllpt to explain chemical shifts in ionic 
compounds. Hendrickson .et a1. [4,5] have car­
ried out semiquantitative calculations on nitrogen 
and phosphorous compounds. Jolly and 
Hendrickson [6]have related thermodynamic 
data to chemical ;shifts in electron binding ener-

gies. Morrecenf approaches to interpretation 
of X-ray·photoelectronspectra have been·pre­
sented in several other papers [7-9]. 

Several assumptions are made when attempt­
ing to cor.relate measured core .electronic 
binding energies witha parameter calculated by. 
means of the extended Hi.ickel formalism. We 
have assumed that. the experimental work func­
tion variations among solid samples are 
negligible, Electronic relaxation effects after 
removal of a core photoelectron are assumed to 
be constant, since this method of calculation 
neglects such effects. (Justification for this 
assumption- is given in a report by Davis et a1. 
[10]. ) The electrostatic potential contributed by 
the charge on surrounding ligands has not been 
includedexpliciUy, but has been assumed .to be 
included impHcitly through the modifications of 
ref. (15]. (Attempts to include a simple point 
charge modification using a potential varying 
as q2/r resulted in no improvement in the cor­
r~lation.) Finapy, we have' ~ssu~ed that thj:! 
extended HUckel apprOXimations are indeed 
applicable to the transitions metal complexes 
studied here. A more explicit analysis. of the 
approximations of the extended Wickel formal­
ism and its-use in calculating paramaters of 
transition metal complexes has been described 
elsewhere [11,12]. 

In our present work both charge and binding 
energy were calculated using an extended 
Huckelm'ethod formulated by Hoffman [13,14],. 

183 
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Table I, 
Measul'ed and calculated electron binding energies and calculated charges for a diverse serh's of iron and sulphur 
eompounds, Spl'ctra wej'e produced and analyzed in the Berkeley iron-free electron spectrometer [22]. The widths 
at h:ilf maximum of thl' Fe3P and S2P photoelectron lines are about 2.6 eV and 2.4 eV, respectively. The relative 
hinding energies are rcpl'odueible to ahout 0.2 eV, and charges are self-consistent to 0,05 charge units. Published 
synthetic pl'Ocedures were followed in the preparation of compounds 2, 13, 15, 18 and 25. Compounds 14, 9 and 16 
were ohtained from Dr, 11.11. Wickman, Dr. D. N. Hendrickson and Dr. J. B. Neilands, respectively. All other com­
pounds were ohtained from commercial sources. FeS and KFeS2 gave broad, ill-defined iron photoelectron spectra 

which were too ambiguous to assign a definite measured binding energy 

No. 

2 

3 

4 

5 

6 

7 

8 

H 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

2U 

21 

22 

23 

24 

25 

Molecu'le 

Fe1"~- (K3'FeF6 ) 

1"e02- (K2Fc04i 4 , 
Fe(H20)~+ (Fe2(SO~3' 

(NH4)2S 4, .24H2O) 

Measured 
Fe3P B.E. 

(eV) 

57,7 

57.7 

56~6 

. 2·· 54.2 Fe(H20i6(FeS04(NH4)2S04·6H20) , 

Fe(CN)~-, (K 3 Fe(CN)6) 55.0 

Fe(CN)~- (K4 Fe(CN)6) 54,0 

Fl'{metal) 52.0 

Fe(C 511512 53.7 

Fe(C5H5)"Z' (N02)3C6H20- 54.9 

Fe(CO)5 54.0 

Fe2(CO)9 54.6 

FeS2 53.0 

Fe(S2CNEtEt)3 53.5 

FeBl'(S2CNEtEt)2 54.0 

Fe(S2C6H3CHaI2'N(n-C4H9)4 53.2 

Fer'richrome A 54.9 

HeminCl 54.2 

Fe3"CI Phthalocyanirte 54.4 

S02-
4 

S02-
3 

CH3S0CJl3 

CJl3SSCII 3 

(,H 3SH 

FeS 

KFeS2 

with modifications [15] to the Coulomb integrals 
and Slater exponents such that iteration to charge 
self-consistency could be obtained. This method 
does not include electron repulsion terms explic­
itly, and uses empirical parameters for evalua­
tion of the elements of the secular determinant. 
(The size of the electronic systems considered 
in this paper renders impractical more sophis­
ticated calculations at the present time. ) 
Coulomb integrals were approximated by Valence 

184 

Calculated 
Fe3P B.E. 

(eV) 

56.0 

56.1 

52.4 (def.) 

54.5 

54.7 

53.3 

54.1 

55.5 

Calculated 
. iron 

charge 

+1,81 

~ 1.79 

+1.51 

+0.86 

+1.24 

+1:03 

O(def. 1 

H.OO 

-11.36 

+1.02 

+1.3U 

+0.45 

+0.95 

+0.82 

-0.29 

+1.53 

+1.04 

, +1.46 

+0.43 

-10.35 

Measured 
S2P B.E. 

(eV) 

161.5 

161.5 

161.4 

161.4 

167.8 

166.4 

165.5 

162.7 

162.7 

160.7 

161.1 

Calculated 
sulphul' 
charge 

-0.22 

'-0.3 

-0.3 

-0.43 

+1.86 

' +1.40 

+0.70 

-0.13 

+0.09 

-0.43 

-0.46 

Orbital Ionization Potentials [1~ (choosing 
an electronic configuration of d sp for the iron 
atom). Off-diagonal elements of the secular 
determinant were approximated by Cusach's 
formula [17r Slater-type orbitals [18] were 
used for the minimum basis set of wave functions. 
Charge values, made self-consistent to 0.05 
Icharge units through iteration, were obtained by 
Mulliktm's method of population analysis [19]. 
Coordinates, bond distances, ,and bond angles 



108· 

Volu~e 8; riumber 2 CHEMICAL PHYSICS LETTERS 15. January 1971 

w·erp. obtained from appropriate literature sour­
ces, and,in some cases, Quantum Chemistry 
Program PROXYZ [20] was~sed to .obtain 
suitable coordinates. Large molecular struc­
t~res,'such as .iron phthalocyanine and the dithio­
carbamates, were approximated by replaCing 
peripheral carbon substituents with hydrogen 
atoms in a manner similar to that of Zerner et 
al. [21]. 

Table 1 lists the measured and calculated 
electron binding energies and calculated charges 
for a diverse series of iron and sulphur com- . 
pounds. For a representative sampling of iron 
compounds, the Fe3P B.E. 's were calculated by 
including the Fe3Pelectrons in the molecular 
orbital calculations. and using the resulting one 
electron energies of the'three lowest molecular 
orbitals as the Fe3P binding energies. Compa.., 
rison of these B.K's with the corresponding 
calculated charge shows a direct correlation be­
tween calculated B.E. and calculatedchal'ge. 
From thls observation it.seems reasonable to 
expect similar results for attempts to correlate 
measured electron H.E.'s with either calculated 
charge orcalculat~d electronB.E.'s when using 
this extended HUckel method of calculation. 

Fig~ 1 shows the plot of measured Fe3P B. E~ 
versus calculated charge; the line drawn through 

168 + Sulfur doto 
-;-
~ + Iron do to 
lJJ 

a:i 166 
z 
0 
0:: 
I-
0 
lJJ 164 --I 
lJJ 
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(\J 
(f) 

23 
'0 

lJJ 162 
0:: 
,~ 
(f) 

.<:1: 
,lJJ 
~ 

160 

-004. 0 004 
CALCULATED 

-¥' 

the pOints is a least squares fit to the data from 
neutraimolecules ... From'this plot, it is apparent 
that the .. data point pbsitibns of formally charged 
ionic complexes depart from those of neutral 
molecules in a relatively consistent manner. 
There are two important factors which contribute 
to this variance with neutral molecule data. One 
factor is the lattice potential effect, and the 
other is the overemphasis of covalency in i()nic 
molecules when usiilg the extended HUckel method. 

Also shown in fig. 1 is a plot of measured 
S2P B.E. versus calculated charge. Sulphur d 
orbitals were not used in these calculations; .. 
however, ~hen d orbitals were included for re­
presentative sulphur compounds, no significant 
improvement in the correlation was observed; 

It should be noted that if unrestricted ab 
initio calculations (including relaxation effects) 
were possible for the compounds we have in­
vestigated, there would be ilo reason to expect 
a simple charge versus B~E. correlation (even 
if there were no solid state effects on the elec­
tron binding energy). Theobservation that our 
calculations show reasonable correlations be­
tweeri atomic charge and measured ,B. E. (with 
the exception of ionic iron complexes) indicates 
that the assumptions made in establishing these 
correlations are relatively good. However. the 
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Fig. 1. Plot of measured. Fe3P B.E. and S2PB.E. versus calculated charge in iron and SUlphur compounds chosen 
to represent a di~ersity: of electronic environments. The line drawn through the iron data points is a least squai'cs 
fit to the data from neutral molecules. The .numbers associated with the data points correspond to the compounds 

listed in table 1. 
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correlations are admittedly somewhat artificial 
since the simple extended Hiickel calculations 
are insensitive to some important contributions 
to electron energy, which include relativistic, 
electron correlation, and relaxation effects. (In 
fact, the observation that the calculated Fe3P 
B.E. 'S of the neutral iron molecules are con­
sistently higher than the m,easured B. E.' s is an 
expected result of this insensitivity. ) Neverthe­
less, until ab initio calculations can be applied 
easily to large electronic systems, semiquanti­
tative methods, such as used here, may be very 
useful aids in unde~standing structural and 
bonding phenomena. 

We are very grateful to Dr. D. N. Hendrickson 
for making the Hoffman extended Hi.lckel program 
available to us, and for his valuable advice when 
beginning this work. 

This work was supported, in part, by the U.S. 
Atomic Energy Commisssion; 
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