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_ Investigations of-Bonding,rStFUCture,,and Quantitative Analysis

in Biological Systems by Means of X-ray Photde1ectron Spectroscopy

Leo Nicholas Kramer
Lawrence Radiation Laboratory
bniversity of California
Berkeley, California -

July 1971

- ABSTRACT

X-ray photoelectron spectroscopy (XPS)-has been usedifo
ebtain information concerning the structure ahd;bond{ng'in.i
several bio]og{cal and biologically re]afed éystems; it has

"e1sd been shown to be'useful for quantitafive anelysis of-
gféin proteihs. Corre]atiohs between éhafge and Fe3P and SZPV‘
'elecfron'bindfngnenergies’(B.E.s) haVe beeefeetéblished for a
‘series of iron ahd sulfur cohpdunds. These cprrelations,
~along with the XPS spectra of‘mode]‘iron-sulfur complexes have
been used.to he]p.interpret the XPS spectfa of the non-heme

“iron proteihs. The resuTting evidence supports postulated
struetures."ln a similar manner the bonding and nature of

) v the Prussian blue complexes were fnvestigated. It was con-

| | cluded that the Prussian b]ues‘ake cova]ent]y_bondeq “super-

" cemplexes" rather than ionic'compounds. The ﬁature of maghesium'
_ in chTorophyl] found in photosynthetic membranes is elso inves-~

“tigated by BPS. No significant difference can be determined



ST |
, o ~ .
- between the XPS_spéctra,of'mégneSiUm contained in i]]uminated_ )
and noﬁfi11uminated photosynthetic membranes. Finally, the =
quantitative and qualftative.éhalysis of nitrogen and sulfur- S ,?* f
~in cereal grains have been.carried out in order to demonstfgie : |

XPS as a method for rapid screening of‘gfain proteins. 
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I. INTRODUCTION
There are a considerable number of spectroscopic tech-
niques available to‘obtéin information relateéd to the

electronic bonding and structure characteristic of chemical

systems. However, X-ray photoelectron spectroscopy'(XPS)

has the uhidue versatility of yielding direct electron
energy meaSureméntsjfrom virtually‘aﬁy atomic specles. This
technique'was first developed by Siegbahn and coworkers, and
has been uéed to stﬁdy 501ids, gases,band frozen 1iquids.1’2
A vériation of thié'spectrosédpy, molecular photoelectron

spectrOScopy,3

uses vacuum ultraviolet radiation instead of
X-rays and‘is applicab;e primarily to-the‘valence shell
electroﬁié.structurejof molecuies.

The basic photoelectron experiment invélves-irradiatién
of a sample with phbtbné of energy hv‘and anaiysis of the |
resulting phdtoeledtron'energy distribution émittéd from the
sample; 'Kndwledge of the photon énergy,and detefmination of
the photoeleétronikiqetic energy (EK;E.)vyieids the electronic
binding energy (EB;E.) according to thé.fOIIOWing‘basic |

relationship:
(1)

E

B.g. - IV - E

KfE.
This process 1s i1llustrated for X-ray photoeleétron spectro-
scdpy in Figure 1. In this figure an electron from the atomic

2s enérgy level is shown being photoejectéd ihto the énergy

continuum of the spectrometer vacuum chamber. _MeaSufement of



'-,been used to investigate molecular orbitals of. gases,

the energy distribution of electrons being photoemitted from
'the sample surface is carried out in a double focussing
magnetic spectrometer as represented in Figure 1. | This system
permits measurement of small changes in electron binding
energies with a’ reproducibility of. about 0 2 eV in many cases.
Changes in the electronic environment of an atom,
.resulting from a change in ligands or formal oxidation state,
has been shown to correspondingly change the core electron
‘binding»energies. These "chemical shifts" can be interpreted
| Vwith theoretical physical concepts. Theoretical interpreta—
_tions of chemical shifts in sulfur,vnitrogen, and carbon'f

1,2 using

'Yscompounds have been carried out by Siegbahn,‘et al
'both empirical charge correlations ‘and molecular orbital'
calculations . Fadley, gt al.,q using atomic orbital calcula-
tions with corrections for lattice effects presented an |
vexplanation for chemical shifts in ionic compounds Semi—‘
quantitative molecular orbital calculations on nitrogen and |
phosphorous compounds were carried out by’Hendrickson, et al. 5 6
Jolly and Hendrickson7'have related thermodynamic data to
chemical shifts in electron binding energies. More reCent
approaches to the interpretation of X—ray photoelectron

'spectra have been presented in several other papers Bfll
Besides chemical shifts of core energy levels, XPS has
2,12

'transition metal a bands,1 l3'and splittings in core electron

13 14,15,16

: binding energies. Theasplittings originate from

Jelectron correlation effects of unfilled valence orbitalsh.

‘®



13,15,16

upon core levels and probable ligand field effects

: 14
on.core P3/2 levels.
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 1is presented in equation (l).17

The physicalpnature of the Hamiltonian's‘perturbational terms

and their related spéctroScopic probes are briefly discussed.
H-'-'HO+H‘V_+H~+H +H +H + H_ +H,._ (1)

“ls = "'ss n g Tsm im

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

n.os <& | -
a=1l - a _ ' ap » ‘

- where these terms'describe the kinetic energy, the electron~

core potential, and the electror-electron repulsion, respec- -
tively. In this expression 5& is the linear momentum of the

athelectron,_ra its distance from the nucleus and oo the

‘distance between the ath and bth electrons. This term includes

all the interactions within the free ion.

| Electronic behavior is affected by the strong electric
fields set up by the surrounding ligands. -This:is expressed
by the second term of equation (l) o |

H = z"-eVI(Xa,-Y_'a,Z;)_' , | . '(3)

'
a



where . V. is the. potential of the electric field ‘'set up by .
the ligands and. X Yafza are.the coordinates of the ath
electron‘of;the partly filledvshell. -
‘The.magnetic_interaction between_the electron Spins,
Sk
in equation (1)

_H‘;*and'H1 may be of comparable magnitude depending ‘on the

strength of the ligand field

: These first, three terms of H equations (2), (3)'andﬂ(4) F’:‘

determine’the_electron energies (on“the‘order of 1 to 1000
eV} méasdred’throﬁgh-the XPS’technidne. iOf Gourse atomic |
absorption, X—ray-abSOrption and emissiOn;feleotronic‘ |
absorﬁtionfand fluorescence, and electron spectroscopies'Such
as’ electron 1mpact give 1nformation concerning electron

energies described by these terms 17 33

'_however, egcept for
‘isome_electron spectroscopies, these-techniquesbinvolre.v
‘energyftransitions'between oOUnd states, and the_information
,ohtainable isvcorrespondingly restricted‘" None of”thejabove
o mentioned spectroscopies is as versatile and direct in -
_measurement of electron energy levels as- photoelectron Q‘
spectroscopy | | | |

‘The remaining terms in the generalized Hamiltonian are

:magnetic perturbations which make a negligible contribution

_to the‘total electron energy. These are, in_order of appear-"'

and ‘the orbitalfmoments,ilk, give rise'tovthe third term



ance 1n‘equation (1), spin-spin,_nnc1ear-spin, quadrupole
and external magnetic interactions. The gfeatest energies
1n9olved in theée.terms'are the result of spin-spin inter-
actions with transitions on the order of 107" eV. Methods
of investigation include EPR, NMR, and'Mossbauer spectro-
scopies.q‘7  However,'these techniques‘require some special
cnaracteristios of the'system, such as unpaired electron
spin, in order for them to-be_applicable;~ The XPS technigue
is not so restricted.  Application of Qarious techniques
_mentioned aSove andfa discussion of their spectral interpreta-
tion 1is presented in the eection 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
probleme. Information has been obtained about the nature of
the’ironesulfurvmoiety in the non-heme iron proteins as well
as that of magnesium in chloroplaSt.eystems._ Thfough
correlations between calculated charge and electronic binding
energy,'information can be obtained as to:tne nature of the
bonding in these syetems. Rapid qUantitative analySis of

nitrogen and sulfur in grain proteins has also been possible

by suitable application of thls XPS technique

II. EXPERIMENTAL EQUIPMENT AND METHODS
The X-ray photoelectron spectrometer used 1n'these
experiments isjillUstrated schematically in Fignre'2 and is

described in detail elsewhere.l8’19_ This spectrometer is



constructed from two air-cored iron-free solenoids,vwhich
give a field‘fOrm varying approximately'aS'l/V”' pennjting
“double—focussing" of electrons (i e. both radially and

axially). Its energy resolution is é% =_0.06% full width at

half maximum intensityQ The solid'angle of=sOurce subtended

by ‘the resolution baffle is approximately 0.12% of b, and

the source and detector slits are approximately 0.04 cm wide

_and 1 cm high.
The primary components of the spectrometer system are
deScribed below. X-rays are produced from a spe01ally

constructed X-ray tube with 1nterchangeable anodes. (usually

constructed from magnesium or aluminum) giv1ng characteristic

Ka X-rays (with energies on the order of 1200 to lUOO_eV);
Several source holder arrangements are available. A solid

sample holder19 and a low temperature transfer chamber were

used in our experiments. This accessory transfer chambervis‘

shown in Figure 3 and the use of this chamber is described
'below;' After dispersion in ‘the spectrometer, the electrons.
are counted by an open-window Bendix channeltron electron
multiplier. The-solenoid current and data acquisitioneand
recording:system areicontrolled by akPDP-8 computer with.
associated electronics.. I

Thetaccessoryitransfer chamber_mentioned above was used
for all work with protein solutions. In USing:tnis chamber,
the solution 1s placed in a shallow-cupped gold-plated |
sample holder and 1s frozen at approximately 50°C while

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

TR IS T
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clean atmoépﬁere‘prevents condensatioh'ofvextraﬁeous vapors
v én the sufface of fhe:solid solution. Such condénsates could
drasticaily decrease‘thé solute spectral intensity since only
those eiecfrons originéting'within a féw hundred angstroms
of the surface escapé‘elastically and’ehtér the-spéctrometer.'
The frozén samplé; still under the inert atmosphere, is |
trahsferfed to'the”spectrométer by means of the‘portable
~chamber fiﬁted.with a suitably ?alved aifloék. TheISample
temperatﬁre is then reduced to the desired value by.radiative'f
heat transfer té a surrounding‘surfaéé maintained ét T7°K,
whiéh acts aé a tfap for extraneous gaseé in the spectro-
heter.i-The‘transfer container is_then-e#acdéted and the
samble movéd into position in the spectrometer. A more
cémpleté desqripﬁion of.the use of this technique is preéented
elsewhere.2o | | |

| Expériméntal’défa were curve-fitted by a least-squares
cdmputér program which fitted either Gaussian Or,Ldréntzian

functions to the XPS spectra. >t | T

. III. BINDING ENERGY.DETERMINATIONS USING AN EXTERNAL CARBON
REFERENCE o | o
‘.vAil electronic3binding energies_(EB.E.é) reported in

this ménUsdript haVe’béeh referenced tovthe“Cls_B.E.;of fhe
carbonvfilm deposiﬁed‘on the sampléisurface._ Without
referencihg of this type what one actually detérmines from
the XPS experiments ié | | | |

E

BIE.

=;Ex—ray - Ex.g. t Vur



where the term, y o, is the work function contributionvto

the energy, which will either accelerate or retard the photo-

_electrons entering‘the spectrometer. Further when compar—”

ing: the binding energles between two samples one determines
AEg g = A(E Bg.p.) - A

B.E X-ray

where AWé is'the contact potential between.the_two*samples
and representS’the difference between the'two work functions
of the samples.** In u51ng an external reference film it is -

assumed Aw is negligible between the sample and the surface .

*The "true work function" at the;eurface'cf:an'electricalv
cbnductor is"'»defined?2 as the difference between'the electro-t_:
chemical potential u,.of the electrons juet‘insideﬂthe | |
surface and “the electrostatic potential 4e¢, offan electron:

1n_the vacuum just outside it

Vo= —€0 - T -

w

**When:twc electrical conductore‘are connectedvelectrically;
‘electrons‘wiii flcw from one to tne other;until equilierium
is attained. There then occurs a difference of_potential
betWeen a;pointbabCVe the surface of one of the,ccnductors
with respect to . a point abore the surface of the other. This -
"contactfpotentiai"_is the difference between.the two work.

functions. of th‘e.Samples:22

. ,.ch = l})f' - -“Pf" _



£ilm, only if this assumption is tfue,'is'ACCufately_known
relative B.E.s obtainable. |

’Ideally a reference materiél for measuring electron
B.E.s shbuld reflect all external effects on the B.E. of the
sample being investigated; The‘oﬁly réfereﬁce.méétingfthis
.requifemeht‘is an atom“ofvconstant’chemicél’environment
within thé mc1ecules.investigated._ In pracﬁical terms, an
external reférence7must usually be uSed;'and thevbestbone.
‘can expect from such'a'refefence is a measure of gross exter-
nal phehomenon‘actiﬁg upon the samplefs electron enérgiesf—
“such as éhérging effects and variations in the static
magnetic field. o o

‘All references should bé able to reflect the effects of
Variaﬁiqns in mégnetié‘fieldé buﬁ adequate determination for
:charging phenomenon fequires good physica1 and’electrica1
contact betweén3r§ferehce and sample.. This can be accomplished
by deposition of é thin film of réference;méterial on the |
samble surface. Fu?thermofe, electrbnS'in high‘diélecfric
materials will feei only a partial effect of surface charging.
This attenuatidn:is.due to internal polarization screening,

and the net charge inside a dielectric is23

| _ 9
Qnet K

where Q 1s the charge on the surfate, and K is the dielectric

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

K = 1) may overcompensate for charging effects since metallic
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' Hab --fl‘ba__ - Hyy, dt

andLEi"ié the:orbital energy. tIn thé modifiéd‘method used in
this'maﬂUscript; diagonél:ﬁafrix eiémen€é>afe approximated
by valenCeAérbitaluionization pbﬁéntialé:(VOIP'é);. be the
iohi?ation Ci - Cg+l the VOIP is computed‘fromvthe fdrmﬁié26

U VOIR(q) = I(q) + E(Cy) - E(C)

where q is.the charge on the afom, I(q) 1is the ground stape
ionization potential of Ci andithe E'é cdfrespohd-to3ﬁhe -
wéighted'méan*of_enérgiés-Of all multiplet terms arising

from a given configuration relative to the ground staté of ﬁhe
‘atomvor ion in question. These diagOnal‘eleﬁehté were

adJuSted for.partial'bhafges by27""

A .= -
'Haa ' Haa 'zqi'

where a4 is the chargg on atom ﬂi". ThiS»adjustmentvis
made in an attempt to compensate for the effect of the
potential of the surrounding ligand atoms upon the‘centfal

1

atom. Offfdiagonal_matfix elements are approximated by‘Cusach's'

28 |
o

formula
_ Yab ., | j' S
Hap = 3 (Hag * Hyp) (2= 510

Slater—type orbitals were used as a'minimum_basis'set for these
calculations."Théée'Orbitals are wave functicns_describing

the motlon of a single electron in a central field in which



13.

the potential energy is given by29p‘
V(f)_; _ Zn1 + n*(n*-l)
S T op2

The quantity n -1s an effective principal quantum number

and an is an effective nuclear charge. »These-Slater orbitals

were also adjustedﬁaccording,to27‘
- _0.354,
b Sl Nt

where u, is the adjusted orbital exponent of the exponential

30

° can be

i
_Slater function.l The Mulliken population‘analysis

" illustrated by a simple example of a two atom M.O.
V= 040y Oy
vSQuaring‘this wave’functionvand integrating gives

.;"”2 | | 2'
N —.NCi + 2Ncicjsij + NCJ._

where N 1is the number of electrons in the molecular orbital,
NC% and NCj are .the net atomic populations and 2NC, CJ ij-is.

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

of the overlap population is defined as the’ gross atomic

. population - The net charge on an atom is. calculated by

summing over all occupied molecular orbitals. The entire
“procedure was.reiterated until charge-self-consistency was-

attained.
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ﬁThene"ere manyflimitstions to this Semiempirical‘M;O.
metnod; ‘Itbneglects}imoortant'contributions'toielectron
'energy:which include_electron—correlation;‘relaxation and
- reletivisticteffeCts.-:An anal&sis of the‘approximationsbof
-the e#tended Huckel formslism”end‘its useminlcalculating'
parameters_of transition‘metal complexes has'beenfdescribed
by Blynoldef'and CoulSon31 and Basch et al 32 However lacking
‘a more comprehens1ve method for calculating electron energies
of large molecular systems (considering the practical

limitations of" computer time and expense), we use. this method

to help;interpret the XPS spectra of transition,metalgcomplexes;.

4y
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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 copper 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..  Cl18

'Aqu,_.

 Compound_H'Uncorrecped

K3Fe(CN)6V__  59f§:

Fe0ym) 621

Fep03(2) - = 6L.4

Ferric L
phosphate broad

_qurected‘ © B.E.

C—- |, 288.7 eV
5h.9 2887 eV
54f9 ,“l29i{2‘eV

54,7 290.7 eV

-~ . 290.6-eV

87.
83.

87.
83.

87.
83,

87.
83,

87,
- 83,

~NWw =_NW OV W

—~ =

18 -
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Tﬁe'non—hemé iron_proteiné, collecﬁivélyvreférred:;o as the ferre-
,doxins? have receivéd considerable attention in récenﬁ years because of
their unusual properties. The biochemiéal inierest derivés from their.
’extreme values of redox po;ential which»nature has exploitéd b& their
iﬁcorporation into several electron transport chains; Thé biochemical
investigations ha&é‘been.summarizedvin recent reviews (1,2). Several
types of physical measureﬁents have been perférﬁed; the objectives of
wﬁich have been to eiucidate those»featureé of thé ﬁoieculaf, atomic
and elegtronic sttutture :esponsible for the'bi&éhemical propertiés.
Table L listS'some-pertiﬁent physigal propertiesrof thése proteins.
The chemicai and physical investigations on these proteiﬁs_h#ve been
reviewed by Tsibris énd Woody (3). The work reported. here, émploying
a reiativély new ciass‘of physical méasuremeﬁt, waé engendered‘in‘the
same spirit of probing'further into the structufe—fﬁnction relationship
of thése intriguiﬁg molecules.

B whén this work was initiated it waé knoﬁn ;hat the.proteins con-
.tained non-heme iron, écid labile‘suifurvand.cysteine sulfur. The
.absorption spectra of’;he intact proteins exhibited features which
changéd in a charaé:eristic and'reversible ﬁanner upon_reduction (or
oxidatién)._iSince these features were totally absent in the'apOrproteins,'
it was.épncluded that the iron and probably cer;aih‘of'the sulfUrs.were
at the active site. gubsequently, the elegant EPR exéerimehts deriving
from Beinertiéhd'collaborators'(4,5) which’éﬁplOyed'isotbpes of iron and
sulfur, and‘replacement of the labile sulfur'wi;h_seleniﬁm; sho&ed ;o#—
clusively that these elements were indeed at the EPR éite and.presumablyr
at the active site. There has thus evolved é picture that the active

site(s) contain an iron-sulfur complex or clusters.
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Thé prbblgm'which'wé'addressed was't§ exéﬁine:the'irdn'and'sulfur
'_mbiéties by X-ray pliotoelectron Spectt§SC§py‘(XPS)."Thié me;héa permits
a stuay,of each element specificailyfand indiViddally,:and is capable of
providing some structural and bon&iﬁg'iﬁformation'rétber}m&re directly
thanfié'a¢CeéSi$1e'from any.other contempqtary_formvof=Spectrosqopy; We
have appliéd this metho& to four non—heme'irdn.proteins: rubreddxin,'
"high ﬁotential iron pfdtein; (HIPIP), clost;iaial ferredoxin, énd
‘spinach ferrédoxin. Thesé four were chosen as répresentative of‘all
‘ che.cufren;ly known irqn-sulfur proteins.'.XPS.data"froﬁ model-coﬁplexes
which C§rrélate wellvwith theory are uéed té.éid in tﬁe interpretation
of-tﬁe-érgteip spectra;5. |

'Thé first section of the paper deécribes thé physical ﬁethod. The
secpnd'diséusses'thé‘expefimeﬁtal proéedu:es;  We then'piesen# thewe¥péri-
menﬁaliresults; followed by a dis;ussion and interp:etation; énd éonclude'

with a summary -of the findings.

METHéDS o s _ 

E When a samplg is irra&igted'with light bf sufficient enérgy, eléctrons
may be éjected gnd,their kinetic energy ié given by the ﬁeli kn§wn Eihétein
.'rélatidn,  | |

| | K.E. ="hv - B.E.,

wherg K.E. is the kinétic engrgy of the electrons, h ié Plaﬂckié constént,':
Q is ﬁhévfrequency of the7;ig5t quantumﬂ and B.E. is the binding energy
of théfeléﬁtréhsjiﬁuﬁhe.sample.v’If the'bhotqn eﬁergy iévincreééed.suffi-.
-ciénﬁl§; by usingix4rays,'electrod§ may.bg ejected from fhe inner or core

levels of the constituent atoms of the sampie. Since photon or X-ray
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.“energies are_knowu to high accuracy, the binoing energies may be deter~x
mined with_preéision.by measurement of the kinetic euergies, The measure- -
ments uay.be‘performed with a variety of devlces,obut most commonly
magnetic.ano electrostatic deflection anelyzers are euployed. 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 ae those levele which are a collective propefty of the com-
oound ae'a whole,and'uake up its velence bend orvmoleeular orbitals.

An X—ray photou is‘shoﬁn liftlng an electron from the 2S level of this
atom into the continuum of energies, or, equlvalently, removing it to
1nf1nity.: At thls point the electron enters the spectrometer wherein
.it is brought to. a focus and impinges on'abdetector when the electron
has the correct energy_(more rigorouslyithe correct momentum). The
energy range is scanned by varying tﬁe etrength of the magnetic field
:'en&-thus a spectrum isvtraeed.out by :ecording—the number of electrons
- reaching the detecto; at each value of the.magueticvfield in cohplete
aualogy with mass speetrometry. This uethodeas developed end brought
to itsbpreSent state:of refinement by the gtoup at the Institute of
PhySiosvat the_Uniuersity of Uppsala, Sweden (6).

Sinee all atoms'are constructed ih the saue mannet, it is possible
'to photoeject their electrons, and by avsuitable choice of exciting
X—ray'energy and particular atomic levelfone can diStinguish emong the
differentfconetituent atoms of the sample. 'It is apparent, theu, that

calibration against a sample of known elementary compositiou will permit
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ca qualitative and quantitative analysis of the unknown sample " The
absolute sen31tiv1ty of the method is very high alth0ugh 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 been shown that a given element in different

chemical configurations exhibzxschemical shifts of its binding energies
). These'chemical Shlfts thus extend significantly the utility of
‘the method SO'that not:Only the total quantity of a:givenvelement may '“
be determined, bnt'alse the type or types of chemical bonding.situation
.einvwhich:fhevacom is.located.: The origins and theoretical founaations .
vl~for-these.chemical shifts are rather well unaerstood (7,8). An intui-
tiveiunderStandingvof the chemical shiftS'may'be derived.from’the N
following simple argunent;” In‘a'neutral atom the electron hinding'
energies are determinecvby the attractive potential betweenltheielect:ons
Iand the‘pcsitive nuclensoandithe repulsive interactions among the elec~
trons.b In a normal complex the valence electrons arevpartially donated
»to or accepted from the ligating’ atoms. The net-effect'in a particular '
.complex is a decrease or increase of thevnet charge on the atom under
studyvrelatiVe to the charge on this atom in other complexes.' This
change of.netscharge is accompanied by an increase orbdecrease'of thev

binding energiés”of'the,core electrons. - More formal and detailed

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

in the discussion section.

EXPERIMENTAL PROCEDURE

: Spinach ferredoxin was prepared by the method of Tagawa and -

e, e

B e T s
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Arnon (9).- Clostridial ferredoxin.and clostridial‘apoferredoxiﬁ were
obtained from Prof. J. C. Rabinowitz, HIPIP from Dr. R. G. Bartsch,
aﬁd’rubredbxin from‘Dr. W. Lovenberg.

All spectra were'pfoduced aﬁd énaiyzed inithe Berkeley iron—-free
photoeléctfop spectrometer (10). In érdef'to obtain speectra from proteins
in a state‘approgimatinglthe solution'and to oniate the interfering |
effect;”of_SQ4fiacc6mpénying:(NH4)éSOAIprecipitatioq;'the samples we?e
" run in frozen buffered éqheous solutibn. An acéeésotyvtrﬁnsfer chamber,
which all@wéd‘controlled.cooling of the samples,; was used in the spec-—
trometer source housiﬁg (11). The solutions were frozen to about -90°C
before_subﬁitting them to the spectrometer vacuum of about 10-5 torf;
Each fefredoxin épectrum répresehts the best data pbtained'from'eXper;~
ménts with from three to fiQe‘differenévsambles of the'SAme protein.
'Spéctta'composed_of!several peaks were resolved by curvé—fitﬁing'with
loreﬁtzianvliﬁes of féstricted half-wiathévby means of a computer program
déscribe&”elsewhere (12). |

| X-ray doseés of 10° r. are known to decompose cystine and cyéteine
in aqueous solutién at room temperatﬁre (13). Radiétion décomposition
of amino acids in the dry, solid state in air'is also kﬁown to 6c¢ur (13).
Experiments were carried out to determine the radiation dose to whicﬁ the
sémples in our spectrometer were subjectea. Ekposure of a radiation
safety film badge”to the conditions of’a typical‘expefimént indicated a
‘ma#imuﬁ dose réte of apprOXimatély lO3 rads/hr; To determine the effect
of ﬁhis quéntity of radiatioﬁ‘on the proteins, samples of spinach ferte—
doxin, froéen to dry ice tempgratures, wefe,subjected to_a.dose ofi
"~ 3 x'104 rads pf Co60 Y-rays.b'These experimenﬁs showed that the biplogi—

‘cal aqtivity of the irradiated sample, as determined by the rate of NADP
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reduction (92, decreased approximately 10 to 15/ from an- unirradiated
.control sample. As all of the spectra presented in thlS paper were
obtained-wituin 12 hours, bulk decompo31tion does pot appear to be a
seriousvfactor. | o |

" The purity of tﬁe-ferredoxin-samples; from.which'XPS.spectra were
obtained was'checked optically. All-saupies had purity ratios within
10% of the optimum literature values. The opticalbpurity ratids‘ot tﬁe
»samples, before and after XPS spectra were '’ obtained appeared to remain
coustant to wlthin 104.. However, XPS spectra result from the top few
'hundred angs.troms of the sample surface (7), and degradation in only
these layers would be dlfficult to detect by an optical method (51nce
: only a fraction of the sample would be affected). These top layers are
‘submitted uot-only to an X-ray flux of about 1000 rads/hr, but are also
’ susceptibie to”freeZe—dryiné effects and'possibly_surface reactions
‘(although'measuresuuere taken to avoid the freéze-drjing phénomenon)
' (ll);“ The spectra.presented'here were.conSistentiy reproducible using
about three different samples for each protein;-aud tﬁe corresponding
Speétra_did not deteriorate significantly with time.v Thus, the prdteins
investigated By.this‘XPS method did n. t explicitlyvshow the.effects of

decomposition.

EXPERIMENTAL RESULTS
lFigure 2 suows the SZf‘photoelectrop spectra of‘the;four uon-heme
iron'proteius under investigation.and also:tuat of clostridialoapoferre-
‘doxih. This apoferredox1n was prepared in‘the laboratory of Dr. J. C. je ¢
Rabinow1tz by removing the iron and labile sulfur from clostridial ferre- B :

doxin,_leaVing.only c¢ystine groups in the protein,(14).
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The corresponding Fe3P photoelectron spectra are shown in Figuré 3.
These spectra have been adjusted by subtracting out a constant backgrouad
from the raw data. It should be noted that the typical Fe3P spectrum

displays'a'half—widthvof about 2.8 eV. However,'the appérent brqadehing

i

‘in the iron $pectra of these proteins_is.not néc;gséfiiy’ddé to the
existence of chémiéally 6r magnetically different iron species, but may
result from tﬁé very poor'statistical resolution of the Fe3P photoéledtrons
from these proteins.

Table II summarizes the quantitative results bf:thesé iron and sulfur’
speétré.‘ The estiﬁated efror'to the ﬁeashréa B;E.s is the scatter of
values obtained from several experiments with eaéh protein. . The area’
fatios have also been estimated By considgring 311 experimental speétra
but, néﬁefﬁheless, are only a rough estimate and are not to be taken as
precisely acéura;e; ' |

o Thése'non;hemé iron proteihs were.rgducgd'usiﬁg'NaZSZO3 (gr, in the
case of HIPIP, oiidized Qith.KBFe(CN)é)vénd investigated'as frozen solutions;' 
 However;;no significant change in the photoeleégfon specfra»cquld be
detected_upon reducing or oxidizing thé proteins. 'Héﬁever,,in many cases

the reduced profeins showed significant decomposition ;fter e#posure to
.vthe experimeﬁtal'coﬁditionS'andvthus unequivocal intefpretation of the
éffects of reduction upon the XPS spectra was not'éossibleQ

Pbésiblevmodel ligating systems of_tﬁe iron-sulfur compléx in thg
‘noneheme‘ifon proteiné?éfe_p:esented in Tables III and IV. Table III
containé the measuréd Fe3P and S2P B.E.s and calculated charges of synthe-
sized:model iron-sulfur complexes. Table IV contaiﬁs the calculated irom -

and édfgr.charges of hypothetical‘model iron-sulfur complexes. The déta 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 lron protexns are represenced as short lines 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. invFigure 4.’

lTovprovide backgreund information‘fer use in the interpretation of
the protein“spectra,.tﬁe'iron and sulfur photoelectron spee;ra of a diverse
series of compounds of.ksown stdichiometry and structure were collected.
In a prefious publicatien'we have presented these results togerher‘with
an interpretation based upon the‘extendedeUckel theory'(ls)l These
data'ere presented in Table'V and Figgre 5. Wefwill eonsider these

model data in the Discessien section.

|  DISCUSSION

The photoeleetron spectrum of-a\chemieel system should give(insight
into thelelectronic strueture of that syStem; slnce changes in chepical
environment of an atom will correspondiﬁgly change the B.E.s of its core
électrons (7). When iprerpreting eur XPS data.we use the’assﬁmption that
similar atomic binding energies represent'similar chemical enviropments.
Although this assumption is necessary, it is not sufficient alone for
1nterpret1ng XPS spectra. Molecular orbital chCulations.of etomic
binding energles or’ parameters related to B.E.s in sypthe51zed and hypo-
thetical model complexes can also be helpful in substantlatlng the inter- g

i

-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 meaps of extended Blickel theory, for a diverse series

of iron and sulfur compounds. .



\Atomic charges and bindinglenergies of the model complexes were
caiculated'using the extehded HUckel method formulated by Hoffmann (16,17),
with modificétions'to the Coulomb_intégrals and Slater exponents such
that iteration'ﬁo charge self-consistency COﬁld’be'obtained. "This
method does not'include electron fepulsion terﬁs ekplicitly, and uses
empiricﬁlipérameters for evaluating the elements of the secular determinant,'
Téble V shows a directvcofrelation between calculated B.E. and c;lculated
chafge.‘.From this obgérvation'iﬁ seems reasonable to expect similar
fésults for attempts to.correlate megsured electrbn B.E.s with either
calculated charge of'célc;lated electron B.E.s. Howevef, the correlations
are'édmittedly somewhat aftificial siﬁce the simple extended Hﬂékei calcu-
lations are insensitive to  some impdrtant contributions to electron energy
which iﬁqlude electron correlation, felativistic7and relaxagion effects.
Because of its success in predicting relative B.E.s in organic complexes
(15), the extended Hickel formaiism offers the best method available to
calculate charge and Bindihg energy for such large molecular systems as
wé deal with here,:déspite‘its limitations mentioﬁed abovef'

Using these corrélaﬁions and the XPS data from a number of inorganic
iron-sﬁlfur complexes we have interpreted ﬁhé XPS‘spectra from the non-heme
iron proteins. . Where applicable, we also compare the results of other
S§ectr;scopic techﬁiques with thosé of XPSf |

The éulfur datg are especially inferesting.' Rubrédoxin, with no laSile
ssulfﬁrvatoﬁs and 4 cysteines@lfurs,.showé one SZP phot6ele¢t:on peak at
162.7.eV,'which is relatively close to the value fof S2P photoelectrons
from clostfidial ap&ferredoxin. Correlations Between B.E; and calcuiated

charge'(as_shown in Figure 5) indicate that a B.E. of 163 eV corresponds



: ~t6 e:suifur ehargevof“aboutmzero.>-Thisjis‘consistent”Wirhlthe aPoferre;
.doxin;funich_eonfains-CYStéine sﬁlfurs. However;lX‘ray-diffraCtion[

results (l9)"indicate the four Sulfur.‘s’ of ox.idized”rubre'doxin'are bound

to iron in a" tetrahedral arrangement, and the XPS‘of inorganic complexes
.show such sulfurs to exhiblt typlcally an S2P photoelectron peak at aboutv
161.5 er(see;Table IlI and F;gure 4y . Consequently, ‘the rubredoxin SZP
B.E;'df'l62.7 ev_must7be'lnferpreted as an unusual‘bOnding.situation
| nhere‘the eysteine sulfurlis’neakly bonded to neutral iron such that'little_'
or no chargeiis effecflyely transferred betWeenethe_two atoms, or, con-
Asideringiieem lc of Table 1v, as e&steine‘sulfur bonded to iron in a
positively charged;complex nhereinlany negative charge on tne‘sulfur‘
Z‘would»be neutralfzedr" The peak at about l68 eV in‘the rubredoxin spectrum‘
veorreS§onds ta’:he SéPielectrons from ;he-sd4é lon, whiehﬂis:apparently'
~present with this protein. | | | |

HIPIP w1th four lablle sulfur atoms- and four cystelne sulfurs,

yields two. sulfur photoelectron peaks of approx1mately equal 1nten31ty

at B.E.s of_l62.9 eV and 161.5 eV. The Value at 162, 9 ev corresponds closely'

.fo'that‘of the S2P photoeléctrons from rubredoxin and is given a similar

l blnterpretatlon; As illustrated in Figure 4, the value of l6l.5 eV-corresf_
iponds_more“nearly to the typical valuelof anuironfbondee-sulfur‘foun& in

the iron;sulfur.conplexes‘of'Table III. The sulfur assoclated'wifh”fhis‘a:

B.E. ls‘assumed to be the "labile" Sulfur and to be bonded only to the |

.iron and not to the nroteln.‘ The thlrd SZP peak at highest B. E. is
assumed to orlglnate from an oxldlzed sulfur spec1es not assoc13ted w1th

- the active sitef.

\'Sninaehlferre&okin;fwith<;woflabile sulfur_amesvandeffve‘eysfeine

- sulfurs,fexhibits a spectrum wnich can beidecomposediinto'at least two




éé; photbeie;tron peaks ih the épproximate ratio 6f 5 to -2 (as aetermined
by a computér an&lysi#).’ Through a lqrentziaﬁ Cgrﬁe fig, these pgdks
~are determined to occur at 163.1 eV and_lél;l eﬁ, respectively. The
value at 163.1 eV is taken to correspond ta thét of rub;edoxin and is
_ interpreted similarly, wh;le the vaiue at 161.1 eV again corresponds more
ﬁeérly td.thé sulfur of inorganic iron-sulfur complexes and is'assigned
to the "labileﬁ sulfur, | o

Clostridial ferrédoxin, ﬁith six to eight lébile sulfurs and six to
eight cysteine sulfufs,‘also can_be decomposed into at least two photo-
électron‘peaké in the approximate ratio of 4 to 3. It should be.nofed,
however, that in:at.léast-one experiment with ;his protein, an‘iﬁtensity
r#tio of 1 to 1 wasvfouhd; It is not certain which ratio is the more
.accurate. The B.E. ﬁélue of 163.2 eV is inte;prete& in a manner similar
to that of-rqbrédOXin, while the value at 161;5 eV corresponds again to
- an iron-bonded splfur found in the iron—sulfur complexes. -

'-Cﬁfiously, the XPS spectrum of ammonium sulfate precipitated

clostridial ferredoxin displayed only one S2P peak at 161.3 eV aside
'vfromva sulfate S2P peak at 168 eV. Tﬁis could possibiy be due tq a
difference in bonding between éolution and crystallized ferredoxin.
There ig'also'the possibility.that the sbectral intensity at approxi-
' métely 163 eV is.due at least in part to cysteine groups in denétured
'p;otein éince:ﬁo samples attained 100% purity and surfaée.decomposition
Qbuldvnot be detected airéctly,v Finally3 it should again be ﬁoted that.
the intensity ratios given for the.above'protein épeétra are only rough °
estimatéé based on tﬁe aSsumption that oﬁly twdipeakg are présent;'thus
quantiﬁativé interprgt;tion of sulfur content cannot be made with cer—-

vtainty.
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Due to the ambiguities of peaks position ana the uﬁséccified dtigin

of spegtral broadening,.ihterpreﬁation'of.the irqn.data'is somewhat less
certain than is the sulfuf'data. Rubfedoxin,-éontaining oﬁly one iron
atom, yields a éingle Fe3é peak df norma1-ha1f—width. The Fe3P B.E. of
54.6 eV is unusu#lly'high'compared to;thoée_of the iroﬁ~sulfur complexes
lis;ég in Table III and Figure 4. EPR investigations of ogidized rubre~
doxin indicaté that th; iréﬁ is in_the fertiq state; and since X-ray
diffraction data give é étructufe whiéh ﬁould not Be expected to délocalizé
charge to a great degre?,‘the"high Fe3P'B.Ef is compatiblelﬁith the EPR
interpretation. A’@omplex such as shown in lcuofliablguIV cdﬁld give an
XPS spectrum cdrrésponding,to that of rubreddxin,,sinée ﬁhebhigh pdsitive
charge on the iron‘shouid’resuit in a relatively high Fe3P’B.E., while
the‘zero'chargé on the sulfur would correspoﬁd_to an-SZf’BfE. of apﬁroxi~ '
mately 163 eV. HiPIP, CIOStridial'ferredo%in'and spinach fgrredégin ﬁaQe
”somewhat siﬁilar Fe3P B.E.s ranging.from'53.0_t6 53.6'eV;‘ As seéh ih,-
Figure 4, thésé‘&alues are much ﬁore'consistent with théséﬁdf tﬁe iron~-
sulfur complexes presented in Tables IIIrénd‘IV: X-ray diffraction data
(21,22) indicate that‘theée latter threé'proteins contain iron associated
with S in Fe~S clusters. This type of chémical'environﬁent;wogld most
likely result,iﬁ electron delocalizaﬁion, and cbnsequéntly'it would bé
difficult to assign a spécific oxidation state to‘theviron éf ;hese proteins.. -
Thié electron delocalization wQuldvbe‘consiétent'with the ioﬁ Fe3P B.E.s
exhibited by the'prbteins. Such close assdciétion of irons is also
suggésted by EPR and magnétic sﬁséeptibiii;y studies (23—25).' Inter—
p;eting'EPR dataszoybspinach ferred;xin'(ploét;idial fefredoxin_has a

simil;r EPR spectra), Brintzinger et al. (26) devised a model of an



iron-sulfur center as two iron—-centered tetrahedra joined at an’edge;

Gibsen. et al (27), 1nterpret1ng the same data, ‘assumed that the active
m01ety contalns, in the oxidized form, two hlgh—spln Fe3+‘irons wnléh are
anﬁifferromagnetically coupled to form a singlet Qtate. It’has also been
reported'thét oxidizéd clostridial ferredoxin giﬁes:a magnetic suscepti=
biiity per iron which shows a linear increase Qith témperature over the
range 6 t§'65°C, indiéatiﬁg'strong anti-ferromagnetic cogpling between
ironsr(24). If thé S" charge on model complex #2 froﬁ Table IV were more
positive (and thus havé‘é higher S2P B.E.) througﬁ perhaps a charged com-

plex, then this type of model would be compatible with the XE§ spectra

~of spinach and clostridial 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 polarization 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 spiittiﬁg,of core electron binding energies of

- several electron volts. Information concérning'spin state and ligand

arrangement is derived from the intensities and separation-ofvthe-split
photoelectron lines. However, the Fe3P peak broadening may simply

result frbm the poor statistical resolution; thus, no definite inter-—

-pretatlon can. presently be attributed to .this broadenlng.

The observatlon that both the iron and ino?ganic sulfur peaks are
‘absent‘in the XPS spgctra'of.apoferredqxin is éonsistent with the,optical-
data, i.e., these constituents are associated witﬁ the chromophoric group
in the native pfotein. Unlike optical1spectros§opy exﬁérimeﬁtal diffi-
culties mentioned above'have thus far preélgded assessmént of the effecﬁs

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

The XPS data of tﬁe'nbn-ﬁeme'iron_proteins.have been‘inte:p;eted'wich'v
respeét‘td hypofhetiéalvand Synthes;zéd ir6n-sulfur complgxés. Where |
gppii¢aﬂle these.iptérprétationsvﬁéve beenVSHOWn‘to be compatiblg_with
results from“other épectrOSCObic techniques;  Eséentially we haVevfouﬁd.
thaﬁbthé XPS data from rubredoxin, exhibifing relétively higH5B.E;§ foir
the irqniaqd'sﬁlfur AtomS‘and oﬁlyvoné_sulfﬁr peak, ére §ompati§1e with -
a struét@re'similér’to item lc' of Table IV.: Oh:thé‘Othef héhd, the XPS
data from tﬁe:otﬁef thrge'proteins“invééfigétgd, exhibiting relatively low
#.E.s for the iron atoms and two suifuﬁ.peaks;lare more compatible with
aisirugture similér'to;itemVZ of Table IV.  These iﬁtérpret;tions #re
admittedly soméwhat genefaiized, but can be QéedAgs aifgunéation for more /
;dnclgéive’WOfk.in the fﬁﬁuré; | )

~ This report has'demohst;éted’the.feasibili;y of u§ing~XPS for
ystudying'Biolbgical systems.'_Expefimental liﬁitapions ofvspec;:alv;eéo;
lutionjﬁﬁd-intensity should be overcome in order td yiela nmuch more
informatioh than p¥esé£tly is possible. For'é#ample, valuable information -
-cdncerning ;iéand'arrangéments about an atom,:éiectron dis;ribution aﬁd
spin state can be pbtéined By-studying core polafization phgﬁomenqn_of
suitable complexeé-(lZ). O@e.must always bé céncérned about thé.detri-f
mgntai effects of radiatiqn upon biologicai systems, and bétter hethods
should be developed‘;o»moﬁitor the purity-of a sample's uppefmos; layers. 
Withvimpr§Vemen£é in.eQuipment and ﬁeéhnique; thisispecﬁral meﬁhod'éﬁould-v

'prOVe a‘valuable,tbol‘in-ptdbing_Biplqgica; systems.
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TABLE I -

(1)No. of Fe ' T X~-RAY
T © (2)No.of Sj(inorg) REDOX - DIFFRACTION
PROTEIN: M.W. (3)No of Solcysteine) POTENTIAL® EPR ~ (Fe-S moiety)
: F ' ~ Oxidized: :
| 0 1 Fe 43,9 C=s__ s-C
RUBREDOXIN 6,000 (2) OS; -57 mV oot S/Fe\s
] . . . S—
S 4s, (none) s TC
SPINACH (1) 2 Fe | O(xidize)d: . C\P“’”'“’e" e
FERREDOXIN 12,000 ' (2) 2 Sj -430mv -2l NS S S
o R 3 ' . . Reduced: ,Fe Fe\
(358 - 189,194,201 S e
o ; ' . : - Oxidized: . o
(1) 4 Fe
HIPIP 10,000 (2) 4 S; +330my 9 3'_2_‘2*_394 Unknown
' (3) 4S . ‘ Reduced:. ‘
o : ~ (none)
CLOSTRIDIAL (1) 6-8 Fe R Oxidized:
FERREDOXIN = 6,000 (2) 6-8S;j -410mv ~_{(none) _ Unknown
I (3} 8 So ' Reduced:
. , . ' 1.89,1.96,2.00
e XBLTI4-5123
LN

Summary of important physical characteristics of the four non-heme

iron proteins under investigation.
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" TABLE I
L STOICHIOMETRY AREA AREA
PROTEIN . ‘OF Fe=Sj MOIETY Fe3P B.E. RATIO  S2P B.E. RATIO
OXIDIZED | Fe=0Si '
RUBREDOXIN - 4 Cysteines S4.6+.4ev l 162.71.3eV l
REDUCED - 4 Fe—4's; : 1629 +.3ev |
HIPIP 4 Cysteines 53.0 +.4eV I 161.5+.3ev. . | ;
OXIDIZED =~ X Fe-?XvSi‘ v oo {approx)
'CLOSTRIDIAL =~ 8 Cysteines v o 1632+t.3ev 4
FERREDOXIN . (x=6t08 ato:ms)v 53.4+.4ev. . | 6i5+4ev.. 3
OXIDIZED :g _ L : - _v :;:prmn:;
SPINACH "2 Fe—2 Sj 183t .4ev 5 o
FERREDOXIN 5 Cysteines. = 53.6+.5ev. | - 16llt.4ev 2
APO - :
CLOSTRIDIAL O Fe~0 Sj _
FERREDOXIN 4 Cystines _——— —  163.2+.2eV |

XBLT14-5124

S'umma_,ry of the Quéntitétive- results.from the XPS _sp‘e’ctr,a" of the

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

v_frdm 'l.ovrentziaﬁ.’funct:iohs fitted to the XPS data.
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. TABLE 1Im

MODEL = Fe3P CALC.  'S2P . CALC.
COMPOUNDS B.E.(eV) CHARGE  B.E.(ev)  CHARGE
Fe,sf?_"- N 530  0.45  61.5 ~0.22
Fes | —  0.43 1160.7 -0.43

S— : '
@:S/Fe\si‘ 53.2°  0.29 161.4 -0.43

S/F\——-© 529 - 161.4

-KFeSZ —. 035 el . ~0.46
Et | S ?r S Et :
NN r PN N » S -
Et/N C\S/Fe\s/c N\E' 540 . . 0.82 : .‘161.4 0.3
E PN
)— ~ /Fe /C N\ o ‘ ‘ ) .
AN Et 53.5 .  0.95 161.5 -0.3
?/ 29 | g _ |
et Nt
o . EH3
oc co : -
N S ” :
0C—Fe Fe=CO . 549 — _ 162.3 —_
oc/ 57 Neo - <
(CsHsFeS)y 540  — 20—
| XBL 714-5125

: Meésuréd Fe3P and S2P B.E.s and caléuiatéd charges of synthesized’
model.irén—sulfur complexes., The B.E.s are feproducible to within .3 eV

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

]



TABLE IV
‘ ) o _8OND BOND
. MODEL . CALC. Fe CALC.S' CALC. 8" DIST.#1 DIST.#2
' COMPLEX . . CHARGE CHARGE = CHARGE - (&) (&)
W H3C—S\\ 5£20H3 |
. H3C—$/ \s—-CH3 '
(a) Tetrahedral, neutral - - 0.37 -0.22 _‘ — 2.3 .82
(b) Tetrahedrol, +2 complex 063  -0.06 - 23 ie2
(c) Tetrahedral, +3 complex 0.7 o) L 2.3 1.82°
(2) H3C s\ SO @s>cHgy '
. aac-—s _ s~ °\s—CH3 . _
" Tetrahedral, neutral . 066  -0.3i -0.32 2.24 2.44
-3 : CH3 | ) | | o
: H3C—S_ /s®®s“ CH3z
H3C—S/ \s/ e\S—CH3 o
Tetrohedrol, neutraol i 0.64 +0.15 -0.23 2.24 2.44
@) Hag g ,CH3 o
SN ®/°,
N ,Aug 5—CH3
H3C/s \S/ \ H
H3 H Hx s .
‘Pseudotetrahedral, neutral’ 0.3 =06 -l"—O.l', 2.3 2.48

- XBLTi4~5126

Caﬁlculated_i_ro'n and sulfur 'charges of hypothetical model. iron-sulfur

coinpl_exe.s'.- The charges are svevlf_'-consis't:ent to within .,05‘ charge units.



charges for a diverse series of iron and sulfur compounds. The B.E.s
arc reproducible to within .3 eV and the chérges'are self-consistent

to within .05 charge units,

cr

Measured‘and calculated elgctron binding energies and calculated

TABLE V .

‘43

Measured Cale. Calc. Measured “Calc..
No. Molecule Fe3P B.E. Fe3P B.E. ~iron S2P B.E. silfur
' ' (eV) (ev) charge (eV) c¢'iarge
1 FeF. (KjFeF,) 57.7 56.0 +1.81
2 Fed, (K,Fe0,) - 57.7 '56.1  +1.79
43
| (NH,),S0,.24H,0)  56.6 +1.51
+2
4 Fe(H,0) "~ (Feso, (NH,),S0, S
<6H,0) | 564.2 +0.86
5 Fe(CN) ™ (K Fe(oN) ) 55.0 +1.24
6 Fe(CN), (K Fe(cN) ) 54.0 o +1.03
7 Fe(metal) . 52.4 52.0(def.) O(def.)
8 FelCsl), 53.7 54.5  +1.00
- + . - .
9 Fe(CgHy), +(NO,) jCH 0™ 54.9 o +1.36
10 Fe(cO)q 54.0 54.7 +1.02
11 Fe,(CO)g 54.6 T +1.30 i
12 FesS, 53.0 53.3 +0.45 161.5  -0.22
13 Fe(S,CNEtEt), 53.5 | +0.95 161.5 0.3
14 FeBr(S,CNEtE), - 54.0 54.1 +0.82  161.4 -0.3
RPN . + ' o
15 Fe(S2C6H3CH3)2 ‘N(n-C Hg)" 53.2 +0.29 161.4 ~0.43
16 Ferrichrome A 54.9 55.5 +1.53
17 Hemin Cl 54.2 +1.04
18 re3c1 Phthalocyénine_ 544 v . +1.46
19 s0,”~ 3 T 167.8 +1.86
20 50,7 166.4 +1.40"
21 cu330ca3 , - 165.5 - +0.70
22 CH,SSCH, 162.7 -0.13
23 CH,SH 1162.7 +0.09 .
24 FeS +0.43  160.7 =0.43
25 KFeS2 +0.35 161.1 -0.46
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Figuﬁéll. Schematic outline of- X-ray ohotoelectron

- method. A 2S electron is shown being
‘ejected 1into the energy continuum by an
X-ray photon. .
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Figure 2. 3S2P photoelectron spectra of the four non—heme

iron proteins under investigation and also that

- of clostridial apoferredoxin. - The spectra have
been fitted with lorentzian curves by means of
a least squares computer analysis.
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“Figure 3.

52%  T - S ox. .
(A) - oX. E | (B)  CLOSTRIDIAL
- ' RUBREDOXIN ' e FERREDOXIN
o _ Fe3P o o Fe3P
= b ol
o -] = ..
2 T WIERS
g | m;
> sl 3
= 50'*«- 3 > - . I
z | o b _
o z
Q- 3
49 L 10 |
ey 055 50
200 1O+ ‘ C
s (D) 0X.
—~ - SPINACH
s N FERREDOXIN
2 2. ' Fe3P-
~ —or S
o o
o) \ .
© 195 - |
o : = .
= Z o
a B o _ | o
o O - R
l Al 141._>A;LJ.‘LA.1. - ‘LLLLLA lJLA'L‘ .
60 50 | 60 50
BINDING ENERGY (eV) - :
oo  XBL7TI4-5128

Fe3P photoelectron spectra of the four: non-heme

iron proteins under investigation. The spectra
have been fitted with lorentzian curves by -
means of a least squares computer analysis.
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complexes found in Table IV and the B.E.s

corresponding to the charges fronm Fig. 5..
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Figure 5.

o 04 08 20
CALCULATED CHARGE-.
| "XBL 708-5303

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 drawn through the iron
data points is a least squares fit to' the

data from neutral molecules. ' The.numbers
assoclated with the data points correspond to
the compounds listed in Table V.
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- APPENDIX
In.érder to obtainign overall ﬁiew of the[type‘of infdrmation
qbtainabie from XPS as compared to‘other spectroscopie§, presentéd
Eeloﬁlis'a'brief description of the information resulting from the
main spectroscopic probes used to investigate the ferfedoxins.
As_:eéprted in the-méih text, the EPR spectra of the non-heme
iron profeiné.exhibit'characteristic g values. Thésé'spectra can be
4inter§reted with reSpectIto'the following hamiltonian:
(1) H =.gBﬁ._§ ~ Hy

2):.

where BD’= D[Sé2 - 1/3 S(s+1)] + E(sz - Sy
HD is.the'zefo field spli;ting arising fr&m spin-oxrbit cou?ling and is
dependEnt on the symmetry\@f the ligand field. This coupling modified
the_nofmal free eleétron g values to give g values‘characteristic'of
the sysfem; |

Méasuremeht of magnetic susceptibility, Xﬁ, of‘the non-heme iron
préteihs cén be rélated tq the spin stéte of the.Active.moiety. .A
typical.rqlationshipv§étween magnetic'suséeptibiiiﬁy, XM’ and spin

magnetic moment, US' is as follows:

@) . COTr _ NUSZ/3k

0o = s
@) Ug = g G

_wheré the constants have their usual significance.

MBssbauer spectroscopy has Séen ;églied_to'several-non—hemé iron
proteins.. One can obtain information about the chemical environment
and oxidation state of an iron spécies By détefminiﬁg the nucleaf isomer

shift which is due to the electrostatic interaction between the charge



distribu;ion.of the nucleds and‘thatvof electeoa§vwhicﬁ_have.a finiter
érobability_at‘the'nucieus e. .; ”S”‘electroqs): Anocher-paraheter,%s
- the nuclear quadrupolevsplittinv.Which.is the result of the’interaction
of the’nuclear quadrupole moment w1th che gradlent ef the - electrlc fleld
at the nucleus. The. fleld gradient is caused by ligands and empty
valence.eheiis. vFinally one can measure the magnetic hyperfine inCer;‘

action,

(4)HM -gNN ‘H
which ie the interaction'of the nuclearbmagnetic momen;, I, with a
magncetic field, H. The effective magnetic field acting on the nucleus
ariscs ffom the eiectrens_df the atom itself.and is esﬁally called the
internaibfield;,.The-main contributien to‘this field is‘given byvthe'
fermi centaeﬁ interaCtion, i.e., direct coupling between.ehe nucleua
'and the unpalred S-electron den51ty. Ope cab.also'usevan.e#ternal

' magnetic field.



VI. INVESTIGATION OF THE BONDING AND NATURE OF THE PRUSSIAN

'BLUE_COMPLEXES USING X-RAY PHOTOELECTRON SPECTROSCOPY

AND E.H. M.O. CALCULATIONS

There haspbeen_mucn COntroverSy in the paSt'years over'
the natnre of the iron atoms. in tne Prussian blue complexes.
This prOblem‘has been reviewed‘recentiyfin a paper by Wilde;_
1 The nominal;cnemical_formulas of soluble and
insoluple Prussian blue are KFe(-Fe(CN)é)'and'Feu(Fe(CN)d)3
reSpectively 2 HoweVer, these formulas are difficult to
confirm because of the presence of adsorbed impurity ionsl 15 16
| Although many;investigations have attempted to character#
ize these.compiexes,l_lu the,actual‘constituents‘and the
"nature'of bonding'involved are still not unequivocaily
established. There_are several possible.strgctures which_
are compatible with X-ray .and magnetic_susceptibility data.l
However,,thelgenerélly accepted structure of the'Prussian‘
bluéS'is a face-centered—cubicsstruCture with either potassium
ions or ferric ions occupying the 1nterstices in the lattice
ihere is also uncertainty about the type of bonding between
the iron and cyanide groups. ‘Some investigators consider
the Pruss1an blues to be supercomplexes,l » 17 While othersq’18 .
consider the Fe N bond to be: mainly ionic ”

In order to help elucidate these uncertainties of the
PrusSian blue complexes we have used a method of 1nvest1ga—

tion which can obtain direct information about the electronic

environment of an atom i;g., photoelectron spectroscopy.
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Recently, chemicalpshifts of innér—core:electropvbinding
energies haverbeen obserVed in a variety of~iron~cemplexes,9
and have been related to the atomic charge by u81ng self—
cons 1utent charge (s.cC.C. ) extcnded Huckel molecular orbltal /
(M.0.) calculatlons 20_ Spe01flcally, we have compared the
photoelectron spectra of the Prus51an blues and the calculated .
cnarges-of‘a hypothetical approx1mationjto the;e complexes
with tho»e of the iron cyanldes | |

Both insoluble and soluble Prussian blue wvere prepared
by the method outllned in reference 4. The spectra were
produced and analyzed in-the Berkeley irdn—free electron
spectrometer.2l Figare 1 shdws the photoelectronlspectra
of the iron cyanides and Prussian blues. Figurea 2 and 3 show
least sqdaree fits to‘the Prussian blue data by'LqrentZian

,curves restrlcted only in w1dth intensity,dand-number,' Fbr

i both Pru351an blues only two'peaks were aésumed to contrlbute
'to‘the experimental data, with ratios of l:l for the solublep
Prussian blue and 3:4 for the insoluble Brussian blue. ~The
~widths at half}maximum were restricted to that of the
spectra of the iron cyanides (i.e., 2.8 er, 'TablevI lists
the relative electron pinding energies of the nitroéen'ls
pand_iron.BP.electrons in these compounds. Also listed in
Table-Ivare the calculated Qharges on the iron ahd nitrogen
atoms.r The calculatedvatomic orbltal dverlaps between the_
iron and carbon and'the;iron'and’nltrogen invthe Prussian
blue model arve, listed in Table II. Figure 4 shows the model -

used for,the Prussian blue calculation;_the values in Tables
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I and IIdwefe determined for those atoms harked with the
corresponding primes_in Figure 4. Bond distances were
obtained from reference 10, (Fe C and Fe-N dlstances being
1.85 and 2.07 K respectlvely)

Although the Prussian blue spectra.have been fitted'with
dnly tno peaks, there is no COnclnsive evidence that this
represents'the.true origin of the‘observed spectra. In fact,
Wilde;'ggvég.l have pointed out that irdnvimpuritiesvon the
~ order of IO% can_be‘eXpected in even the most carefully
pfepared samples ef Prussian blues,. Furthermore,.the commonly
accepted stfuctufe of insoluble Prussian blue includes interf
stitial Fe(III) ions surrounded by water molecuies.' If.thisv
is in.fedt ﬁrue, the'photoelectron spectradof these'Fe(III)
ions could fall anywnere within the Prussian blue spectra
and not necessarily in the same position of the nitrogen-
'surrounded-Fe(III)“ions. _Consequently;’the postulatede
decompositions of the Prussian‘blue.spectra shown‘in Figures
2 and 3_repreSent-onlysa possible'internrefation; which is
,probabi&umore signifdéant for the soluble Prussian blne
~complex than for the insoluble complex. |
' The method of charge calculation dSing'extended Huckel
theory has been described elsewhere. 20 Owing to the large
»number of electrons ‘involved, we llmlted our Pruss1an blue
representatlon to the hypothetlcal structure shown in Figure
b, . Although this structure may not give the best quantltatlve-
charge values, the values should havevat least qualitative

significance witherespect to other ealculetedlcharges using
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~ ELECTRON COUNTS x (073

58 54 50 . 58 54 50
B.E. (eV) | |

© XBL717-5257 -

Figure 1. Fe3P photoelectron spectra of the Prussian Blue
© - and iron cyanide complexes using Al Ko irradiation.
(a) Kqu(CN)6. (b) Soluble Prussian Blue.

(e) 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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" Figﬁfe 3. Cé’r‘hfputerr" fit to insoluble _vPruvsvsvi?anf‘bl_liév"d,ata‘-t .
S ’ by two Lorentzian curves .in the ratio of.3 to. y,



- Table I

Measured ‘Relative Binding Energles of N(1S) and Fe(3P)

Electrons and the Corresoondlng Calculated

Charges on the Atoms under Investigation

3P)

'N(lé) U N(18)

. 1.23 .

y Te (  Pe(3P)
‘Compound B.E.(eV) Calc. charge B.E.(eV) Calc;ﬁcharge
K Fe (CN)g 54.0 1.02 .05 397.1 © -0.84% 0.05
K3Fe'(cN)6 55.0 1.22 £.05 397.0 ~0.80 ¢ 0.05
KFe Fe (CN)g 56.0 (Fe') 397.1 ~0.79 £0.07
' -0 . 1.65%.07 | |
54.6 (Fe'')
| . 1.23 £.07 o o |
Pe,[Pe(CNL1,  56.1 (Fet) '397.2  -0.79 £0.07
N 1.65 +.07 ' -
55.0 (Fe'")
2 07




Table II

Calculated Atomic Overlaps between the Corresponding
Fe-C and Fe-N Atoms Shown in Figure 4

.. Fe' - C' Overlap

T men -

N' Overlap

C2s 2Pz C2Px G2Py Nox  N2Pz | N2Px  N2py
Fe 34,2  -.083% 0 . .0939 0 -.0640 O C_.0767 0
Fe sd#é o 1246 0 0o 0 _—.0764 0 0
Fe 3d,2_g2 1444 0 -.1627 0 .1108 0 | .1328 0
Fe 3a,, 0 0 o 0 0 0- o 0
Fe 3d,, 0 0 0 .1246 O 0 . 0 -.076k
Fe 4S 03917 0 -.1281 0 .3216 0  .1135 O
Pe b, 0 .2297 0 0 0 .63 0 0
Fe 46, L5479 0 =-.1160 O 4799 0 -.1367 o
Fe 4Py‘ 0 0 o .2297 o 0 0 .1634
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Figure 4. Hypothetical approximation to the Prussian blue

structure (used for molecular orbital ca]cu]ations).}
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this extended Huckel'method.{.The calculationslwere Carried"
out‘witb the onl& restrictions being that_tbe total charge

of the two iron atoms”should be +S,'and each'CNfgroup-should
carry one extra electron, g1v1ng the total complex a- -6 net
charge,; The most striklng result of this calculatlon is
_that‘the greater charge is found on the,carbon—surrounded iron
atom, which has been considered to heve only a'+2‘oXidation
stete.es opposeq tola +3»oxidation state-for the'otherviron'
atom. 'Invféct, there is a significant differencévbetWeen the
calculated iron charges in tbe hypdtbeticalvcomplexvanobnting
to about 0.4 charge units (the differencefbetween'the ferro- =
'end ferricyanides is 0.22 charge bnits);c Compareduwifhu#hé |
1.4 eV-peak seperation in the compnted‘Prussian;blue'spectra;
tbis‘computed:Charge difference‘is reasonéble.' Furthermore;
the computed'chargefon the nitrogen atoms in both-tbe'Prussian
blues.and iron cyanides are very nearly the same witnin the‘
accuracy of the computations. Consecuently;ﬁone expects._end
actually does obtain 51mllar chemical shlfts for the nltrogen
electrons. The overlap matrlces between the Fe C and -Fe=-N
atoms.ere,shown in TablerII.. The~qualltat1ve slgnlflcance
.of’this data is that the strength of'interaction;between the

. Fe=N atOms-is-comparable:to that between the Fe-CVatoms

hence in assumlng a Pru551an blue structure based on Flgure
4. one would not expect ionic bonding to play ‘a- 81gn1flcantv

" role, except perhaps for ;nterstltlal countérions.

| Table llI presents the analvtical results-for the'

'Prussiah,bluésr _The‘first columniin this table contains the
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results ffom net'chémical'analysis_of the'Prussianvblues.
vNormaiization of these results indiéate'that»there'ié about
8% eXcess iron in the insoiuble PruSsianlblue and_almoét 30%
excess,ifdn,in thé soiuble Prussian blue; This excess may

be attributed to iron impurities. vapufities can cause
erroneous interpretation'of XPS,spectra.. Consequently; the
‘evidence_presented by this'method cannot:give.anvunequivdcal
vénswer'as to the naturé of the iron speciés‘in‘the Prussian |
blues. However, oh the assumption that the major portion of
. the XPS spectra results from the Prussian bluevsamples,4the
most certain obseryation one gan make'from the Prussian blue
spectra‘ié that there is more than one distinguishable iron
species in both coﬁplekes. Because.of the lack of peak
.resolution, the photdelectron spectra.of ﬁhevPrussian biué
complexéélcannot.unequivocally support_anyrone'structure;
.They cénvOnly suggeSt.reasonable possibiliﬁies. Furthermore,
‘the moleéularvorbital calculatiohs.are'neCessarily crude and
their value'can_only be judged from thevéonsistencj of their
predigtions, (g.g;;.és presented inva previous wbrk).zo -
NevertheleSs, thére is significant potential>for this type of
investigation into the electronic and struqﬁural environments

of" many chemical complexes.



~ Table IIT

4. Soluble Prussian Blue

'Element

. Theoretical wt. %

 Expefimental-Wt.‘%"

N 18

Fe' - 23.7

Insoluble Prussian Blue

Element . Theoretical wt. %

12
13
29i5

EXperiméntal,Wt; %v 

.,C : | L
N S 19
_ Fev>’, o 29.5 .

17.8
21.8

37
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VIL: X-RAY PHOTOELECTRON INVESTIGATION OF MAGNESIUM AND ITS

NATURE IN CHLOROPHYLL SITUATED IN PHOTOSYNTHETIC

MEMBLRANES

The role of chlorophyll molecules iﬁ'the phetosynthetic |
process has'long-beenbavsubject of inteneiVe investigation.l’2
,However;vthe natureband role of magnesium in biologically
',actiVevchlorophyll has not yet been unémbiguously detérmined.

In"efder to help elucidete this pfoblem, we have used a |
spectroscopy, Xéray photoelectron spectroscopy (XPS), which
can giVe direet information eonéerning the electfonic
eﬁVironment of magnesium (er of any element,‘for that matter).
This teehnique haS‘previously\been desecribed elseWhere,3 ehd

only a brief sketch will be giVen here. .Essentially,vphote;
electroh spectroscopy involves bombarding a sample of the
material to be investigated with low energy X—rays‘(g.g.,'
»Al(Ka)'X-rays with anienergy of about iado;eV),and ehalyzing
the'kinetic energy of the resulting photoeiectfons.:-From |
this ihformation, one can obtain the bindingvenergye(B.E.)’of
vthe’eore electrons.‘hThese binding energies have been shown
‘to exhibit chemical shifts3 due to a change in chemical (i.g},
electronic) ehvironment of the atom under investigation.

This technique is'illustrated in Figuretl.‘. | |

In order to help interpret the photoelectron_speetra of

the chlorophyll magnesium found in“biological syStems, we |
;have eSteblished.a chemicai shift series ffom arrepresentative

sampling of common_magneSium complexes. Figure 2 illustrates
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,this;series In analyzing this data one should keep in
mlnd tnat the values given are at best only relatlve, and
bolld state effects such as surface charging and work'
functlon varlatlons can cause 31gn1ficant chang:s in. the

asured blndlng energy values. However the vzlues'reported
in Flgure 2 have thus far been reproduced to approx1m tely
iz et e | f |

A fewbcomments‘are néceSsary‘toVclarify:the’valueS"

shoWn.in-Flgure 2. The Mg (2S) B.E.IOf magnesium;metal'wasp
'cbfaineq"by a'.'compu'ter fit of Lorentzian "functionsyt,o';.i-the:
photoeledtron spectra of magneSium foil; this‘is-shoﬁnjin
Figure 3. The_foilgspectrahshowed'a broadened peak;ﬂapparentiy
corresponding to overlap‘of.MgO and Mg metal spectra;‘ Af
computer-least squaresnfit by two Lorentzian'curves ofjequal
'width resolved the‘foil spectra.intovcomponents at-87.5 eV .
(correspondlng to MgO) and at 85.5 eV (presumably from Ng |
vmetal).' The photoelectron spectrum of Phenyl MgBr Grlgnard
'in frozen ether solutlon is shown 1n Flgure ﬂ'-a broadened
peak is observed Due to the equllibrlum of chemlcal spe01es
‘in urlgnard reagents (RgMg + MgX2 P 2 R MgX 2 (R MgX)z),
vmultlple peaks are 1ndeedvexpected, Figure 5tshoWSvthe
b_photoelectrOn:spectra of magnesium chloride’(dehydrated)-and
of . NvCl « 6H O frozen at -50°cC to prevent dehydratlon 1n the

vaCuum‘system of the'spectrometer. The dehydrated magne51um'

-

”echlorlde spectrum was obtalned after allow1ng the frozen

.agnes1um chlorlde sample to dehydrate at room temperature

wnlle in the spectrometer sample chamber The_dlfferencebln,,"
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‘Essential featuresgof the X—fay photoelectrdn

technique used for this investigation.  X-rays'

~from an aluminum anoae cause emission of pnoto-

electrons from the atomic core of an irradiated

“sample. The Xinetic energy of these electrons .

are then analyzed by a double- focuss ng magnetic
field in the Berkeley iron frece spectrone ster, 1}

 Unlebo otherwise specified, AlKa X-rays were
used for all spectra presented in this report.
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Least squares fit of two Lorentzian,functiéns
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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~ Phenyl MgBr (frozen ether soin)

_\_-.‘Electron COUn’_Ts X 10"2 -
l
*y
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~© XBL7010-5466

v"*'Figure 4."X+ray photoeiéé€ron spectra of PhehjngBr'in )

ether solution: MgKa X-rays were used.’
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B, betweeh the two compoundé_of about éne eV ié»atﬁributed
then to the loss of water of hydration. This'shift'is |
@ualitat;Vely consistent with that obséryed in iron compounds
with varying hhﬁbefs ofvwater molecules in the coofdination
sphere.5 " The shift towards higher B.E. with loss of water
molecules indicates an increase in lattice potential and/or
the loss of electron density contributed by”thé water moleculeg
to the magnesium complex. It should also bé noted thaﬁ the
position of chloréphyll § on the’chémical‘shift series
indicates’at’least-partial covalent charaéter assocliated with
the magnesium atom, as is-illustrated below. . This suggests
that thé eléctrqnic en&ironment of'magnesiUm is coupled with
that'of'the'surrouﬁding porphyrin molecule and,'consequéntly,
would be affected by molecular excitations during thé:phofo—
synthetic process. The Mg (23) specthm_Qf,chlorophyll.g
- (shown in'Figuré 6);also exhibited a secondary peak at about
91 eV,.whiéh is.attributed to the_background-Spectrum.'

The general validity of these chemical shiftsbhaVe been
checked through independent extended Huckél calculations.
This method of calculation and its limitatiqns have been
discussed elsc»:wher'e.‘6 Tabie I compafes the.éalculated charges
ol magnesium metal, Mg phthalo;yénine, and,Mg(H2O)6++. The |
observed trend is in agreement with the'chemicai shifﬁs of
Figurej2.  Whether ane assumes a cgnfiguration of sp or 52
ior the magﬁesium valence eiectrons:makes a difference in .
the.Quantitative, But not qualitative, relation bétwéen

charge values calculated by this method.
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~In order to obtaln photoelcctron spectra of chloro hyll
‘a»1cslum in a biological env1ronment we flrst attenotcd
to investigate spinach chloroplasts,_ spinach chloroplasts

wére. prepared by the method of Jensen and-Bassham,7' One

would expect difficulty in obtaining a magnesium photoelectron

spectrum from whole chloroplasts for several reasons: (1)
the relatively low concentration of magnesium atoms would
make detection difficUlt-v(2) the variety of magnesium in

»dlf erent chemical env1ronments would tend to wash out any

o speclflc magne31um spectrum (3) the chloroplast membrane

:would inhibit electrons from reaching the sample-surface; and
() lom temperature work, as is necessary for investigation
of 1ntact chloroplast suspens1ons 8 results inva loss of
ooectral inten51ty after a few hours in the opectrometer'
(because of.experimental»limitations in maintaining a_clean

sample Surface at low temperature)".NeVertheless,'several

att empts were made to obtain a magnes1um spectrum from 1ntact

frozen chloroplasts frozen chloroplasts'broken throuoh
sonication, and also freeze-dried chloroplasts. Prellmlnary
experiments;indicated thatvthe-chloroplast-preparations
e>h1b1ted a magnesium photoelectron spectrum somewhat 31m11ar
tovthat of crystalllne chlorophyll a; a simllar result was .
also ootalnedxw1th photosynthetic bacterial chromophores;12
'Tneee"speCtravare’Shown in Figure 7. However;fthe:origln of
’theselMg_spectra from such a_complex; illedefined system is
'not unequlVOCal (i;g., the spectra frOm free chlorophyll;

bound'chlorophyll;°other Mg species, or all three)..
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Table I

Fal

Calculated Charges and Experimental B.E.'s of

Representative Magnesium Complexes

Calculated Atomic Chafge

' , Co 5 S Relative
Molecule (S _config.) (SP config.) - B.E. (eV)
Mg(%20)62* ‘ +1.94 . +1.86 89.0
Mg pnthalocyanine = +1.54 - +#1.10 87.5
Mg (metal) - 0 (defined) | | 85.5

. . i}
i . ' ‘ "
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In order to'Obtain'informetion from a more.definitive
.system, itbwas;decided,tofinvestigete suhchloroplast’perticles
which could still carry on-the;photosyntheticsproceSS.- Such
a smali‘chloroplastvpértiCle ohtained with Triton X-100 has
been described b&‘Vernon et ai v Chioroplasts'were egein
prepared by the method of Jensen and Bassham,7 and the photo—”

eactlve subchloroplast partlcles, de51gnated P-D10, Were_
llsolated by tne methodvof Vernon. This particie conteins 50
chlorophylls 1 cytochrome b6 1. cytochrome 1:0. 5>P700‘ |

A frozen suspen51on of P-D10 partlcles exhlblted a
n01sy, broad photoelectron spectrum of magne51um 2S electrons
this 1s_shown in Flgure_B(a). Further attempts to 1mprove |
" upon this ambiguous spectrum were unsucceSSful_due toﬁreasQns
noted earlier. No Unequivocal interpretation‘of this-spectrum
vcen bejmade, except that the center o% the spectrai'peak occurs
near 88:eV,FWhich is relatively close to that of‘crystailine
vchiorophylllgt Thls spectrum may correspond to a comblnatlon
h of:different'magnes1um ions, other than that in chlorophjll

In-order'to obtain a more unembiguous magnesium'spectrum,
P-D10 particles were again prepared as hefore,”washeddwith'
distiiledbwater to remove any IOOSely bound magnesium"end
then freeze—dried“ Flgure 8(b) shows the magnes1um photo—'
electron spectrum of these partlcles time-averaged over a
:perlod ofp20vhours._ Although the spectrum'is againhsomewhat'
noisy; ‘the peak'shape and position can be ascerteined. ‘The
“peax occurs at about 87 6 ev, and'has a half-width of

Qoprox1mately 2. l eV, both of whlch correspond to the mavne51um
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(a) X-ray photoelectron spectrum of Mg2S electrons
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- (b) X-ray photoelectron speétrum of Mg2S electrons
from freeze-dried. ph0uosyntnetlc bacterial
‘chromatophores.
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spectrum of chlorophy1i a.

On thevassumption:that the cblorophyil molecules‘are_
5611l inva'felatively'ﬂnatural“ environment_in these,freeze—
aried P—DlO particles, 'we,deoideo'to investigate the effect
of light upon biologically active chlorophyll magneslum ’It
has been dotermlned that wnen u51ng a chlorophyll concentra-
tion of 50 pgms/ml in a 0.3 cm cell w1dth, the - optimum
activation flux for 668 A 1ight (in.order to carry on lightk
inducedfphotoSynthetic pfocesSes) is 3 x§10-9 einsteins/cm2_
sec}o Estimating'a chlorophyll a monolayer concentration at
- 10 >'<'lO13 mdleCules/cm2' then 2 x 1012 molecule_s/cm2 would be
present in 20 monolayers of 10 & thickness each. This would
correspond to a dlstance of 200 R from which photoelectrons
'woulo be emltted w1thout significant energy loss (as is
Suggested‘by Siegbahn3).‘ This quantity of'ehloropnyll
molecules represents the maximum ouantity of chlorophyll
molecules absOrbing_light in the photoelectron experiment.

By using‘e calibreted fiux meter,bthe_incandescent.light-to'
be used to illuminate the P-D10 particlesvhad_a flux of
'epproximately 15 nanoeinsteins—cm2—sec—1 when passed through

a 670 .glass ‘filter. ‘This flux i1s much greater than'isv
necessery to activate alllthe chlofophylls thet may contribute
te the photoelectron spectrum. | . - |

The Mg (2S) photoelectron spectrum of freeze drled P- DlO
psptlcles while 111um1nated by the 1ncandescent llght noted

above is shown in Flgure 8(c) a simllar-spectrum_of:the

frozen suspen51onvof P-D10 particles was too ambiguous to

I . . A
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uuaiy:o;d Once:aga;n:the.speotrdm_ is noisy;’hut.the peak -
aooczrs to'oocufdat about'87.6'eV'and.haS'a ha”f w1dtn of’
anoroximately.2.i eV' this cofresoondS'to the B.E. of'the
mabne51um of P-D10 partlcle w1thout llght;'.The lack of
gDCotlJl olarlty makes comnarlbon between the'P—DlO snectra'
aifficult and the onlyfdefinite observation;i5~that thefe
does not-appear to,be‘any signifioant difference between
the Mg (25) spectrum of freeze dried P-D10 pa’r'ti'o’les?'w“i_thout
or with 1llum1natlon | . |
The observatlon that the Mb (28) photoele(tron‘spectra

-'of“the P- DlO partlcles does not’ dlffer appreclably from ‘that

':ofdcrystalllne chlorophyll a 1ndlcates that the chemlcal

‘venv1nonment about the chlorophyll magne31um does not dlffer_‘

1gn1flcantly between 1solated chlorophyll and that whlch
:lS stlll in its orlglnal biological’ env1ronment ' This
ohemical ‘environment of chlorophyll.magnesium appeare to be
eOne of appreciable‘00vaient:characten; and one would expect
"any change in the electronlc env1ronment -of the chlorophyll'
_ moleoule to have some type of effect upon the magne51um atom
(although probably mlnor) However,,the queetlon_as Co,i
Wuetner light has any effect~uoonrthe'magnesium atomhin‘
Dloiovlcally actlve chlorophyll hao not. been unequlvocaliy o
'answered by these experlmentS' Even 1f the’ chlorophy;l' |
;0101001cal act1v1ty 1n the freeze—drled P DlO partlcles was{*
~St11"1ntact any effect upon the magne51um atom due to

lumlnatlon may be so small that" detection would be

‘lrooDalble by this method (espec1ally 1n v1ew of tne poor
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spectral ciarity)..:ConSéquently, the only‘definite cpnclusion
available 1s that the electronic environmént of the cnlorophyll
magnesium in the P-D10 particles (taken as a‘whoie withcut
aifferentiating between "reaction centef":atoms)‘does not

appreciably change upOn_illumination of the particles.'

I
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~Section VIII.

Grain Protein Quantity and Quality;

'A Rapid Non-destructive Means of
Evaluating Cereal Grain is Provided by

'X—féy Photoelectron Spectroscopy.



'Intnoductlon

The 1ncreas1n0 uor]d popu]atlon has becn accomcanled by demands
<0 Palntaln a cormcnsurate foud supp]y “The cerea]'grains, legumes
and 0il se& dsrpruv1de the magor protcxn sources 1n the- ]ess dcve]ooed
' cbdntries It was thus natural to seek nethods to 1mprove th e‘yje]ds
/df these crops The successes of Borlaug and hms'coi]aborators in
tnese endeavors, acknowledged recent]y by the award of the Nobe] Peace
".Prlze have 1ed to the so—called green revo]ut1on“ (1). | It 15
jdeSIf&b]e that 1ncreased y1e]ds be accompanued by concomltant 1ncreases
}1n the quant1ty of proteun per gra1n, by tne qua]1ty of the orotewn as
.reasured by the content of -essential amIno acids and by the d]gest.bullty
of the prote1n This Tast property can be evaluated on]y by Aeed1ng
tT]a]S, it ldies outs1de our area of competence and will not be dmscussed
‘Lrther,: |
In'orden to assess the're]ative nutritiona] values cf the mass{vej
number of seeds involved in any plant prote1n 1mprovement progran, it
_vou]d be des1rab]e for the agronomist and p]ant breeder to have aVa]]qb]e v
fa con venient, rapid econom1ca], and non- destructlve method for. deter-
mining the quant1ty and quality of grain proteln (2) We present some
' resu7ts of a new method wh1ch can now - satisfy some of these requ1re¢ents

and offers the potentla] of sat1sfy1ng them an.

, Nethod
hhen a sanp]e is 1rrad1ated with ]1ght of su7f1c1ent energy,

' neiec rons may be eJected and thelr klnetlc energy is glven by the we]]
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tnown Cinstein relation,

K.E. = hv - B.E.
where1K.E; is the kinetic energy of the eiectrons} h is Planck's con-
stant, v is the'frequency>of the Iight qUahtum; and B,E. is the binding
energy of the electrons in the samp]e; If the bhotonvenergy is increased
sufficienf]y, by usihg X=rays, electrons may be ejected from fhe inner
or core levels of the constituent atoms of the sample. Since photon

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

be determined with precision by measurement of the kinetic energies.

The measurements may be performed with a variety of devices, but most

commonly magnetic and electrostatic deflection analyzers are employed.

: The overwhelming majority of the erergy levels of the élements across

the peruodlc tab]e have been determ1ned in th]s manner Although the

comp]ementany method of X -ray emission contains ‘the same 1nformation,

the former mechod called X-ray photoe]ectron spectroscopy, offers so-

many direct advantages that we will confine the present discussion

thereto.

The method is outl1ned schematlca]]y in F19 ‘1. In this figure

are sketched the d1screte energy levels of a part1cu7ar atom in a com-

pcund as we]l as chose levels which are a collective property of tne

'compoand as a whole and make up its va]ence band or molecular orbit ]s.

An X-ray photon 1s shown ]1ft1ng an e]ectron from the 2s ]evel of ‘this
atom into the continuum of energles or, equlvalent]y, removing 1t to

1n‘1n1ty At th]S p01nt the e‘ectron enters tne'speccroweter wnerein
1t is broughc to a focus and 1m31nges on a’ deteccor when the e]ectron

has the correct energy (more rigorously the correct momcntum) The
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Ner*“hy'vange is scahled by varjlng the strcn th of he magnetlc Tield
and thus a spettrum is traced out by. recordtng the HU‘beF-Or e]ectrbns
rezching txe dttector at eacn va]ue'ot magnettc field. -This nethod vas .
h'developed,and brought toits present state.of‘rerrnemtnt.by thezéroqp
~at the Institute of Physics, Unfvehstty'btUppsa]a;hSweden(3).'

Since all atoms ' are constructed.in'théhsame manner, it is possible
to Photoeject theih electrons, andﬁby a-suitabiehchOiCe of'eiéiting
Xéray energy-andépafticuiar atomicvlevei one can distinguish amongvthe
' _different cdnstttuent,atbms‘of the.51mpie. It is apparent; then, that
h}ealibrattoneagajnst aISamp]e-of known e]ementany tomp0sitidn wi]l_pen-
',}nit a oua]itative and qUantttative analysts”cftthe unknoﬁn samoje;f'

:'The absolutt sensxtxvxty of the method 1s very’ hxgh a]though it is ‘not
espe 1a1]y suitable for detect1ng sma]] amounts of one e]ement in thav
.phesence of a large exceéss of other e]ements | :

v More recent]y it has been shown that 2 glven element 1n d]frerent

: chemtca] conftgurat1ons exh1b1ts chemical shlfts of 1ts b1nd1ng energ*es
v(4 5). These chemical sh1fts thus extend the ut111ty of the metnod SO
3that not on]y the tota] quantity of @ glven element may be determined
_vbdt a’so the type or types of chem1ca] bond1ng 51tuat1on in whlch th
atom 1s<sztuated The ortgtns and tneoretxca]-founda-tons for these

chehxca] Shlfts are rather well understood (4 6 7)

L>oer menta] Des1gn _

Slnce v1rtua]]y all of the prev1ous work in thts .1e1d has been
'f'cﬂrected toward prec1$xon measurements of the energles o; tne photo-

electrons , We were obliged to devise tecnnlques to permxt the quantltative ’
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_detcrminaﬁicné of the.relative numbers of relevant atoms contained 1n

=~p]*s o were further intérested in establishing thé'feasibi]ity
}o. measuring not on]y total protein by nltrogen, but alsoc of assessing
- the -amino nltrogen as a measure of 1y51ne arg1n1ne and histidine and
the sulfur as a measure of cysteine, cystine, and methionine. Our
principal research endeavors prior to our introduction to the present
topic.are feiated to iron and sulfur and the nbnjheme iron-sulfur pro-
~teins known as the ferredoxins. Accordingly, we had some prior know-
ledge of sulfur speétha.but no current nitrogen déta were pertinent
to the pfeéent problem (S).’ |

The first task undertakén was the observation of the nitrogen.and=
'suifUr-spectra of relevant amind acids, simple peptides, and,known”'
proteins. Fig.. 2 shows spectra of three Such'compounds._.The cystine
.speétra show ]ineé from both nitrogen and sulfur, The designations
NS and Szp indicate that fhe e?ectrons'arisé from thé 1S level of
nltrogen and the 2P level of sulfur, respectxve]y The di-peptide,
L- 1so]eucy] -L- a]anine, exhibits a nitrogen peak considerably broader
';han that of the cystine. This peak may be decomposed into two peaks
of width equal to the cystine peak;'dne component is of'tﬁe;same
energy as the cystine peak and we conclude that it corresgonds to the
'amino-nitkogen. ‘The other peak occﬁrs at Tower binding energy and 1is
sttributed to the_amide nitrogen formed during the peptide.bond{ng.
‘The lower 7i%es originate from a samplé’of hehog]obin; The nitrogen -
peak o;Curs'ét the pbsition of Iowef'binding_energy ahd is.therefore
the amide nitrogen. The sulfur peak is shown magnified by So-fold

and exhibits an increasing shoulder at higher binding energies. ile



' be?isge:cnls shou]der arises from squur as: SO4 and that it most probab]y |

~encered the np]e durlng ammonium- su]fatc prec1p1tatlon of the proteln

Flgure 3 shows the n1troccn and’ su]fur spectra from three protein-
‘sa.pses, hexog]obxn (repeated for cont1nu1ty), equ1ne cytochrome c,

ard the apo -ferredoxin and 1ts native form from C1ostr1d1um pastcur‘anum

-~ This latter protelh has a mo]ecu]ar welght of 6000 and conta1rs § iron
o atoms, 8 mo]es of cysteine, and 6-8 moles of ac1d Iab1]e sulfur (]O;

-'*he cytochrone Cc spectrum 1s s1m11ar to that of hemog]ob1n but. shows

- .:a-h1oner'su]fur content It also conta1ns SO4 The apo-ferredox1n

| 1'soectra are qaa]ttat1ve1y 51m17ar to both the heme- prote1ns,.except

For the larger quantlty of sulfur. The native ferredoxin spectra are

.'significant1y di‘ferent from the-heme—proteins; both-]ines;arejbroader

"and cxhlbxt rather obvxous shou]ders "The nitrogen shOquer~at higher

b1nd1ng energy probab]y arises from n1trogen enterlng as hH4 during '

ammonium su]fate prec1p1tat1on o.vthe prote1n., The ]owenergy su]rur

shou]der des1n1te]y arlses from su]fur bonded to 1ron and is. characterxstIc

'of such bondxng (8).
thure 4 shows the nitrogen spectra of Barker bar]ey seed and of a
:dark red'klaney,bean. The bar]ey spectrum 1s very similar to the other
JrOLETHS, the k1dney bean spectrum is consxderably brcader and exolbl
h gh energy shoulder. » |
F1gure 5 shows the n]trogen spectrum of a llght red k1dney bean and
e curve has been decomposed 1nto two components by computer - The
v nagor peak~ at Iower'btndlng energy, represents thevanlde‘nitrogen,
:hﬂlxc the sma]]er peak at h]gner b]ndlng energy reprcsents the anino

n.trogcn Flgure 6 shows the sulfur reqxon of this same camnla

*
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‘ Figuré 7 ghowsvthe nitrdgen spectrum:of a sample of ranona wheat
_Where again'the experimenta} aata nave bgén fit Dy two peéks Corres_'
paﬁding to the amide\and amino nitfogeh. Figure 8 shows thersU]fur:
region of the wheaﬁ sample.

A1l of the foregoing spectra were excited by Mg Ka radiation at

1252 eV and ana]yzed‘ih the Bérke]ey iron-free spectrometer (11).

Sample Preparation

Thé>nature of photoeiectron spéttrdscopyiﬁmposes'constraints'on
vthe form of the samples. Since the kinetic éhérgy of the photoelectrons .
is very low, usually less than 1.5 keV, they must be ana?yzedxiﬁ_xgggg
+0 reduéé’écattering. A]so; because of their low energys, they are &ble
to penetrate a distance of only a few tens to'a few huhdreds of angstroms
~in solid materiai; Thus. only those electrons originating within this
distaﬁcé from the sﬁfface_of thé sample eécabe e]asticaily énd give
rise to dfsckete'photoe]ectron lTines. Only thé.surface of a given sample
is of use. o ) ' R |
According]y; forvthese studies the samples were prepared as_bowders
by grinding in a bali mi]]} For the'quantitatiVe determinations the |
biochemicals were mixed wfth NaCl and then pu]venized.together., The
-amihofacids, di—peptides, Hemoglobin, and equine cytochrome C-were.
obtained from commercial sources. The ferredoxin was prépared in the
laboratory .of Professor J. C. Rabinowitz in Berkeley. The seed simples
, were obtained from the seed station of the University of Californie,

Davis, California.
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‘ gpan*1tat1va Determinations

. Thc basic rela t1ve sen51t1v1ty for nltrogen and su]fur was cbtained -
fron a sanple of cystine mlxed with NaC] Thc areas under the 1S, SZPv

v.-and NaZS peaks were 1ntegrated by. computer and were treated as follows:

Sulfur |
. Area S2P Moles NaCl 41 AR
1. Area NaZS X-Mo]es cf compound 74(] atom equ1va]ent
o Height of compound X %S Moles ofJCOmpound
 Area S2P_ _'Moles HaCl 32
3. Area Nazs X~ R Weight of compound %S
Nitrogen | |
Area NS . Moles NaCl o
4., Area Na2S 7 Moles of compoqnd - 9.4/]‘atom‘eqd1va]ent
. daioht - o o .
5. Height of comooznd X n N _ Mo]es of compound
6 Area N1S Moles NaCl 74 | =% N

: >AreaFNa25 X779, 4 X Weight of compound _

These sen51t1v1ty factors are specific: ‘or our 1nstrument and for the
;part1cu1ar samp]e geometny and metnod of data analysis.

Tab]e I gives the quantitative values for several sampies detefmined'
by thfs method. The two cysteine samples were prepared independently
':and are shown as an indication of tne reproducibility of.theﬂmethod,. The

| cystine Sample was different from that used as the calibration standard.

e For the secds, the expertmenta] weight percent nltrogen determ nec Trom

7tne pnotoe1ectron spectra] amide nmtrogen peau, was convertec to percent
| prOLeln.by assuming .a nltrogen:proteln welght_hatto of_O.IS.-vTable I 1nc]udes

7fboth nitrdgen-and‘su}fur7ana]y$es by both'x-ray photoelettron'spectroscopy
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“and‘by cenventional wef chemical ana]ysis.‘ Except for the.light red
kicney bean, the results are'compareb]e. The apparent discrepancy for
ke 1ight red kidrey bean sama]e may be.attribeted:to the fact that this
n:terma] is extremely hard and may not have been milled ade quate]/ to
oroduce & suriiciently fine powder. | |

A]so shown'in TabTe I is the distribution of protein between the |
.'erbryo and the total seed for the ]1ght red k1dney bean. To ascertaln‘
the va11d1ty of the hypothesis that the component of the nqtrogen photo-
~eleactron Tine ascr]bed:to the amino nitrogen dld in fact correspond to’
vthe'quahtity of basic residues, an amino“acid aha]ysisvwas performed.
The resu]té, derfvederom'such an ena?ysis on theetotel'acid hydrolysate,
are given in Table II‘wherein the fractionAOf the basic residues 1is showne>
to be 17.4%. Thls va]ue equa]s that der1ved from the pnoLoe]ecbron data

thus substantlatlng the assumpt1on.

Cenclusions

_This report demonstrates that the quantity and quality of grain

'-:protein may be determined by X-ray photoelectron spectroscopy. The

quantity of protein may be detefmined,by quahtitation of the amide
nitrogen photoelectroh ]ine. Two measures.of the quality of the protein
are aVaiTab]e: 1) The basic amino acids including ]ysnne arg1n1ne, and
histidine may be determined by quqne1uat10n of the amino nitrog w,pnobo-
eLectrons, and 2) the su]fur-containing amino acids, cystine,'cysteine,
©and ¢ methionine, may be quantltaued by measurlng the sulfur pnotoelectron

line, although the sulfur measurements ‘are not yet perfected.

The quantity of material required to perform the measurements need



he onfy a fTew milligrams. Indeed, the.actiVé-VOlume giving rise to
the photoé]ectron lines is probably no greater than a few tecns of
ﬁicrbgramsvof.materia1 of unit density.  Thus, it is feasjb]e‘to excise
a sméT] section of a‘seed for'the ahaiysis whilejretaining the remainder
of the seed for.future planting. We performed.one such experiment and
were abTe'fo bring,the bulk of the seed to germination.

The ekperiments reported here were designéd‘tojtest the feasibility
| ‘of the‘method to measure-protein quality and QUéntity.' ThUé, care was

'taken‘to measure_the entjré nitrogen and su]fur regions of -the pncto-

~electron spectfum. The times reqﬁired for these.hitrogenfdeterminétions
were approximately 1 hour'ﬁer sample. Such a large period of tfme’
'clearly»]imits_the utility of this method fok mass»screenfng operatiohs.
Were it Sétisfacto}y‘to perform only a total nitrogen--and thus total
protein--ahalysis on'a large number of samples, one could dispense with
the high sbectra] resolution and measure only the integrated nitrogen
intensity. ~ Such a measurement could be accomplisned in about 2 minutes
' per sample. This estimate is for the spectrometer observation time alone‘“
and does not include the time required for sample preparation. Since the
 seed material'isfanalyzed in its native state, aside frqm fhevpu]verizing
Qperation,'the‘time-conSQming preparative stéps”requisite td'and-eﬁp]oyed
<n bure]yachemicai metho&s are e]iminated,vas are ;hé sepafate and inde-
vpendeht procedures required for each é]gment.of interest; Newer instru-

mentation promises to offer a significant further saving in time.

b
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QL:II- A&?‘!
X= ray photoc]ectron specnroscopy offers a method of high potential

for dggern1n1ng the quant1ty and quality of gra1n protcmn In_thiS'me;hod
a small quantity of material is 1rrad1ated.w1th X-rays from a suitab]é‘
taroet materla] and e]echons from a]] const1tuent atoms may be photo-

eJected. The kinatic energy of these photoem1tted e)ec;rons is eqda]

to the photon energy of the incident X-rays.mlnqs the binding energy of

the level from which tpe electrons are emitted, K.E. = hv - B.E. This
kinetic energy, and hence the bindi g energy, are determined by_a mag-
netic.dr electrostatic mOmehtum analyzer, and-afé characteristic of

the atom and level whence the electrons Qriginéted.' ATl e]émgnts across

the periodic table may be investigated. Calibration against compouncs

"of known elementary composition permits a quantitative determination of

the amount of. each atomic}species chtained inlihé(samp]e; The binding
energiés exhibit chemical shifts which pefmiﬁ_é distinction between a
given element in different themical groupings._'These-experiwents have
demonsﬁrated: 1) Total prote1n may be eva]uated‘by quan;]tatlve deter-
mination of the amide n1;rogen peak 2) amino nitrogen may be dis-
tnngu1shed from amide nxtrogen, thus providing a measure of the basic

anino acids lysine, arginine and histidine; and 3) the sulfur content

_:may be -determined by observing the sulfur photcelectrons.

Instrumentation currently under development pwcmiSes to reduce the

time per sample from hours to minutes and ‘thus render p0531b1e Iarge-..

scale screenlng.
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TASLE T |
QUANTITATLVE DETERMINATION OF NITROGEN AND SULFUR CONTENT

‘ - _ Experimenta] ',Caiculated:
Compound. - . Element lleight % o _VWeicht 7
Cysteine* (1) | : Nitrogen 8.2 8.2

S - - Sulfur 18.0 19.3
 Cysteine* (2) - Nitrogen - 8.5 8.5
S - Sul fur 20.0 . 19.3
Cystine (1) ' Nitrogen . 13.0 1.7
| . sulfur $26.3 26.7
*Cysteine—hydroch]oridé—
monohydrate‘ :
3 | © ELEMENTAL ANALYSIS |
Seed - 2 H(XPS)  #N(enal) Z.S(XPS) % S{znal)
Barker Barley 1.520.2  1.520.2  .05%.02  .017% .00
Remona Wheat 1.6 0.2 1.7%0.2 - sz .067 .03
Rapida Oats 2.2 X 0.2 1.9%70.2 a1 Tl 02702
- Light Red . ' - " . . :
Kidney Bean 3.2-0.3  4.170.3 .08%.04 137 .08

* SEED PROTEIN DISTRIBUTION (LIGHT RED KIDNEY BEAN)

v

jSampie | % N(XPS) % N(anal) % Basic A.A.(XPS) % Basic A.A.{anal)
Endoplasm .~ 3.1 % 0.3 4.0 0.3 17 %5 -
Embryo and 3.1 - 0.3 4.2 - -5 :

0.3 18
‘Endoplasm : '
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TABLE II

AMIAO ACID AN? SIS - LIGHT RED RIDNEY BEAN

Q”‘ntlgy

Quanb1t/
u_O]C

\;Ailno Acxd S o no]u} :Amlno_A§1§_ , 

 7Aspartic Acid : .63 Allo-isoleucine - .007

Threonine .00 Isoleucine - .060

Serine .016 - Leucine . .109

Glutamic Ac1d : “"";203 ' : Iyrosihg‘ ' :_ ] g 011
:Pro11ng and Cystlne _f} .063( : -_Phehy]a]anine‘ ' ‘v |  ;057_
CGlycine »?ff' .099 ,” N 7  T 369
Alanine o ;087f SR Bas1c Amxno Acmds .}  1

; .Cystine7 ._" o f‘J .OO?’~" v_'Lys1ne ) . _" _' . o ,693

© Veltne . .08 Histidine . .03

S Méthioniné e 'j v:: '.OOS 1 -A}giﬁfhéQ'* ' _ , - .078

f.

Tota] A A, conte = 1. 207 umo]e

210
C T.207 %

% Ba51c A. A X 100 = 17 47
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- (,ompausons of iron and sulphur atomic charges, derl\ ed from extended Huclxel calculations, with core
_electron binding energies determined from X-ray photoelectron spectroscopy yield good correlations for
‘n‘eutral molecules. The assumptions and limitations of such correlations are discussed briefly.

Central to the quéestion of the electronic gies. Mor tecent approaches to interpretation
structure of a transition metal complex is its ' of X-ray" photoelectron 'spectra have been'pre-
-charge. d1str1but1on Although the charge is sented in several other papers [7 -9].
often used as a parameter in the calculation. of Several assumptions are made when attempt-
- electronic ‘'structure, it has become feasible only ing to correlate measiired core electronic
. recently to measure a quantity directly related to binding energies with a parameter calculated by.
the net atomlc charge. Core electron binding means. of the extended Hiickel formalism. We )
energles (B E.'s), as measured by X-ray photo- ‘have assumed that the experimental work func-
electron spectroscopy, can be correlated with tion variations among solid samples-are .’
atomic charge. negligible. Electronic relaxation effects after
We report such correlatlons between mea- removal of a core photoelectron are assumed to
sured Fe3P electron B.E.'s and, iron atomic_ - be constant, since this method of calculation
charge calculated by means of the extended - . neglects such effects. (Justification for this
Hickel MO method. Compounds were chosen to assumption-is given in a report by Davis et al.
represent’a diversity of electronic environments. [10].) The electrostatic potential contributed by :
In partlcular our interest in metalloproteins the charge on surrounding ligands has not been
suggested-a number of materials containing both " included explicitly, but has been assumed to be o
ironand sulphur A similar correlation has included implicitly through the modifications of
~'been esta.bllshed for the S2P electron B.E.'s in ref. [15]. (Attempts to include a simple point
representatwe sulphur compounds. . charge modification using a potential.varying R
Theoretlcal mterpretatlons of measured asgq 2/y resulted in no improvement in the cor- v
‘X-ray photoelectron chemlcal shifts have been relation.) Finally, we have assumed that the
attempted by other workers with varying extended Hijckel approximations are indeed
. degrees of success. Siegbahn et-al. [1,2] have ‘applicable to the transitions metal complexes
investigated simple sulphur, nitrogen, and =~ studied here. A more explicit analysis. of the
¢arbon compounds. ‘ Fadley et al. [3] made the - approximations of the extended Hiickel formai-
first attempt to explain chemical shifts in ionic ism and its'use in calculating paramaters of
compounds. Hendrickson et al. [4,5] have car- transition metal complexes has been descrlbed
ried out semiquantitative calculations on mtrogen elsewhere [11,12].
and phosphorous compounds. Jolly and. . In our present work both charge and binding
* . Hendrickson [6] have related thermodynamic™ -~ " energy were calculated using an extended

" data to chemical shifts in electron binding ener- Hiickel method forriulated by Hoffman [13 14],-

183
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Table 1.
Measured and calculated electron bmdmg energies and calculated charges for a dlverse series of iron and sulphur
compounds. Spectra weie produced and analyzed in the Berkeley iron-free electron spectrometer [22]. The widths
at half maximum of the Fe3P and S2P photoelectron lines are about 2.6 eV and £.4 eV, respectively. The relative
binding energies are reproducible to about 0.2 eV, and charges are self-consistent to 0.05 charge units. Published
svnthetic procedures were followed in the preparation of compounds 2, 13, 15, 18 and 25. Compounds 14, 9 and 16
were obtained from Dr. . H. Wickman, Dr. D.N. Hendrickson and Dr. J. B. Neilands, respectively. All other com=-
pounds were obtained from commercial sources. FeS and KFeSg gave broad, ill-defined iron photoelectron spectra
which were too ambiguous to assign a definite measured binding energy

" Measured Calculated . Calculated Measured Calculated
. . Fe3P B.E. Fe3P B.E. “iron S2P B.E. sulphur -
No. . -~ Molecule . (eV) (eV) charge (ev) charge
1 FeF3~ (KgFel 6, . 5717 . 56.0 +1,81
Fco‘ (1\21 cOg) 57.7 56.1 +1.79
3 1-‘0(1120) (Feg(S0y) . ' : _ .
_ (NH4)286 24H,0) 56.6 . +1.51
¢ Fe(l{20)6 (FeSO4(NH4)ZSO4 6H20) 54.2 . 40.86
5. Fe(CN_)6 {K3Fe(CN)g) 55.0 , +1.24
6 Fe(CN)§™ (K Fe(CN)y) 54.0 - +1.03
7 Fe(metal) . . 52,0 '52.4 (def.) 0(def.)
- 8 Fe(CsHslp © 837 54.5 +1.00
9 Fe(CsHg)y (NOg)3CgHoO™ 54.9 o +1.36
10 Fe(CO)y - . 540 54.7 +1.02
11 Feg(COlg 54.6 : +1.30 :
12 FeSy Co ' o 53.0 53.3 ©+0.45 161.5 . -0.22
13 Fe(SCNEtEt)3 . 535 ; v +0.95 1615 - =0.3
14 ‘FeBr(SyCNELEtjg . . 540 . 54.1 - +0.82 © 1614 . -0.3 .
15 Fe(SoCgH3CH3)3'N(n-CqHgly - 53.2 T +0.29 - 1614 - - -0.43
16 Ferrichrome A _ 54.9 o855 T 41,53 -
17 HeminCl . _ 54.2 S 4104
18 - Fe3"Cl Phthalocyanine : 54.4 ' \ . +1.46
19 S0 ' ' 167.8 +1.86
20 so%- - - : _ 166.4 . +1.40
21 CH480CH3 - ' S 165.5 +0.70
22 CH3SSCHg : ' : 162.7 -0.13
.23 CHgSH ~ ‘ - 1827 +0.09
24 . LS ' +0.43 160.7 -0.43
25 K FeSg S - +0.35 1611  -0.46
with modifications [15] to the Coulombintegrals Orbital Tonization Potentials [16] (choosmg
“and Slater exponents such that iteration to charge . an electronic configuration of d”sp for the iron
" self-consistency could be obtained. This method ‘atom). Off-diagonal elements of the secular
does not include electron repulsion terms explic- -determinant were approximated by Cusach's
itly, and uses empirical parameters for evalua- formula [17]. Slater-type orbitals [18] were
tion of the elements of the secular determinant. ~ used for the minimum basis set of wave functions.
(The size of the electronic systems considered Charge values, made self-consistent to 0.05
in this paper renders impractical more sophis- ‘charge units through 1teratnon were ¢btained by
ticated calculations at the present time.) ’ Mulliken's method of population analysis {19}.

Coulomb integrals were approximated by Valence Coordinates, bond distances; and bond angles
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werP obtamed from approprlate llterature sour-
ces, and, in some cases, Quantum Chemlstry
'Program PROXYZ [20] was used to obtain
vsultable coordinates Large molecular struc-
tures,. _such as iron phthalocyanlne and the dithio-
carbamates were approxxmated by replacing
peripheral carbon substituents with hydrogen
atoms in 2 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 Fe3P electrons 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.E.'s with the corresponding
calculated charge shows a direct correlation be-
tween 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 orcalculated electron B.E.'s when using
- this’ extended Hiickel method of calculation.

Fig. 1 shows the plot of measured Fe3P B.E.
‘versus. calculated charge; the line drawn through

CHEMICAL PHYSICS LETTE RS
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the pomts is a least squares f1t to the data from
neutral molecules .From’ this plot, it is apparent
that the data point posxtlons 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 ionic
molecules when using the extended Hiickel 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, when d orbltals were included for re-
'presentatlve sulphur compounds no significant
improvement in the ‘correlation was observed.

It should be noted that if unrestricted ab
Ainitio calculations (including relaxation effects) -
were possible for the compounds we have in:
vestigated, there would be no reason.to expect

a simple charge Ve__rSus B.E. correlation (even
if there were no solid state effects on the elec-
tron binding energy). - The observation that our |
calculations show reasonable. correlations be-
tween atomic charge and measured B. E. (with
the exception of ionic, iron complexes) indicates
that the assumptions made in establishing these
correlations aré relatively good. However, the

168 - 4 Sulfur data

b

166 -

iron data

164 -

162

MEASURED S2P ELECTRON B.E. (ev)

~ 160 -

62

{
for)
)

(ev)

MEASUREb Fe3P ELECTRON B.E.

-04 o ~ 04

0.8 I2 6 20

CALCULATED CHARGE

Fig 1. Plot oi measured. Fe3P B.E. and S2PB.E. versus calculated charge in iron and sulphur compounds chosen

to represent a diversity. of electronic environments. The line drawn through” the iron data points is a least squares

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 measured 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 understandmg structural and
bonding phenomena.

We are very grateful to Dr. D. N. Hendrickson
for making the Hoffman extended Hiickel 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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