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RADIATION EFFECTS ANDVMETALLOPROTEINS STUDiED BY X-RAY
PHOTOELECTRON SPECTROSCOPY
James Alan Wurzbach
Lawrence Berkeley Laborafory

University of California
Berkeley, CA 94720

© ABSTRACT

R X-ray photoelectron spectroscopy (XPS) is uSed_td,study the bonding

‘'structure at the iron site of cytochrome c and the bonding of rare

earth ions to the phosphate oxygens of ATP._ Radiation effects are
studied on several amino acid and simple peptide model systems.

- The emission spectfum of the x-ray soufce is,cal;ulated from 1iteréf
ture'references. The distributions of photon energy as a function. of
ﬁhoton frequency énd.as é function of take?off anglé are‘obfained.

From these distfibutions, the fadiation dose absorbed by an-orgénic'
6 rads/sec. |

The carbon 1s and nitrogen 1s spectra of amino acids and peptides.
are studied to characterize an internal reféren@e-stahdard for protein
XPS spectra. The Carbon 1s signal is found to be more-suitable because
its peak has more structure;‘ During exposure to'the xjray_tube, some
of these signals change. Deéarboxylation and deamination are observed;
signal intensities diminish by 0- 30 % during 10 hour éxpefiments.

Notwithstanding such variations, carbon 1s signals can be used as internal

references in the study of proteins.
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'Samples of native cytochrome '¢ prepared from solutions of pH 1.5,
3, 7, and 11 are studied.:'Centrol samples include porphyrin cytoehrome c
(PCC), the mefal free analogue of the_native.protein;'and microperoxidase o 3
‘(MP), a'mixture of heme peptiaes derived from the peptic digestion of
- cytochrome c . : |
These sampies show two sulfur 2p peaks. The first peak has a binding
energy (BE) ef 163 eV, which corresponds to the.Sulfur containing amino
acids; the'second.peak is shifted to 167 eV. This large shift may bé'
the result of ifon—sulfur binding, or oxidation, or both. The nature”;
of sulfur.to iron binding_cannot be:assigned unambiguously.
Low’5pin"ferriCYtOehf0me ¢ and ferri-MP were found to have iron
3p BE's that are unusuallf low (Sl eV) conpared fo other ferric componnds
(54 - 58 eV) and even iron metal (53 eV). Iren 3p BE's reported in the
11terature for h1gh sp1n ferric porphyrlns are con51stent with those
of the standard ferric compounds. X-ray crystal structures of these ..
. compounds show that low'snin‘heme iron lies in the.porphyrin-plane;
while, high sp1n heme iron is displaced above the plane Thefefore,
the unusually low iron 3p BE may be associated w1th low sp1n heme iron
in the porphyrin plane |
The nitrogen 1s and phosphorus 2p spectra of ATP show no change
except slight broadenlng when Nd3 is substltuted for Na'. Thus,»there_ '
is no inconsistency with proposals that rare earth ions might be usefni. |
as substitutes for alkali metai_ionsvand alkaline earth ions_in

proteins.
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I. INTRODUCTION

Photoelectron spectroScopy.is-a_technique devéloped by Kai Siegbahnl’2

and coworkers for determining the binding energy (BE) of boundveleqtrons
in chemical syétems'.3 The techhique has been given the namevESCA (Elect-
ron Spectroscopy for:Chemical_Analysis). Undér appropriate experimental
conditions, thé method can be applied to gases,z’8 sOlids,1 and in limited
cases, liquids.4 In an‘ESCA experiment, a samplé is exposed to photons
- of energy hv. Electrons are ejected from the'sample by the photoelectric
effect.b In ESCA of solids, appreciable numbefs of electrons escape from
B depths of 20 - 100 A without scattering inelastiéélly in the solid lat-
 tice.1’5’6 The kinetic energy (KE) distfibution.of the'photoelectrOnQ )
1s measured by an-electro'st_atié12 or magnetic analyzer1 under vacuum.

The dominant terms in the BE’ are then given by Eq. (1)-
‘BE_= hv - KE : (1)

: Thus,'photbelectron spectroscopy can be used to profile therelectron

' distribution among all the occupied levels that have a BE less than hv.
X-ray photoelectron spéctroscopy (XPS) employs soft x-rays (ﬁv ~

1000 €eV); ultravioletvphotbélectron spectroscopy (UPS) uses hard UV

photons (hv ~ 20 - 40 eV).l.TherefOré, UPS measures only valence elect-

rons8 while XPS can measure coré electfons.9 Core orbital_BE's'in XPS

are designated by the atom and orbital from'whiéh the phbtoelectron was

~ejected, for example, carbon 1s or C 1s. This dissertation deals exclu-

sively with the XPS of solids.
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‘XPS has been useful in mapping valence band structure in metals;
semiconductors, and inorganic anions, 10 as well as molecular orbitals in
gases.2 XPS is ideally suited for surface studiesl because of the shallow
escape depth of photoelectfons in solids.

.XPS can probe the electronic structure of systems that are inacces-
sible to other techniques. These include:. (i) compounds that have no
cohveniéﬁt optical absorptiqns; (ii) ions having no EPR signal, like Cuf

‘and low spin Feff;.(iii)‘light elements (Z < 20) that show little x-ray

- fluorescence. Absorption'edges ih x—ray-absorption spectroscopy are
'cbmmonly complicated by structuré which is not a problem in XPS. The XPS
spéctrum also shows the x-ray induced Auger spectrum of the sample. | |

The BE in Eq. (1) depends on the ligandsvbound to the atom from'v
which the photoelectfon was ejected. For example, an atom surrounded
by electronegative ligands wili carry a slightly poéitive charge; the
effect is to increase the BE of electrons photoejeéted from this atom. .

BE shifts motivated by cﬁanges in bonding»arrangemeﬁts are called chemical

0 Because the Chemi;al shift reflects the charge distribution '

shifts.l
at the parent atom, it can be relatedlto several chemical properties.
Chemical'shifts have been correlated to Pauling electronegativities and
. atomic charges that have beenbcalculated according to seﬁeral different

11

theories. Group shifts have been suggested for various organic func-

tional groups.11 Applications of chemical shifts to a variety of chemiéal
problems have been reviewed elsewhere, 12513
XPS chemical shifts have been applied to structural problems in

biology. The thrust of this work_has been directed at determining the

,d)
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' of the copper 51tes in cytochrome ox1dase

work

14-17

chemical environment of metal b1nd1ng 51tes in protelns, cell

18 14a although, some non-metal work_has been

walls,”" and chlorophyll;

19

done on textiles. The-basic experiment'involves a measurement of

»the BE of the core electrons of the metal and 1ts llgands Inferences

about the bondlng geometry at the metal site are then drawn on the basis
of comparlson with BE's-from a series of model compounds.

It was hoped that this thesis Work‘could elucidate the structure

20 With the support of Kramer's

14 on the XPS shifts of iron and sulfur, it was hoped that the atomic

charges of 1ron, copper, and sulfur could be measured at various stages

- of the mitochondrial electron transport‘chaln.

Preliminary measurements on a:series, of copper containing model

complexes showed that ‘several experimental advances would have to be -

achieved before a cytochrome oxidase project could be attempted.

(1) The models demonstrated that the practical limit of detection in
the Berkeley iron-free spectrometer was 1 part in 103. The absolute

limit was 1 part in 104.

The amount of copper in cytochrome oxidase -
(2 eopperiatoms, molecular weight 200,000) wae, therefore, too small
to prqduée a‘signal on which quantitative interpretations could

be based. The apparatus required a smaller, simpler, metalloprotein.

(2)  The observed linewidths were large compared to the chemical shift
of BE's.'vSpectrometer resolution yielded a Cu Zps/é peak‘with a
full width at half maximum (FWHM) of 2-3 eV, but 80% of the known

Cu 205, BE's fall within a 3 eV range between 933 and 936 ev. 21212



(3) All of the model comblexes became discoloredvin the energy flux-
emitted by the X-ray tube. ‘Several samples showed observable v
shifts due to dehydration in the Vacumm or photoreduction22 in
the x-rays. Radiation damage would be a major factor in any

experiment of reasonable length.

(4) To facilitate quant1tat1ve 1nterpretat1ons a computer program
named SUNDER was used to fit line-shapes to the observed peaks
SUNDER often calculated spurious flts because it was not de51gned
for appllcatlon to the w1de, overlapplng, low intensity s1gnals

that often characterlzed biological XPS spectra.

(5) For solid samples, Eq. (1) must be corrected for sample charging;

crystal potentials, and work functions; the magnitudes.of these .
effects are generally not known. An internal reference signal toi
which all ‘the other BE's could be standardized would have to be.

characterized.

The first two results listed above showed that cytochrome oxidase
was too complicated to study with the given equipment. A simpler, more
characterized system, cytochrome c ,23’24

This work is discussed in‘Chapter V. It is demonstrated that XPS may

be useful to show that iron is in or out of the prophyrin plane in heme

proteins and complexes
Following the cytochrome work there is a d1scu551on of an XPS

study of the b}ndlng_of rare earth ions to ATP.

was selected for experiments.

&<

b &
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Meaningful'interpretations_of these data were not possible wntil
other technical problems (3-5 iisted_ébove) had been considered.

The intensity distribution'from_the‘xrray,éourcevwas not known;

' so, the radiation dose absorbed by the éamp1e-was not known. An estimate

of the energy distribution from the x-ray source as a function of fre-

- quency could be derived from the literature. The results‘of this”study,

are presented in the next chapter. The SUNDER fitting program's limita-
tions are documented in Chapter III. In Chapter IV, the carbon 1s and
nitrogen 1ls signals are characterized as pdtential internal reference

standards for biblogical studies. Also, the x-radiation, electrons,,v

~ and heat from the x-ray tube had effects on amino acids and peptides

that are shown in Chapter IV. .
The information in these éarly chapters showed that the effective-
ness of the carbon 1ls internal reference had to be_esfablished for each

class of samples studied. It was als6 necessary to establish the sta-

‘bility of each class of samples'in the photon, electron, and infra-red

fluxes from the x-ray tube. These considerations are included in the -

cytochrome and ATP studies, Chapters V and VI, respectively.



10.

11.

-10-
REFERENCES, CHAPTER I
K. Siegbahn, et al., ESCA - Atomic, Molecular, and Solid-State

Structure Studied by Means of _Electron Spectroscopy, Nova Acta Regiae
Societatis Scientiarum Upsaliensis, Ser. IV, Vol. 20 (1967).

K. Siegbaihn, et al., ESCA Applied to Free Molecules (North Holland,
Amsterdam, 1969). - |

D.A. Shirley (Ed.), Electron Spectroscopy (North Holland, Amsterdam
1972) _

Hans Slegbahn and K. Slegbahn Univ. Uppsala Inst. P}gs Rept

- UUIP-823 (1973)

R. Steinh’ardt, J. Hudis, and M. 'vPerlman, Ref. 3, p. 557,

M. Klasson, J. Hedman, R. Nilsson, C. Nordllng, P. Melnik, Phys Scr.,
S5, 93 (1972).

'C.S. Fadley, Theoretical Aspects of X-Ray Photoelectron'Spectroscqu,

NATO Advanced Study Institute on Electron Emission Spectroscopy,
Ghent University, Ghent, Belgium (Aug. 28 - Sept. 8, 1972).

D.W. Tumer, C. Baker, A. Baker, C. Brundle Molecular Photoelectron

. For a comparisoh of XPS and UPS, see Ref. 3, p. 17.

D.A. Shirley in Advances in Chemical Physics, Vol. 23, Prigogine
and Rice (Eds.), (Interscience, New York, 1973), pp. 85-159.

'U. Gelius, et al., Phys. Scr., 2, 70 (1970).



12.

13.

14.

15.
16.

17.
18.

19.

20.

-11-

W. Bremser, New Methods in Chemlstrz, Vol 36 (Sprlnger Verlag,
New York, 1973), pp. 1-37.

D. Hercules, Anal. Chen. 42, 20 (1970).

a) L.N. Kramer, Ph.D. disSertétion, University of California,
Berkeley, (1971), LaWrence,Berkeiey Laboratory Report #LBL-306.

b) L.N. Kramer, M.P. Klein in Electron Speéctroscopy, D.A. Shirley
(Ed.) (North Holland Publ. Co., Amsterdam, 1972), p. 733. '

c¢) L.N. Kramer, M.P. K1e1n, Chem. Phys Lett. 8 (2), 183 (1971)

F.J. Grunthaner, Ph.D. dissertetion, California Institute of Tech-

- nology (1974).

G. Jung, M. Ottnad W. Bohnenkamp, W. Bremser, U. Weser, B10ch1m
Biophys. Acta 295, 77 (1973).

U. Weser, F. Donay, H. Rupp, FEBS Lett. 32 (1), 171 (1973).
J. Baddiley, I.C. Hancock, Nature 243, 43 (1973).

M. Millard in Electron Spectroscopy D.A. Shirley (Ed.) (North'>

Holland Publ. Co., Amsterdam, 1972), p. 765.

R. Malkin and B. Malmstrom, Advan Enzymol. 33, 177 (1970).

More recent reviews on cytochrome oxidase are: .

(1) P. Nicholls and B. Chance in Molecular Mechanlsms of Oxygen
Actlvatlon, 0. Hayalshl (Ed.) QAcademlc Press, New York
1974) pp. 479ff. _

(ii) B.F. Wilson in The Porphyrins, D. Dolphin (Ed.) (Academic
Press, New York, 1975), in press.




-12-

21. D. Frost, A. Ishitani, C. McDowell, Mol. Phys. 24, 861 (1972).

22. Photoreduction of copper has recently been. documented by B. Wallbank,
C.E. Johnson, and I.G. Main, J. Electron Spectrost._ Relat. Phenom.
4, 263 (1974). |

23. E. Margoliash and A. Schejter, Adv. Protein Chem. 21, 113 (1966). - ‘

24. H. Theorell and A. Akesson, J. Am. Chem.-Soc. 63, 1812 (1941).

‘‘‘‘‘



- signed and described by Fadley.

13-

II. CALCULATION OF INTENSITY FROM THE X-RAY SOURCE OF
THE BERKELEY IRON-FREE SPECTROMETER

Introduction o g

The x-ray source in.the Berkeley iron-free spectrometer was de-

1 The tube was commonly operated at ‘1

12 KV and 20 mA. A modified version of this tube was able to operate

at 12 kV and 30 mA. Alumlnum and magne51um were the most commonly

used targets. Fig. 1 shows a sketch of the geometry of the x-ray tube

" within the source. housing.

Fadley gave no estimate of the output of this tube under operatingh
conditions. Kramerz’attempted tO'approximate the intensity by exposing'
a film badge to the x-ray flux under typical experimental conditione.
He concluded that the dose absorhed by the film_badge was ~ 103 rade/hr
at maximum. The rad is defined as the abserption ef 100 ergs of energy . B

by one gram of tissue. In view of the damage observed to biological

| _samples during typical expefiments (see Chapter IV}, it was necessary

“to obtain a more accurate estimate of the output from:the'x—ray tube

and the dose absorbed by an ofganic sample. Kramer's estimate will
have to be revised upward as a result of this work. Space limitations

within the source.housing of the Berkeley iron-free spectrometer would

not pernut convenient access of conventlonal detectors to the x- ray

tube. A calculation of the energy and spatial dlstrlbutlon of x-rays

from the tube based on literature values was considered adequate.
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Figure 1.  Schematic diagram of the x-ray tube on the Bérkeley iron-
- - free spectrometer. The radiating region of the anode is
about 3.5 cm from the sample.
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Figure 2. Schematic arrangement for measufing the spatial distribution
' of x-rays from a target thin enough to transmit the radiation.
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X-ray production and absorbtibnihas béen an active field of research
since 1900. ‘The expérimehts prior.to 1935 have been adequately docu-
mented by Kulenkampffs and Compton and Allison.4 ‘Work through'1957
"has been reviewed by Tomboulian5 ang Steﬁhensbn.ﬁ The bulk of thié wbrk
was devoted td high accelerating pofentialé (20.-v50 keV). The targets
used were often fhin'foiis 102 - 10° A thick with nanoampere filament
currents. These conditiohs do not correspond to the operation of the
x-ray.source in the Berkeley spectrométer, butkmany of the principles_
'developed in the'early_wdrk still apply to XPS‘tubes. _Thé.theory of
x-ray production and absorption has been discussed by Bethe and Sal_peter.7
The results included in these reviews will be simply quoted here.

Since 1960 theré has been an increasing amount of interest in the
X-ray region directly relevant to XPS. Reports of neﬂ'éoft x4ray sources
.for XPS8 and other applicatipns9 have not described récent soft x-ray
research in detail. As this manuscript was'being combletéd, Henke and -
Tester~? reported the develbpment of an ultrasoft x-ray source for pro-
- ducing radiation in the 10 - 100 R region (AlKa to BéK&); and they-dés-
cribed a flow'propOrtionainﬁounter detector. They also report thé spectral
output from targets: of alﬁminum, copper (CulLa), oxygen (as A1203), and |
,cérbon operate&.atvé - 10 kV. and 20 - 30 mA. These conditions apply:
Vdirectly to XPS experiments | | |

He1nr1ch1 has complled an extensive b1b110graphy of papers through

the m1d-51xt1es coverlng a wide variety of topics related to x- rays "pro--

duction, detectlon,_mass absorptlon coefficients, electron penetratlon,_
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applioations,.etc..fFor those interested in pursuing .the topic, it is
essential to consult Heinrich's 115t1ng = |

Mass absorption coefficients have been tabulated over a wide spectral
ran_ge.-lz’.l'3 4in this'chapter,‘mass absorption coefficients according to
Jo'nsson14 have been used. . They are shown to be accurate for the micron
‘path lengths encountered in this work and they are convenlently derived
from.a graph. |

.An x-ray emission spectrum consists of sharp peaks characteristic of
the anode material over aubroad continuous background. The energy .and |
~ spatial distributions and polarization of the continuous spectrum wiil_
be considered separatelyvfrom'the;characteristicvspectrum.

In the discussion that follows, a thick target will.refef to an anode
that is thick enough to stop the electrons incident upon it from the fila-
ment. This anode may stillbbe thin enough to transmit the radiation pro-
duced in it. Extremely low filament currents must be used to keep ffom
meltingtthese‘targets in the absence of water cooling. = The spatial dis-
tribution of X-rays fron such a target is:measured with respectvto the'
forward direction as-shown in Fig. 2. The spatiai_distribution-of charac-
teristic x-rays is measured with respect to the anode plane, which is per-
| pendiculai to the forwafdvdirection., The reader is cautioned to betaware
of this 90° discrepancy between the spatlal dlstr1but10ns of continuous .
and characterlstlc radlatlon

A thin target refers to an anode that transmits all or part of the.

electrons from the filament. In the ideal thin target, a cathode electron



| | ST |
suffers only one deceleration opposite to the forward direction as it
passes through the target. These targets have no practical significance;

they were developed solely to test.theories.

A. The Continuous X-Ray Spectrum

Energy Distribution
The most conspicuous feature of the energy distribution is the high

‘frequenCy cut-offhlimit (Fig. 3) defined by Eq. (1).
o=hvo=eV} R

e is eieCtronic charge, V. is the potential across the x-ray tube v

is the 11m1t1ng cut off frequency, Eo 1is therefore, the h1gh energy
11m1t of photons in the continuous spectrum Equatlon (1) seems obvious
- to students of quantum mechanics, but it was significant in the 1920's*
because classical electromagnetic theory completely failed to account for
“the high frequency limit. | |

In 1922 Kulenkampff observed the energy dlstrlbutlon emitted from

'several anodes at an angle of 90° from the direction of the 1nc1dent elec—

trons. He arrlved at an emp1r1ca1 formula for the energy dlstrlbutlon

whlch is glven by Eq. (2)

- -y
[

= C[Z(vo - V) + Z%] v <y

| _ E . (2)
=0 _ N v > Vo

vo 1is the high frequency 1imit‘- C and b are constants, but b ~ 0.0025

and intensity is usually plotted versus photon- energy in eV or keV.



-

°
~

-18-

e
&
T

Intensity per Unit Energy Interval
o
T

T T T T T
(a)
Aluminium 6-08kv
836 -
1005 -
1205 »

N

;Figure,S.

6
Quant'm Energy (kev)

8 L 7

Intensity per Unit Energy Interval

4 i T T
(b)

Gold 605 kv -
83 -
0o0S »

1205 »

1

6 8 10
Quantum Energy (kev)

Intensity distribution of continuous - x- ray spectrum “from
electron opaque targets of aluminum and gold. Intensity
units are erg steradian” ' .microcoulomb ' keV '. Data
taken in the forward direction. These data have been
corrected so that they do not show the effect of target
absorption.
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Therefore, Eq. (Z)Iis often approximated by Eq. (3).
p=CIf -B E<E ()

Dyson's experlmental data15 experimental datavillustrate these for-
| mulas as shown_ln Fig. 3. These_data ali show‘the.high energyvcutAOff,
EO;QUitejclearly,' The.distribution for aluminum (Figf 35) is 1inear to
" a high degree of approximation down to 0.5 E§§ The_gold-datar(Fig. 3b)
show non~linearity near_O,S Eo; Kulenkamoff3 observed that the intensity
.for aluminnm was also nonllinear below 0.4 Eq, but'the intensity'was higher
than that expeeted by Eq. (3). ‘Dysonlsbsuggest5~the decrease of intensity
- at Q.S E, for heavy: elements is due to inelastically baekescattered elec-
trons. .Figure 3b also shows non—linearity near E, that iiIuStratesvthe'
effect ‘of the second term in Eq. (2);W This term depends.on ZZ, and.it is
‘much more important'fOr goid (Z = 79) than aluminum (Z 13). Equations
~(2) and (3) are seen to be valid down to 0.5 E, where the observed inten-
sities become non-1linear. | L1tt1e is known about the energy distribution
below 3 keV except for the low voltage work descrlbed below

The data in Fig. 3 were taken with a proportlonal counter (97. 5% Ar,
2.5% COZ) with a detectlon eff1c1ency of 20% near photon energies of 12 keV |
and 100 near the K absorptlon edge of.Ar (3 2 keV) These d15tr1but10ns
were observed in the forward d1rect10n while Kulenkampff's fornula (Eq. (2) ).
was determined fron Observatione at 90°. The agreement between Eqv 2,

(3), and Fig. 3 is related to the spatlal d15tr1but10n of contlnuous X-Tays

to be discussed 1n another sectlon
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From Fig. 3 and Ref. 15, one can deduce a value'of C for Eq. (3)
which applies to Al, Cu, Au, and presumably many other elements, when

intensity is measured in the forward direction.

C = 2 x107° erg

steradian microcoulomb (keV)2

3

24 found C to be 2.5 x 107,

Green and Cosslett ‘This value of C in Eq. (3)
'yields‘an.energy-flux for IE. Conversion to a photon flux is aqhieved_ 4

thrdugh division by photon energy. Eq. (3) théq becomes

I - 1 x 10° photen Z Eo-E
photon  steradian microcoulomb keV E

E<E, (4

wheré E , the photon energy, is in keV. Equation (4) is plotted in Fig5 4
for Z =12 and Eo = 12 keV . The plot approaches infinity as E di—.'
~ minishes, but Eq. (4) is only applicable down to 0.4 E, (4.5 keV in Fig. 4).

photon to zero |

'Iphoton mUSt.go to zero‘at E = 0 , but the approach of I
“framb E = 0;4;Eo' to E =0 is not known. In‘Fig. 4, Eq. (4) has been o
>afbitratily extended below 0.4 Eo, ; the errors involved in this extrapola-
tion are unknown. Figure 2 may only be accurate to an order of7magnitﬁde' |
' near 1 keV. o |

‘Recent work16

using écceleréting'potentials of 20 - 50 keV on several
anode materials showed that the energy distribution was defined more

accurately by Eq. (5) than Eq. (3).

T1e®® - MY l2<n<iy (5) -



14 ;

13 ;

-7

12
11 '1

10 -4

photons % 10
steradian microcoulomb keV

PHOTON INTENSITY
&~

l21-

-———

— - —

—

1 2 3 4 5 6 7 8 9 10 11 12
PHOTON ENERGY (keV) .

Distribution of continuous x-rays produced per micro-

‘coulomb in a magnesium target at an accelerating

voltage of 12 kV. The effect of target absorption

. has not been taken into account.
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The formula is valid from 50 keV to 11 keV and perhaps at lower photon
venergies. The Validity of Eq.’(S)vis'npt known below 5 keV; although,

16a The linearity

mentlon was made of work done at 1.28 keV (9.671 A)
of the results in Fig.AS.suggests that Eq. (3) is adequate for XPS experi-
ments. ' |

The efficienty of continuous x-ray production'is defined in Eq. (6).

_ Total integrated continuous Xx-ray energy per unit t1me _
Eff. = = kZV
' x—ray ‘tube power . ,

o (6)
-2 volts-id

i

1.3 x.10

Efficiency has been used as thevbasis for comparing observed intensity_.
distributions with one another or comparing theoretical formulas for in-
tensity distributions with experiment It can also be used in XPS as a '
qulck estlmate of the continuous Xx-ray energy produced in the anode.

Various values of k have been reported 4,6,15

The glven Value is
consistent with Ref. 15. All values of k are derived by extrapolating
Fig. 3 (or similar data) or Eq. (3) (or similar formulas) to zero quantum
energy. For large accelerating potentiais the extrapolation is reasonabie
because the integrated intensity at low energies, where problems occur;

is small. At moderate potentials around 12 keV,'where XPS sources operate,
the‘non-linear region beldw.O.S Eg and the unknown intensity below 3 keV .

) represent an apprec1ab1e portlon of the spectrum In this case, the extra-

polatlon 1s completely arbltrary
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The difficulties inVoived in the éxtrapoiation to zero photon energy
are listed in Ref; 6, Section 16 and Ref. 15, p. 934. To gain some in-
sight into the‘validity of the extrapolation, some workers looked at the
~ continuous spectrum with low aécélerating poténtials’ofriv; 2 kv. Stephenson
" has described this work in Réf. 7. _

Generally, the intensity distributions at'low voltage began to apprqéch
the distributionbfor-thithargets, which is quite réaéohéble.since 1 - 2 keV
electrons do not penetrate far into the anode. The apprdximate agreemént
befwéen low voltage_daté and Fig. 1 suggests.that the extension of Eq. (3)
to low energy is‘reasbhéble. | v | |

'Eq. (3) and Fig. 3 can be derived froﬁ thin target-reé@lts. The in-
tenéity pér unit energy interval from a thin target fises sharply at thé
high energy cut-off-and'is then constant to a high degree of‘appfoximation
down to 0.5 E,, as shown b>", the data of Amrehn and Kulenkampff in Fig. 5.
A thick target may’be enviéioned as successive laminations of thin targets:
The energy of the electrons traversing the anode diminishes with each
lamination. Therefore, the thick target intensity distirubitdn can be
obtained by integration of the thin target distribution multiplied by an
appropriate electgonvenergy loss function. The.method of integration is

illustrated in Fig. 6. A detailed example is given in Ref. 16.

Spatial Distribution

A schematic arrangement for measuring the spatial distribution of

continuous x-radiation is shown in Fig. 2. The plane of the target lies
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Figure 5. (a) Data by Amrehn and Kulenkampff. The continuous Xx-ray
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(b) Data by Amrehn and Kulenkampff. Continuous_x-ray
distributions from aluminum foil 225 - 325 A thick
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40 kv.
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perpendicular to the paper aiong thé}90°vf 270° line; The incident elecf
trons approach from.the left along the 180° - 0° line. . 0° ié called thé
forward direction, Allvangles are meésurgd with respect to. the forward
direction.' If measurements are to be made in the forwérd hemisphere, the
target must be thin enough to tranéﬁit the x-rays prdduced in it. There-
fore, the cathode cﬁrrent must be small enough to prevent the target from
melting wifhout watef cooling. (If will be seen that the polar diagram.
. in Fig. 2 is rotéted 905 with respect to similar diaérams showing the ‘
. spatial distriButidn of characteristic x-rays.) - | | |
' Honerjager;s r_esﬁlts19 from -5° to.200° are shown in Fig. 7 and 8;
The targets are aluminum foils 6000 X, 350 X, and 100 X'thick; They are .
supportedvon a thin celluioid backing. The acceleréting potential Qas
34 kv, and the radiation was filtered through the equivaient of 4.5 mm of
'aluminum. ~Thus; these data fepresent only fhe high energy portion of the
spectral distribution. The theofetical prediétions of Sommerfeld7 have
‘replaced Sherzer's theory shown in Figs. 7, 8. The sﬁlient features shown.
in Honerjager's data are: the two lobes of intensityvthat are symmetric
across the 180° - 0° 1ine; the maximum néér 54°, the finite intensity in
the forward direction for all the foils, and the zero iﬁtensity at 180°
for the thinnest foils.' | | |
Coslettzo‘and DYson 15,20 measured the spatial distribution of con-
tinuous x-rays from thick targets of.alﬁmihum;'gOId,véopper, and beryllium.
The'targets were thick enough to stop the incident electrons but thin enough

to transmit the resulting x-rays. The cathode electrons were focussed by
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Figuré 7. Data by Honcrjdger "Spatial distributions of hard
continuous x-rays from thin aluminum targets (34 kV)
shown with a thcoretlcal prediction.

Figure 8. ‘Same data as Figure 7 plotted on a polar diagram.
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a magnetic lens to a 70 nicron spot.  The measurements were taken in the
forward hemisphere from 0° to about 70°. The aluninum targets were com-
mercial foils of thickness 0.78 mg/an’ (2.9 microns).
The distributions resultlng from acceleratlng potentlals of 10 and
- 12 kV are shown in Flg 9. For these thick targets, the distinct, asym-
metric lobes of Fig. 8'have broadened and merged into a roughly symmetric
distribution. The intensity is isotropic within'60% at the higher energies
and completely isotropic below 0.4 E,, at least in the forward direction.
The question of the angular distribution of soft x- rays (less than
‘v10bkeVD in the reverse hemlsphere (90° - 270°) remains open. Experlment

16 imply that continuous radia-

and calculations by Rao-Sahib and Wittry
:tion is isotropic below 0.5 E,. As early as 1935, Compton and Allison
expected the low energy radiation from a thick target to'be isotropic
(Ref. 4, p. 97); although:there was no data tovsubstantiate their claim.
The data still do not exist, but there_are three facts on whichhto
base a reasonable estimate. First, theory predicts that, for a thin |
target, the rad1at10n becomes 1sotrop1c near the low energy. end of the
spectrum. This phenomenon is shown in F1g 10 where Coslett and Dyson20
calculated the thin film energy dlStrlbutIOH at V=10 kv for Z=16
and 58. The curves represent observation angles of 0°, 90° and the average
overall angles. It can be_seen that near 2 keV, the three curves con-
verge; the radiation becomes isotropit, '. | |

. . N ° \
Second, Fig. 7 shows that a medium thickness film (6000 A) of aluminum

has a spatial distribution that is asymmetric with a maximum near 60°, but
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Data by Coslett and Dyson (Ref. 20). iAngular distribution

Figure 9.

' - of continuous radiation from a thick (2.9 microns) aluminum
target. Upper quadrant: as observed. Lower quadrant:
corrected for target absorption.
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Figure 10.

EFnergy distribution for thin targets calculated according
to Kirkpatrick and Wiedmann (Ref. 18) at 0°, 90°, and
averaged over all angles. Accelerating voltage =10 kV.
Units are erg steradian.' umit frequency interval !
electron ' (atom per cm’) . :
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it also has an enhanced intensity at 0° and non—zero,ihtensity at 180°.
The 6000 R film, therefore, gives:a more isotropic distribution than. the
thin films. _ , o | |
| Third, the thick targets in Fig. 9'§how somé aéymmetrylfor the high
energy photons, but the 10Wer energy components are isotropic.
The three considérations given above imply that tﬁe spatial_distri-:
'bution becomes more isOtropi¢:4 (1) as the targe; becomes.thicker, and
(ii) ‘as the radiation becomes softer. These trends peflectlthe.scatferihg :
- of bombarding electrons within‘the.anode. in aﬁ'idéal thin target, the
electrons suffef only Onerdeceleration iﬁ a straight line along the forward
direction.- In a thick target, the électronsvére deflected in many direc-
tions, and fhe symmetry of the fhin target distribution averages ouf.
DySonlS has considered the scatteriﬁg conditions in an aluminum target .
where V =10 kV . He found fhat at a depth of 1200 X, the electrons had
- experienced so many collisions that they were on the verge of diffusion,
i.e., their directions were randomiééd. Trend (1) foliows diréctlyvfrom'
scattering considerations. Trend (ii) cah also be understood in terms
bof scattering because the softef radiation cpmponenfs are produced deeper
in the target.where_diffusion has taken place.
Thefefore, in a thick aluminum tafget operated at 12 kv, it is
reasonable to assume that the radiétiqn near EovWill show Soﬁé asymmetry
in the forward direction; but the softer éomponents below 0.5 E, will be

isotropic.
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Polarization =

‘The polarization of continuous x-rays has been discussed adequately

4,6,18,21 A_short statement will be presented here.

elsewhere.
If an 1nc1dent electron is decelerated in a straight line along the
forward direction, cla551ca1 electromagnetlc theory provides that all the
resulting x-rays will be plane polarized parallel_to the forward d1rect10n.
QUantdm theories18 predict less than completevpolariZation; even at the
. "high energy limit. _Experimental-work has concentrated on thin targets
for comparison with theory,'Kulenkampff' 21 results on a 280 A aluminum
foil at 34 KV are shown in F1g 11, The polarlzatlon ratio on the vertl-f
cal scale is glven by_ p = (NII NL)/(NH + Nl)’ where N refers to photond-t
‘counts registered parallel and perpendlcular to the forward direction.
The data show good agreement with-wave—mechanical theory. The theoretical
variation.of polarization»with 0 (eee Fig. 2) is given_in Ref. 18.
The only available thick target data are the earliest measuremente..
In a thick.target ~ the directions;of'the»incident electrons became randomi zed
by colllslons therefore polarlzatlon is expected to become smaller as
. target thlckness increases. Dasannacharya4 confirmed this trend. Many
workers4 found that eren at ‘the high energy 11m1t, where polarlzatlon is
maximum, the observed.polarization was only 10 - 50% in thick targets.
In XPS tubes, it is probable that some polarization could be observed

near E,, but not below 0.5 Eo}



) 5 T o £ = . .
MU ES 007 47

31

_Figure 11.

lﬂ H L T i
o . SR N ST
W1
I =y
_ b ;
_}'” .;/Vf
Bl—T— ]
g 91 &2 43 47 98 49 10

Data by Kulenkampff et al. Polarization of con-
tinuous. x-rays from a 280 A aluminum target at
34 kV. The solid curve represents Sommerfeld's
wave mechanical theory.
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B. Characteristic X-Rays

Spatial Distribution

Characteristic X-rays afe.produced when a cathode electron ejects aﬂ
electron frbm_an.inner sheli of one of the target atoms. The atom fills
this inner hole>with.an electroﬁ from a higher orbital, and in some cases,
ejectsva photon. This proéess islknown as direct production of characterisf
tic radiation. The inner hole in the target atom can also be created by
photoelectric absorption of continuous X-Trays which results in the indirect
produétion of characteristic‘radiatioﬁ.' Numerous experiments have béen
~done to detérmine the émounﬁ of indirect radiation produced."The'eariiest
experimenté are described by Comptén and Allison.4 Green (Ref. 23, Fig. 9;
Ref,’24, Fig. 6) summarizes the results of these experiments, and givés
an empirical expression for P, , the fatio of_direct K radiation to
indirect K rédiation, as a functiqn of Z ;

4 6

P,z

X 519.4 x 10

'This expression was fit to. data for K emission through 'Z2=79 . For

an aluminum target (Z = 13), ‘P, = 340 ; therefore, direct production

K
accounts for more than 99% of the characteristic K- radiation. For
copper (Z = 29), Pk = 14 ; direct production still accounts for 93% of |
»the total. As a'generai rule, indirect production of K radiation is
‘not significant for Z < 30. Indirect 'L radiation séems insignificant

for Z < 70. Since almost all work ih XPS is done with targets of Z < 30,
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indirect production of characteristic radiation is not relevant to problems

in XPS. Further information can be found in work by Green24 3

and Hink.2
It will be seen that the intenSity of chéracteristic x-rayé ié a

function of the take-off angle fromﬁthe anodé surface. This spatialldis—
tribution is, in turn, dependent on the'depth at which the x-rays are pro-
duced. Theréfore,,the depth distribution of characteristic radiation

has been studied extensively. Shimizu 93.31{26 and Bishop27 have made
theorefical caléulations'of the radiation produced as a function of dépth.

. 28 .

Castaing and Descamps”  used traces of Zn in a Cu anode at an accelerating

voltage of 29 kv to.measure the depth distribution experiméntally. Schmitz
gg'gl,zg'made a similar measurement using a Cu wedge‘on a Ni taiget and
accelerating voltages of 30, 25.5, and 28 kV.  The results.of these cal-
culations and experiments are plotted together in Schmitz's article. The
-theoretical and experimehtal distributions agree quité well; they all rise
quickly to a peak at about 0.5 u (Cu target, 30 kV) and theh drop off

‘quickly to zero. Schmitz reports values of z the depth at which 95% -

95 °
bf the characteristic radiétion has been excited. For CuKa from a Cu
target and accelerating voltage of 30, 25, 5, and 20 kV, 295' equals
1.55, 1.30; and 0.90 u, respectively. The value 6f Zq5 @ppears to be
relatively independent of’the'current from the cathode to the anode. (See
Table I, Ref. 31). |

One can reduce the depth distribution to ifs simplest form by con-

- sidering all of the radiation ‘to be produced at some average depfh. Hanson

and Salem30 called this depth the effective depth; they calculated values:
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for the effectlve depth of CuKa productlon in a Cu target as a function
of accelerating voltage from 10 kV to 30 kV. At 30 KV (Cu target) they
report an effectlve depth of 0.88 p. This value seems somewhat large when
compared to the distribution shown in Schmitz's article. The effective
depth ﬁas found to have a linear dependence on the accelerating Voltege;'

Using a model similar to the effective‘depth, Green24.censidered all
the characteristie radiation to be produced at a point at a depth z below
the surface of the anode. He measured the mean depth of production of
CuKo in a Cu target at accelereting voltage from 12 to 50 kv. At 30 kV.“
(Cu target) he found the mean depth to be abeut 0.62_u.' (See Fig. 7,
Ref. 27.) _This Valuemwas found to be in good agreement with a mean depth
fcaiculated from the depth distribution measured by Castaing and Descampsg -
Green also found ‘that the mean depth was e linear function of the accelera-
't1ng voltage, and it is proport10na1 to (Eo - EK) where Eo is the acceler-
_ ating voltage and E is the energy of ‘the K-shell of the target atom.
- The mean depth of characterlstlc production would also be expected
~to vary with the atomic number, Z , of the target, i.e., one should be
able to write (Eq. (10), Ref 24):

b2 = 6(2) (B, - By

._ where GCZ) is some function of Z. However, Green obser#ed that G(2)
is neerly»constant-over a range of Z.frem 6 to et least 30 for the same'v
Eo and Eob>>'EK » PZ is approhimately proportional to E; - EK and inde—

pendent of Z.. To account for this observation, Green suggests two opposing



P o T

~35-

processes that cancel each other.:'First, electrons strike the target and
travel essentially undeviated to a depth where scatterlng events have
randomized the electron paths. Green calls thlS depth Z4iff the depth
where cemplete'diffusion‘occﬁrs No value of zd £f Was given; so, no
comparlson is possible w1th Dyson s diffusion depth of 1200 - 2400 A
(10 keV in Al) descrlbeduln the spatial d1str1but10n of contlnuous radia-
tiqn. .Once the electrons reach Zdiff they complete their paths through
the target by a setOnd process, a random walk;'ﬁntil they come to rest.
For targets of high Z, the depth »zdiff is'small compared to low Z tar-
gets but the total length of the random walk is longer. These twe ef-
fects almost cancel each other, and the mean depth of x-ray production 1s,v
htherefore, nearly independent of Z. There is some exper;mental evidence
that is conslstent with thls model. For more details, oneiShould;conSult
Green's article.24 v . | ‘

Since pz depends mostly on.Eo - E¢ , the data for Cu can be applied -
-to aluminum and other elements. From Green's Cu data, G(Z) can be
-estimated at (2.0 t'0.8) X 10'57cm2/g keV. The cdrrespondence mean deﬁth
of Ka production in aluminum at 12 keV is 0.8 + 0.3 microns. The success
of the concept of a mean depth is attributed to the strong peak in the
measured distributions of Ko production depths. 29

| The 1nten51ty of characteristic radiation has been measured as a

23,24 The spatial

vfunction of take-off.angle 6 from the target surface.
distribution is described (u51ng the same notatlon as Green) in terms - of
‘N Ka(6) /4w , the number of Ko photons observed per steradian per electron

an angle 6 to the target surface. N Ka/4m refers to the photons generated
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per steradian per electron. Characteristic radiation is generated iso-
tropically within the target, so N Ko/4m -has’no dependence on'8. These
photons, however, are attenuated as they travel to the surface of the
target where they can be observed. This attenuatioh is a funttioniof_the
depth-at_which fhe photons were genefatéd éﬁd the angle 6 at which they

are observed, Nqu(e)/4ﬂ is, .therefore, given by (Eq. (1), Ref. 24) -

ﬂe = z}—f exp . -u%- picscG)d | ' (7)

0 .
where z 1is fhg depth in the»target and ke is the absorption coef-
ficient for the Ka radiation, and p 1is the.density ofrﬁhe'target material.
Using the simple mo&el'discussed above where.éll the radiation is generated
at'abpoint within the target at a depth z below the sufface, Eq. (7) -

reduces to

y o | L
N %ﬁf@) = N4Ka xp( -—%ﬁ pzcsce> . (8)

Offthe‘photons generated within the target, only a certain fraction
of them, f(x) , are observed at the surface. f(x) is the ratio 6f ob-

served to generated radiation.

£0 = D < ep(por) 9

where
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£() muSt.be a function'of thevaccelerating'Voltagelbecause it-deoends
“on z. Green?3:24 has made.experimental‘meaSurements of »f(X) for Ko
radiation targets of carbon, aluminun, t1tan1um, iron, copper, germanlum, _
- molybdenum, and for Lo rad1at1on 1n neodymulm, tantalum, and for the Mo,
of gold. The results are plotted as f(x) and -1n £(y) for various
"acceleratlng voltages as a functlon of cscé. 23 The target may be a
mixture of elements e. g » 3% Al in 97° Mg. To determineothe‘spatiall
-distribution of AlKe from this target, one needs f£(x) ‘plotted_against
| X to account for the absorptionvof Al x-rays in the.Mg anode. Forlthese
applications, f£(x) -and: -1n f(x) are also plotted vs. X . vElsewhere,24
bf(x)' is plotted for several take-off angles aS a function of accelerating
voltage. Since z was found to be nearly independent of Z, the atomic
' number of the target atom, it was p0551b1e to plot universal curves of
f(x) VS. X wh1ch apply to 5 < Z < 30 for several accelerating voltages 23?24
From these universal plots, one can derive the spatial distribution of
-characteristic radiation'from almost any light element in a target of
.pure or mixed composition. .
Using Green's data (Flg 10, Ref. 24), polar graphs have been made
of f(x) vs. take- off angle 6 for AlKa radiation. from a pure Al target.
See Fig. 12. The dlstrlbut1ons are given for accelerating voltages of
6 kV and 12 kV. ~In both cases, the electron beaﬁ was normal to thettarget
surface, i.e., Yy = 90° -as shown in'Fig. 14. The'plote ehow that £(x)
at 6 kv is greater than correspond1ng values of f(x) at 12 kV This

does not mean that an electron accelerated to 6 keV excites more rad1at1on
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than a 12vkeV electron because the gréphs show f£(x) vs. 6 and not
absolute intenéity‘ Recall that f(x) is the fractidn of geherated
pﬁotons that are actually observedQl It will Be seen later that a 12 keV
electron generates greater intensity than a 6 keV electfon, but since
the 12 keV electron penetrates deeper into the target, a greater fraction
of the photons it generated will be absofbed by the target material, and
consequentiy, f(x) at 12 kV is less than f(xj at 6 kv. Maximum in-
tensity is found at © =‘90? . At this angle, the photons travel the
least distance through the target to reach the suffaée. Attenuation by
'target absorption is, therefore, a minimm. It is also observed that
f() 1is alWayslless thén unity, even at the maximum intensity. Phofons
v‘generated-at any finite depth in thevtargéf will suffer some attenuation
on the way to the surface even at 6 = 90° , but f(X). for K radiation
approaches unity as the aééelerating potemtial E- approaches EK , the
emergyof the K shell. .When E = EK » there iS virtually no penetration
into the target, and target absorpfion is éffective1y zero. In thié case;
the:spatial disfribufion would be spherical.

| At 6 kV;.the distribution is nearly sphérical from 90° to 20°.
‘Within thié’ramge, one obsérves between 90% to 96% of the photons genera-
ted at a given angle. Moét.commercial tubes employ a.také-off angle of
about 10°. At 6 = 10° on the 6 kV curve, f(x) = 0.86 ; there is rela-
tively little.tafget absorption even at this shallow angle. .The 12 kv
curve is more distorted. vit.is approximateiy spheriéal from 90° - 50°;

at 6 =10°, f(x) = 0.69 .
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Figure 13. Spatiél distribution of characteristic copper radiation from _ XBL753'_5'35

a pure copper target with the incident electron beam at vy=45°
(dashed curve) and y=90° (solid curve). Data taken from
plots by Green (Ref. 24). Accelerating potential is 30.2 kV.
The angle y is defined in Fig. 14. S
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vy=90° would travel the same distance through

- the target, but the direction would be straight
down.
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The effect of vy , the angle made by the incident electrons on the.
tafget is suggested in'Fig. 13. These data were alsb taken from Green's
ploté'(Fig. 18, Ref. 24). 1In Fig. 13 the spatial distribution of CuKa
radiation is shown for an electron beam accelerated to 30.2 KV and striking
the target at angles of vy = 90? and Yy = 45° . There is not much dif-
ference between the two curves. f(x)45 exceeds f(x)go by about 10%
at 6 = 3° ; this is the gféatest deviatioﬁ. It is significant that

f(x)45 is always greater. than @r equal to f(x)go'. Apparently, the
electrons at vy = 45° travel the Same distance, & , through the target
material as those incident at 90°, but due to their oblique entrance
angle, the 45° electrons reméin cioser,to the surface.' (See Fig. 14).

It must be noted thaf as vy becoméé smaller, incfeasing numbers of
‘incidentvéleqirons;éré;expected toffeflect-gff of,'df;backscatter from,
the target Surface. It is unlikely thaf the reducihg y will dramatically
increase characteristic production. Green had plotted £(x) vs. cscé
when the incident'elecfron beam was normal to the target. It was'sug-
gested that the f(x) _curves would lie along the same curve if they were
plotted against sinycsct (see Fig. 17). No such simple felation was
found. There are data in Shirai's paper31 which generaily agree with

Green's results.

Energy Distribution

The intensity of characteristic x-rays generated per electron has

been studied by several workers since 1947. This work has covered the



w5
Ka radiation from Be, B, C, and many otherilight elements up to Ag. Green
and Cosslettzz give reférences to these measurements and summarize the
results. Compton andAllison4 give references to the early woik, done
before 1935; this work showed that the photon intensity of characteristic
- E},-E,nv. | |
radiation was proportional to <L——E——35 , where E* is the energy of
o X N

the X shell in the target.atom. In terms of the yariab1e U, = Eo/E_,
I « (UO - 1)n”, Compton and,Alliéon ouote-a value of n = 1.65 as the
ﬁost reliéble.»

Green and Cosslett22 have reported characteristic production.effi-
~ ciency as N/4n s Which is the number of charocteristic quénta generated
per steradian per'eleotfon. These authors plotted log(N/4n) Vs 1og(UO - 1)
from .Uo = 0.01 wup to Uo_= 35 for several.targets from Z =6 to 79.
The.resulting graphs were all straight lines with a slope of 1.63. For
'o few elemonts, e.g., Al, somelﬁon-linéarity was‘observéd for UO >10 ,
or léss.>‘These plots confifm that intensity'is_propoftional to (UO - l)n'

»with n=1.63 ; so, one may write.

N _ M . 1,1.63 A
iR G | . ECOR

where M is the cohstant of proportionality. The value of the exponent

n = 1.63 is consistent with n = 1.65 quoted by Compton and Allison.

More recent work summarized in:Ref. 22 yielded values of n =o0.94 , 1.38 ,

and 1.60 .. The lower values of n were made for Uo > 10 where non-

linearity in 'log(N/4ﬂ) Vs. log(UO'- 1) reduces the slope; n = 1.60
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was found for 1.9 <ZUo < 6 which is within the region where Eq. (10) is
valid.

Equation (10) can be rewritten as

o B BT | (1)

where N' = M/(Eil'63); Eo and Ex are iﬁ keV.. Values of N' , EK ,
and M are given in Table I for several light elements. The entries.
for ‘N' -were taken from a plot of N' vs. Z (Fig. 8, Ref. 22). Values
of M/4m for Al and Cu were taken from colum six of the table in Reff 22.
(There is an apparent error in Ref. 22; column six of the table should be
labeled‘/¢71ﬂ instead of justv42Y._ M/4t  for carbon was taken from é
plot of log N/4m vs. log(U, - 1) (Fig. 4, Ref. 22); log(N/4m) =
10g(M/4ﬂ) when 1og(Uo -1) =0 ; " To be sure that all the entries were
self-consistent, a value for N' was calculated frdm M/4n and EK ac-
| cording to Eq. (11). N (calc.) agrees to one signifiéant figure with
the cofresponding values of N :taken from Fig. 8 in‘Ref. 22. This agfee-
ment shows that the entfies are consistent with one another and indicates
that the graph of N' vs Z can be read with an accuracy of only one Sig-
nificaht figure. |

The graph of N' vs. Z , from which the values of N' were taken,
was made with data from solid targets of pure elements. A value of N;
for Z = 10 was takenxfrbm this graph and included in Table I even though
a "'solid" target of pure neon is obviously hypothetical. . The other solid
targets have about 6 x 1022 atoms per cms. The neon gas pressure cor-

responding to this density is about 2500 atmospheres at 25°C, another
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Table I.. Values of N' and M/4n for calculatlng characterlstlc X-ray
production efficiency.

1 2 3 4

Z N' . Eg (keV) - Md4r N (calc.)
6 2.0x10 | 0.284 ' 2.8x10°° 2.7 x 107"
10 1.4 x10°** - 0.867 | |

11 1.2 x 10°* 1.072

12 1.1 x10°* 1.305 |

13 9.5x10°® - 1.560 1.4 x 10" 8.5 x 107°
29 2.2x10° . 8.979 6.4 x 10°° 2.3 x 107°

1. Obtained by inspection from graph in Fig. 8, Ref. 22, to be
used in Eq. (11), N/4w = (N'/4m) (E, - Ex)1 ‘63 " These entires
. are only accurate to one significant figure. See footnote 4.

2. Taken from Appendix 1 of K. ' Siegbahn, et al., ESCA -- Atomic,
' Molecular, and Solid State Structure St—ai—ag_y Means of
- Electron Spectroscopy (Almquist and Wiksells AB Stockholm,
Sweden, 1967).

3. Obtained by 1nspect10n from F1g 4 Ref 22 or taken from
the Table in Ref. 22. To be used in Eq. (10), N/4m =
M/4n(Uy - 1)%-83 . Collmm six of the table in Ref. 22 should -
be labeled #7/4m. |

4. Values of N' calculated according to N' = 4n/Eg'-63(M/4m) .
. The values agree to one significant figure with the values
in the first column. This result indicates that the entries
in the table are self-consistent and that one's ability to
read values of N' from the graph in Fig. 8 of Ref. 22 is
limited to one significant figure.

%  This is a hypothetical value for neon. See text.
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hypothefical quantity. Although the meaning of N' for neon is somewhat
questionable, it may be useful if it is scaled down according to the

number of neon atoms pericms in a practical application.

C. Mass Absorption Coefficients

- The theory of x-ray absorption has been described in detail bvaethe

7

and Salpeter.” In. addition to Ref. 12 and 13, Héinrich\listsAseveral_-

sources of mass absorption coefficients. The mass absorption coefficients
used in this chépter are those described by Sandstrom.31

X-rays are absorbed according to the usual exponential law,
I=Iep(ud) =0+t oy

- where u ., the total mass absorptionvcoefficient, can be separated into ,_ 
two'components, o and T . O represents x-ray absorption due to scat-
tering; o 1is only significant at short wavelengths. To a good approxi-

mation,
o _ 2, ' v o
i 0.20 cm™/g (13)

where p is the density of the absorbing material.
T Tepresents x-ray absorption due to the photoelectric effect.
J6nsson31.developed empirical expressions for 1t that are convenient to

use-and sufficiently accurate for the applications described later..
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T_1Z ’
5= & (Tbg K<E
= Z-(r L) ML <p<x S,
A Ve’K K I - (14)
=Z-(TL) I_wl M <E<L
A \VTek X 1 11

‘where Z is étdmié number, A is atomic weight, L is AvogadrO's number,
K, 'LI , 'MI afe'energies of atomic léveis; and -(TeL)K' is expressed
as a function of ZA .I‘A' is ﬁhe waveiength of radiation being absorbed.
.Tovtest the accuracy‘of Jonsson's coefficients, a compafison was

made with coefficients measured experimentallf by Andrew_s.31 Plots were
constructed of % transmission thrOugh a one micron thickness éf‘aiuminum'
using the cbefficiénts of Andrews and Jbnsson. 'The resu1ts are éhown in
Fig. 16. - The agreement between the two sets of coefficients is generally
. good over the energy region measufed. During the constfuctiph of Fig. 16;
ii could be seen that the cOéfficiénts derived from Jansson'é plot (Fig. 15)
umderéstimated Andrews' cbefficients, and appreciable differences_would
have been observed invFig; 16 if a thickness of several microns Were 
used,' Thus, the mass absorption coefficients from Eq; (14)'and Fig..lsl
are only accurate for short path lengthé of absorption. The applications
described in this Chapter employ path lengths of a few micfons'or less.

| Absorptiop through various thicknesses of'berY1lium and aluminum -

are shown in Fig. 17 (Fig. 6 from Ref. 31)..
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Figure 17. Transmission through beryllium and
: aluminum. (Taken from Ref. 31.)
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D. Applications

Estimate of X-Ray Intensity

The material in the preceding_éections can how be applied to an ap-
proximate calculation of the radiation emitted by the x-ray tube 6f'the
Berkeley iron-free spectrometer. The geomefrylof the tube is shown _
schematically in Fig. 1.7 The face of the anode is cut at a 15° anglej
so y, the angle of electron incidénce, is 755; ahd e, the.x-ray take-
off angle is 15°. The radiating region df thé anode is separated from

, thévsample by about 3.5 cm The anode is an alloy of 97% Mg and 3% AL
The tube was usually operated at 12ka and 30'mA |
The number of MgKo photons per steradlan per electron can be cal-

culated from the value of N' in Table I and Eq. (11).

-4 - -4
- 1.1 x10 ) _ 4.2 x 10 " photons
47 (12 1. 305) ster. electron

N
4n

The.fréction’of photons thaf reach the surface of the anode at a 15°.
take-off angle is given by f£(x). The absorption coefficient for the -
transmission of MgKu photons (A = 9.869 XJ throUgh Mg (Z =>12)'can be
taken from Jonsson s graph in Fig. 15 and Eq. (14), 1t is 314 cm /g

~csc. 15° = 3.86 ; so, x = u/p csc 15° = 1200 cm /g f(x) can now be
taken from Greenvsvplot in F1g. 10, Ref,_24; it is 0.8; So the number of

MgK photons per electron observed at the anode is giyen by Eq. (9); -

- | 4
N(15°) _ 3 x 10 ° photons
A = (0.8)(4.2 x 10 ) = Tster. electron
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At 30 mA of current, this figure becomes

N(15°) _ 6 x 1013 MgKa photons
4m ster. secC.

A similar set of calculations indicate that the 3% aluminum component in

the target should emit 2 x 1011

AlKo photons per steradian per electron,
about 0.3% of the Mg flux. 90% of the AlKa photons produced are lost
by tafget absorption in the magnesium anode. -

The continuous x-ra& distribution can be calculated from Eqgs. (3),
(4). Two Volues of C ore given with Eq. (3) for different take-off
angles; they differ by only 25%. Figure 9 shows that intensity changes
by 60% at most due to take-off angle, this difference is insignificant
. for the estimations being made here.. Either value of C given with
Eq: (3) can‘be.used to estimate_the continuous photon distribution‘ob-
served for a take-off angle of 15° (or, 105° according to Fig. 2); Using

Dyson's value of C , 12 kV accelerating potential, and 30 mA of current,

one finds

=4 x 10! photons 12°- E
ster. sec keV E
The shape of this distiibution has already been shown in Fig. 4.
To correct this distribution for tafget absorption through a Mg
anode? the depth distribution of continuous radiation must be known.
The calculation of target absorption is greatly simplified if one assumes

a mean depth of continuous production. Green and Cosslett22 suggest
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that the mean depth is 0.25.times the Thomson-Whiddington range.
A mean depth of 0.18 mg/cm2 at 12 kv Was obtained from Fig. 7, Ref. 24.
Absorption coefficients were found from Jonsson's graph (Fig. 15).
The continuous distributions with and without target absorption at
15° aré shown in Fig. 18. Foraburposes of comparison to curve B ,
the MgKo intenéity with taréet absofption has been converted to units
of photon density, and this value is indicated on the figure. The
conversion was trivial because MgKo radiation has a width of about
1 eV at 1254 eV; so the photon intensity calculated above was simply
multiplied by 103 to éonvert to units consistent with the ordinate
of Fig. 22. |

It can be seen that the characteristic MgKo radiation is 10% more
inteﬁse than the continuous radiation at similar energies. However,
the integrated intensity of curve A (without target absorption)

13 keV/ster, sec while the characteristic intensity (without

target absorption) is 10.5 x 1013. Therefore, the ratio of characteristic

is 3.2 x 10

energy produced to continuous energy produced is 3.2. After target
absorption, the ratio is about the same.

Curve B vshows that the'target filtersvout a substantial portion
of the softer components of the spectrum.

As shown in Fig. 1, the radiation passes through a beryllium
window 0.5 mils (12.5 microns) thick before it falls on the sample
plate 3.5 cm from the x-ray source. The attenuation through the

window is given approximately by the ten micron Be curve in Fig. 17.
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The distribution must then be scaled by 1/(3.5)% to obtain the
intensity falling on a '1‘cm2 sample area 3.5 cm frbm the source.

This correction assumes a point source of x-rays; fhe point approxi-
mation is 97% accurate compared to the actual geometry. When the
distribution in Fig; 18 is correctéd for these two effects, thé result
is the distribution ofvphoténs that fall on the sample surface.

32,33 that XPS measures only the first 15 - 50 A

It is estimated
of a solid sample. Assuming 50 A to be the measured depth, an estimate
can be made of the radiation ébsorbed in the measured‘region of the‘
sample. If the samble is assumed to be organic, absorption coefficients
through carbon for the photon range 0 - 12 keV can be estimated from
Jénsson's graph in Fig. 15. The fraction of photdns’absorbed follows
directly assuming unit density and é 50 X path length. The distribution
of photons impinging on the sample, derived from Fig. 18, can be multi-

‘plied by these fractions to determine the distribution of photons'absorbed.'
in the measured depth of the sample. This distribution and the absofp-
tion coefficients through carbon are shown in Fig. 19. ” |

The integrated‘inténsities over three energy-intefvals of continuous
radiation as well as the total integrated intensify for all continuous
radiation are given in Table II. The table also shoﬁs the intensity
of magnesium and aluminum characteristic radiation absorbed in the first
50 R of the target. |

The inmediate observation from Table II is that the magnesium Ko

intensity accounts for 95% of the energy absorbed in the sample. The
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Table II. Integrated intensities from various portlons of the distribution of
photons absorbed in 50 A of an organic sample irradiated by the x-ray
source in the Berkeley iron-free spectrometer.

keV erg Rads _ 100 erg  Per Cent of Total

Energy Region 7 T2 sec  gram sec

cn’ sec can” osec Dose

Integrated continuous ' 7
intensity from 7 x 10
0~ 1.3 keV :

o

0.1 2 x10

Integrated continuousA g o
intensity from 2 x 10 0.03 6 x 10
1.3 >~ 5 keV '

o0

Intégrated continuous 7 S A
intensity from . 0.4 x 10 0.006 . 1 x 10 - 0.2 %
5> 12 keV - : _ . >

Total integratéd ~ 8 _ - 5
continuous intensity 1 x10 0.16 -3 x 107 5
0 > 12 keV

o

Magnesium Ko : 9 , 6 :

intensity 2 x 10 3 6 x 10 95 %
1.254 keV S : -

intensity 0.4 x 10 0.006 -1 x10 0.2
1.487 keV ' -

ow

-LS-
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calculated MgKa energy'flux corresponds to the absorption 6f 1 x 109

photons/cm2 sec in the first 50 A of the sample. In the same Volume,

16 2toms. Even after a ten hour experiment, only

there are about 2 x 10
1% of the sample atoms have absorbed MgKo photons. It would seem that
~ radiation damage would not be a problem in such a system. However,

6 rads/sec, where a rad is

the MgKo flux converts to units of 6 x 10
defined as the absorption of 100 érgé of photon energy‘in one gram of
tissue. At this dose rate, 5 - 20 % of the organic sample will de-
compose in 101 - 102 seconds; 50 - 1do % of the sample can decompose

2 3 seconds.‘—”4 ‘The discrepancy between the small number of

in 10 - 10
atoms that absorbed photons and the decomposition of the saﬁple éan |
be explained if one suggests that the secondary electrons excited by |
the ionizing x-rays db the bulk of the damage.

The continuous radiation represeﬁts only about 5% of the energy
absorbed, whereas, it represented about 25% of the energy produced by
~ the cathode electrons. - The target filtered out some of the soft com-
ponents that would have been absorbed in the sample. Thé higher energy
components were simply not absorbed. Photons in the 5 - 12 keV range
contribute only 0.2% of the absorbed energy. The great majority of
continuous radiation absorbed in the sample comes from the soft x—ray
region below the magnesium K edge ﬁhere the anode did not filter
effectively. |

The absorption profile of the high energy components'of the con-

tinuous radiation becomes more complicated in the case or organo-metallic
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compounds and metallo-proteins. The metal atoms in such samples will
absorb very strongly in regions where pure organic compounds are trans-

parent.

The Use of Magnesium and Aluminum Windows to Filter Bremsstrahlung

At one péint in the résearch, if was believed that the bremsstrah;
lung, partiéﬁlarly the high energy bremsstrahlung, wefe_causing unaccep-
table radiation damage to the sample and increased background counts
_'in the data. The 0.5 mil (12.5 micron) beryllium window commonly
used on the x-ray tube was ineffective in filtering out the objection-
able photons (see Fig. 17). -A-given anode material has a K absofption
edge at a slightly higher energy than its K emission peak; therefore,
the anode material is neariy’transparent in fhe region of the K emis-
sion peak, and nearly opaque in the energy regions‘ébbve and below the
emission peak (see Fig. 16). |

It was hoped that this abSorption péttern couid-be used to imprové. :
the data by using a Mg window with a Mg anode. Mg windows were made |
by vapor deposition with thicknesses of 1.5, 3, 6,and 9 microns.35
'Mg does not deposit in a ﬁechanically sound, pinhole-freé film; so;‘eéch
Mg film was deposited on a bne micron thickness of Al, which had more |
desirable structural propertiés. The transmission of these filters is
shown in Fig. 20. The thickest filter is'opéque, or nearly so, through

3 keV while transmitting about the same amount of characteristic Mg
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radiation as a 0.5 mii Be window. The thinner'Mg/Al foils filter less
bremsstrahlung, but transmit more charécteristic radiation than the
0.5 mil Be. ‘At least half of the windows had pinholes; the thicker
windows tended to have more pinhOlgs than the thinner ones.

The filter.windows_were teste& on samples of gold foil and pellets
of tyrosine. The x-ray tube voltage was started at 3 kV and increased
to 5, 7.5, 10, and finally to 12 kV. The cathode current was ﬁsually
20 mA, but sometimes 10Vand 1 mA éurrenté wefe used as controls. All
windows survived the runs at low power up to 7.5 KV and 20 mA. At
higher power, some of the windows melted:in the heat of the x-ray tube.
High energy electrons from the filament and scatteréd_from the anode‘
seemed to be the main sources of‘héat. Surprisingly, the thinnér windows
tended to survive the heat more often than thé thick windows, but ét
best, the chances of any window‘surviving the heat were SQ -'75 %.

Ih some runs, a thick window was placed over a thinner one. The thin
window wouid protect the thicker one from the‘heat while the thicker
window provided for extra filtering.' The two layers could be arranged
SO that the pinholes in the separate windows would not coincide. As a
measure of the heat involved, é brass washer that separated the two
layers always -stuck to the aluminum.frames'on which the windows were
mounted. There was no adhesive én the brass; presUmably, it was crudely
welded to the window frames. |

| The signal to background raﬁios obtained through the filter windows

were equal to the 0.5 mil Be window, but the transmitted intensity was
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half that of the Be. In many cases, the filter windows.increaSed the
:background and decreased the net signal over the background. The absorp-
tion in the filters is duelto photoelectric processes. The absorption
of the Mg/Al windows out beyohd 3 keV means that there will be more
bremsstrahlung photoelectrons entering the sample chémber and analyzer
from the Mg/Al windows than from the Be. Therefore, the increased back-
ground is easily uﬁderstood.' The reason for the decrease in the net
signal is not explained. The transmission of characteristic_radiation;'.
which gives rise to thevsignal over the backgfound, should be greater
than or equal to the standard Be window. It is pbésible that absorption
coefficients derived from Fig. 18 for the region below the K absorp-
tion edge are inaccurate for the thicknesses of the Mg/Al windows used
here. The actual absorption would seem to be greater than the calculated
absorption. i
The failure of the filter windows to improve the data can be undér—
stood from Fig. 18 and 19. ' Because of the shallow fake-off angle built
into the geometry of the x-ray tube, the anode itself absorbs most of
the bremsstrahlung in the region between the K edge and 3 - 4 keV.
The higher energy components of the continuous spectrum pass through both
the anode énd the filters,‘but the organic sample does not absorb them.
So the anode was alréady an efficient filter in the ehergy‘regioh relevant

to low Z samples.
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" Estimate of Radiation Dose by Use of a LiF Chip

A small chip of LiF 3x3x1 mm provides a convenient measuré of

36-'The energy absorbed by the exposed chip is easily

‘radiation dose.
méasured aé light given off ih a‘;hermOIUminéscence meter. LiF chips =
‘were exposed for 3 and 10 seconds to the x-ray tube at a power of 12 kV
and 20 mA. The thermoluminescence meter gave thé maximum reading of

103 rads because the chips saturate at that dosé. Therefore, a lower:
limit of 10% - 10° rads/sec was set on the output of the x-ray tube.

_The calculated dbse absorbed by an organic sample is 106 rad/sec ac~ ‘
Cprding to the principles developed in this chapfer; All other'exiéting
detectors would also éaturate at the high dose rate of the Berkeley

spectrometer.
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I1I. RELIABILITY OF THE SUNDER FITTING PROGRAM

A computer program named SUNDER;was developed by Claudette Rugge
Lederer and C.S. Fadley1 for the purpose of fittihg lineshapes to photo- -
' electron:spectra. The details of the program have been described else-
where.1 Fadley fifst used the program on streng, well resoléea peaks
from high purity semples, and SUNDER proved to be a useful tdol’for”e
proViding.quantitative interpretations of his data. Since XPS has
expanded‘to a wide_variety ef new applications, SUNDER has been asked
to fit weak, overlapping signals from-atoms Qf low concentration in
some mixture. The question of SUNDER's‘accUraCyvinAthesevapplications
has not been investigated.
| What follows;is a set of criteria that caﬁ.be’used to judge the |
quality of'experimental data and SUNDER'e ability to fit it realistically.
These criteria are the‘result.of experience accumulated by‘apply1ng |
SUNDER to various sets of data. The.criteria are to be regarded as guide-
.lines fether thah infallible rules. " As more-experience with the progfam
becomes available, it‘may be necessary to revise these standards.

SUNDER can fit four different lineshapes fo XPS data. Only Lorentzian
lineshapes with a smoothly added “cdhstant" tail‘will be considered here.
For each lineshape, SUNDER calculates a pesition, full width at half-

maximum (FAHM), an area, and a tail parameter that represents the ratio

l'C.S. Fadley, Ph.D. dissertation, University of California, Berkeley,
1970, Lawrence Berkeley Laboratory Report UCRL-19535.
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of tail height to peak height. 'SUNDER;also calculates a straight line}
backgrbund which introduces two»more parameters,‘a.slope.and an inter- .
cept. The choice of a Loréntiiaﬁ lineshape,ﬂthe'ﬁethod of joining the
tail to the main peak, and the linear background are all based on purely -
empirical considerations, i.e., this combination gavé the most reason-
able fit to several test.peaks.» Fadley1 has already discussed some
of the limitations of this approach. | _ )
It will be seen that SUNDER_célculates a reliable, or at least .

~ self-consistent, lineshape when:
(1) the signél to noise ratio is greater than ten;

.(2) there are enough points‘on both sides of the peak to charac-

terize the'background and tail;

- (3) . the calculated tail parameter is less than 0.1, preferably

below 0.05;

(4) the number of fitted lines is less than or equal to the number

of observed péaks and shoulders.

The calculated position of a single lineshapé fitted under a Singlévpeak
is.remarkably insensitivé'to ﬁdisy data; the FWHM is'somewhat more sensi-
tive, bﬁt thé area and téil méy be completely uhreliéble. When allzfouf
_'of the above standards are not satisfied, SUNDER can still be useful to
tell whether or not a given model is consistént with the observed data.

The data can be fit with lineshapes whose ratios and/or positions have
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been fixed according to.some physical model. .SUNDER may converge on
this fi£, but that does‘not;mean the modél is correct; it only means
the model is consistent with the data.. |

In the discussion that follows, 'peak'’ will refer to experimentally
 observed data; whereas, '"line'" will refer to a calculated lineshape

that is fit to the peak.

A. Statistics

To say thaf data have been taken with good statistics is to say
that enough counts have been colleéted to give_a'high‘signal to noise
ratio. Just how large this ratio must bebin 6rder for SUNDER to caiculate
a reliable fif has nevef been determined. Therefore, an experiment was
run to find the minimm acceptable value for the signal tovnoise'ratio.
The gold 4p3/2 peak and the gold 4f doublet were counted over multiple
scans. Each scan was about 12 minutes 1ong; and the data from each scan
were accumulated with all the previous scéns. SUNDER was used to cal-
culate a position, FWHM, and an area for the accumulaped data at the
end of each scan. The results are shown in Table I. ASUNDER calculates
a ieast squares standard deviation for eéch fitted parémeter;'these are
also shown in Table I. | |

A practical definition for the signal to noise ratio can be given
as follows. Each peak stands on a background;'let B - equal the number
of counts in the backgrdund. Let S be the countsvin the signal ovef,

but not including, the background. At the crest of a peak, the total



Table I. Lineshape parameters calculated by SUNDER from data accumulated over
multiple scane of the gold 4f and gold 4p3/2 regions of gold foil
The tabulated error limits are the least square standard
deviations calculated by SUNDER. Actual experimental errors may be .
larger, especially in the case of positions.

(MgKa) .

Total Number of Scans

1 2. '3 4 5 6 7 8
Gold 4p3/2 703.3 703.2 703.1 703.1 703.1 703.1 703.0 703.0
Position (KE) +0.3 +£0.1 +£0.1 +0.1 £0.1 =£0.1 0.1 +£0.1
Gold 4p3/2 4.94 5.11.  4.98 5.27 5.48  5.62  5.66 - 5.58
FWHM +0.88  +0.43 £0.36 :0.35 +0.34 £0.29 £0.27 = £0.25
Gold 4p3/2 3221 6837 9786 13240 16968 21256 24650 28420
Area . + 885 + 955 1147 1505 +1851 2031 2221  +2354
Gold 4p3/2 | | |
S/N Ratio 30 48 58 64 68 7.9 84 93
Area Au 4f  12.75 11.93 12.54 12.35 11.89 = 11.18 11.22 11.05
+3.51 +1.68 1.47 +1.42  +1.31 £1.08 +1.03 ~ +0.93

Area Au 4p3/2
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number of counts is S + B . The standard deviation of that total count
is /S + B . Let noise be denéted by N and be defined as twice the
standard deviation; therefore,A N = 2/S + B . In thesé terms, the
signal to noise ratio becémes S/N = S/Z\/§—7_§_._ These definitions

are summarized in Figﬁ 1. ‘ |

The information in Table I shows that the calculated line‘poéition
is relatively inéensitive to the quality of the stgtistics. The gold
4p3/2 position varies only by 0.3 eV from S/N = 3 to S/N=9 . This
variationviS'largervthan the calculated least'square error which is
about 0.1 in moét scans. However, the actual experiméntal error includes :
many othef factor§ such’ as small variations in the magnetic field of the
spectrometer. A more realistic standard deviatioﬁ that accounts for
all experimental factors is about 0.2 - 0.3 eV; The variation of the
gold 4p3/2 line position is, therefore, quite‘consistent With past"ex_
perience. Apparently, atsingle line can Be fit to noisyldata,:and the
calculated line position can be considered quite_reliable;

Table I indicates that the FWHM is more sensitive to statistics.

. Calculated values of gold 4p3/2 FWHM'converge fo a value of 5.6 eV.
This 1imif is feached‘when S/N=8. When S/N<8, SUNDER,sééms to
underestimate the FWHM. | v.

The dependence of the gold 4p3/2 area on the S/N ratio can be de-
termined from the ratio of the gold 4f doublet fo the gold 4p3/2 peak.
SUNDER cannot fit an accurate area to thé.gold 4p3/2 peak in any indivi-
dual scan because the data are too noisy (S/N ~ 3). Howevef, the gold ‘

4f is Stroﬁg (S/N ~ 40 in one scan), and its area could be calculatéd
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with consistent accuracy from scan to scan. Therefore, any error in
the area ratio of 4f to 4p3/2 will be due to uncertainty in the 4p3/2
area. It is presumed that as the 4p3/2 data accumulate and S/N improves,
SUNDER will be able to calculate a consistent value forAifs area also.
At that point, the ratio of 4f to 4p3/2 will become constant with respect
to S/N. The appropriate data have been plotted in Fig. 2, Except for
the first two points, which show large error bars, the ratios define a
descending trend toward a éonstant value of 11.1. This value is reached
at S/N = 8 . Two>more scans raise S/N to 9.3 with no appreciable effect
on the 4f:4p3/2 ratio.

Certain conclusions can be drawn from Table I and Fig. 2. Single

lineshape positions can be calculated with consistent accuracy for

S/N = 3 and perhaps below 3. FWHM and area are not consistent until

S/N=8. For 5<S/N<8 , the FWHM is about 0.8 - 0.9 its consistent
value, but the calculated area is completely unreliable.

Since a signal to noise ratio of 8 indicates adequate statistics,
one can use the definitions of S, B, and N to estimate the number of
scans that will be necessary to get good statistics. If n is the

number of scans, and s and b .represent the signal and background

counts in a single scan, then the condition for adequate statistics

becomes
§.= - ns =8
N 2n(s + b)
or
n = 256(s + b)
e

S
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From the first scan, one can estimate s and b . For a weak signal, .

s/b ~0.1 and b ~ 1000 ; therefore, n = 28 .

ns and B=nb may be invalid

The implicit approximations that S
due to radiation damage.and deterioration'of the surfaces of the sample
and x-ray anode. These topics Will be discussed at length later.' In
~ the pfésent example, fhé gold'was not subject to radiation damage; a
fif of the first and last gold 4f scan showed that the counting efficiency

dropped by only 10% over the course of the four hour experiment.

B. Effect of the Background

A1l of the,calcuiated lineshapes stand on a background which SUNDER
approximates as a straight line. A wide scan over a range of 1000 eV
reveals that the background looks like a bfoad hump. The straight line
approximation is, therefore, only valid over short intervals of energy.
This lack of precision in the Calcﬁlated:background has 1itt1é effect
on the calculated position and FWHM. The fail parameter and area, par-
ticularly area ratios of two lines under one peak, may be completely
unreliable (0 - 100% error). | _ |

Enough data points must be taken on bdth sides of a peak to enable
SUNDER to calculate a reasonable Background and tail. On the high
binding energy side of a péak, there must Be at least ten data points.
Fadley suggests a few FWHM as an upper limit on the number of points
taken here. Otherwise, one risks taking an energy intervél so large

that the linear background approximation is not accurate. On the low
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binding»énergY-side, it is best to take daté out beyond the Ka3’4 satel-
lite peaks. Sometimes it is not feasiblé_to take so many poiﬁts because
-the extended counting time makes radiati@n damage a severe problem. In
such cases, the daﬁa must be takenkat least as far as one FWHM.

These ideas are illustrated invFigures 3 and 4. 3a and 3b show two
fits of the same data, ‘the phospﬁorus 2p region of the sodium salt of
adenosine 5' monophosphate (AMP). In 3a, SUNDER was free to fit the
most reasonable linear background. Ih spite of the largé number of
points taken on both sides of_the‘peak;vSUNDER converged on an obviously'v
spurious background. It:lies above fhe daté points on the high binding
ehergy side of the peak. In 3b, the spurious background has been cor-
rected by fixing the background siope at zero, i.e., flat. The line |
positions and widths are scarcely'affected, but the relative line inten-
sities have been revgrsed. It is iikely'that 3a has foo many points on
the high binding energy side of the peak. In agreement with Fadley's
suggestion of fitting this region within a few FWHM of the peak position,
fhe first 30 channels of 3a should be deleted.

A similar situation is shown in Fig. 4. These points show the
-oxjgen 1s region‘of a complex of neodymium and adenosine 5' triphosphate
(ATP). 1In this case, there is a deficiency 6f points on the ldw_Binding
energy side. When SUNDER was free t0 calcu1ate the most reasonable back-
- ground, the result, shown in Fig;l4a, was agaih spurioué. The same data
Were fit in Fig. 4b with the_background constrained to be flat. In
contrast to Fig. 3, there was no appreciable effect on the relative

" intensities.
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Figure 3. (a) Phosphorus 2p region (MgKo) of the sodium salt of

' adenosine-5'-monophosphate. Background slope was
left free to vary. SUNDER converged on an
‘unrealistic slope.

(b) Same data with background slope fixed at zero.
‘This slight correction reversed the area ratio.
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In (4b), the slope was fixed flat. There was no effect
on the area ratio.
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The spurious slope in Fig. 3a is not steep; it is only about
-12 = 4 counts/eV. The adjustment to a flat slope in 3b was rather
minor, but it produced a complete inversion of relative intensities.
In Fig. 4, the adjustment of the slope was much more severe, going from
-244 counts/eV to zero; but there was nd change iﬁ the relative inten-
sities. Thesevresults.lead to the conclusion that there-is considerable
instability in SUNDER's area ratios when the background is inaccurate.
However, there is no way to tell that the background is spurious except
in obvious cases like Figures 3a and 4a. | s

The ﬁncertainty can be minimized by taking a wide scan extending
20 to 50 eV on each side of the peak. The wide scan will define an
overall background that_can Be»compared to the célculated background
for consistency. The problem will persist as long as the signal to

background ratio S/B remains low. (S/B is not to be confused with S/N,

the signal to noise ratio.)

C. Effect of the Tail Parameter

- XPS peaks usually have a relatively flat tail that extends tens
of eV out to high binding energy. The-tail is due to the inelastic
scattering of photoejected electrdns fhat are traversing the éample
material. The tail parameter, which is defined as the ratio of tail
height to peak height, is supposed to‘dccount‘for these écattered'elec-

trons in the calculated spectrum. 8
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The data points on the high binding energy side of a peak are fit
with both the background and tail. These parameters are obviously not
independent. Unless the background or tail are fixed at a certain value,
the computer is free to select any combination of these parameters that
will conﬁerge for a givenvset of data. There is no way to insure that
SUNDER has calculated the correct combinatien, This extra degree of
freedom in the program introduces some uncertainty in the calculation
of areas and area ratios. (Calculated line positions and FWHM seem to
be affected only slightly by changes in'the tail.

Fig. 5 shows the carbon 1s spectrﬁm.of paraoctyloxybenzoic acid.

In 5a, the computer was free to calculate the best least squares value
for the tail parameter. “As a reéult,vthe tail from the dominant line,
- due to aiiphatic and aromatic carboﬁ,.overwhelmed the small carboxyl
line. To resolve the carboxyl line, the data were fit eight times with
the tail parameter fixed at a'slightly different value each time. The
fit With a tail parameter Qf 0.035 seemed most reasohable; it is shown
in Fig. 5b. This fit, however, does not necessarily correspond to the
combination of background and téil that is phySically correct.

Fig. 5 illustrates an extreme example where the tail of a strong
line actually eliminated'a weak line. This example is faulty because of
the poor statistics on the weak line. When a peak which has been measured
with adequate statistics is standing on the tail of another peak of
cemparable eize, tﬁe effect on the area ratio is not known. Sometines,

other evidence has been available to check the area ratios. In cases
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Figure 5. Two fits of the same data showing the carbon 1s region
of paraoctyloxybenzoic acid. In (5a), the small carboxyl
line has been lost in the tail of the dominant aliphatic
and aromatic line. 1In (5b), the carboxyl line has been
resolved by fixing all tail parameters to 0.035 as
described in the text.
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where the ratios were found to be reliable, that tail parémefer was |
usually less than O.iO. This result suggests that as a general rule,
~one should not expect to gef reiiable area ratios unless the tail para-
mefer is less fhan 0.10.

SUNDER contains an'imperfection'in the process of calculating tails
for a collection of two:or more closely spaced lines. One of the 1ines‘
will be assigned a large tail parameter.and the rest‘will be given |
vaniShingly small ones. It is necessary for the programmer to constrain
SUNDER to give all the lines in the spectrum the same tail parameter.

As Fadleylyhas already suggested, this pfocedure is reasonable for lines

of similar position and FWHM. ;

D. Two Lines Under Single Peak

By far, the most common use of the SUNDER program has beeﬂ the
interpretation of complicated spectra by fitting two or more lines under
a single peak. One desires a set of standards that the data should
satisfy to permit a reliable SUNDER fit of several lines under one peak.
These ériteria would be some hopelessly cﬁmbersome combination of S/N
ratios, data points per eV; curvature of data at shoulders, etc. The
question of SUNDER's ability to fix complex spectra is addressed most
easily by exampleé. | | | = |

The case of fitting two lines under a single peak with a‘definitev
shouldér'will be consideréd in some detail. The meaning of a 'definite'

shoulder will become clearer later on. Figure 6 shows the Eu 4d and
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The europium 4d and phosphorus 2p- region of a complex .
of europium and adenosine-5'- triphosphate. The Eu 4d3/2
line is well resolved, but the Eu 4d5/2 1line overlaps the
P 2p doublet. SUNDER successfully calculated an area,
FWHM, and position for the 5/2 line that were consistent .
with the 3/2 line and other data. The calculated
position and FWHM of the P 2p doublet were found to

be consistent with P 2p signal from a similar complex
made with neodymium.

No constraints were put on'the fit except that the tail
parameters were made equal.
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P 2p region of a complex of europium and ATP, Eu(ATP)Cl. The Eu 4d5/2
overlaps the P 2p signal to form a peak wifh a definite shOulder. All
the lines were constrained to have the same tail parameter; otherwise,
~ SUNDER was free to make the besf%least squares fit. The well resolved
Eu 4d3/2 line can be used as a check on the fit of the dbscured 4d5/2
line. o
>The'5/2 and 3/2 lines are expected to have the same FWHM; in Fig. 6,
SUNDER has in fact assigned them the same FWHM within the errors of the
calculation. The 5/2:3/2 ratio should be 3:2 according to multiplicities;
fthe observed ratio is (3.04 * 0.56):2 . The 3/2 - 5/2 separation can
be used to check the position of the 5/2 line.: Fadley1 measured this
'separation for Euzos, another formally tripositive europium ;ompound.
Fadley's Vaiue was 5.7 eV; 6.0 + 0.2 eV was measured in Fig. 6. The
two separations are in close, though not exact, agreement. Thus , SUNDER
was successfully able to calculate a position, FWHM, and area for the
pnresolved Eu 4d5/2'iihe thatbweré accurate at least within the cal—
. culated errors. . Presumably, the error in the separation and the large .
propagated error in'fhevarea cquld‘be réduaed by further counting.
»TheiP 2p signal in the Eu(ATP)C1 was isolated by looking at the
spectrum of apother complex of ATP wifh a different rafe’éarth element,>
neodymium. Given the similarity of chamistry of fhe rare earths, fhe
bonding of the phosphate to the métal is expected to be similar for both
Eﬁ(ATP)Cl and Nd(ATP)C1l. In the Nd(ATP)Cl, however, the Nd 4d spectrum

is shifted to lower binding energy; therefore, the P 2p Signal is no -
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longer complicated'by the metal's 4d signa1.  This P 2Zp peak should have -
the same binding energy and FWHM as the P 2p péak in the Eu(ATP)C1 data.

The areas of the two P 2p signals cannot be compared because they
- come from different'samplés. The signal from any sample depends on the
surface density of the material to be measured. The surface density,
in turn, depends on variables like sample texture, crystal structure, and
moisture content, and how tightly the sample pellet is pressed. These
conditions are-difficult to reproduce for different cqmpoUnds. It is
also diffiéult tovfeproduce.the cleanliness of the'x—ray anode and window, |
both of which affect the signal. Therefore, the comparison of peak ‘areas
from the sameﬁeiement in different samples is difficult; the . same compari-
son between differentvéompoﬁnds is unreasonable. These problems can be |
avoided by the use of a suitable internal standard, but none exists
here. _

The Nd 4d and P 2p region of Nd(ATP)Cl is shown in Fig. 7. The P 2p
binding energies and FWHM are seen to be the same within the calculated
error in both the Nd and Eu compounds. Thus, SUNDER was also able_to
calculate the P 2p signal'with a reasonable degree of accuracy.

It should be noted thaf the other three standards for aéceptable
data had to be satisfiéd before SUNDER could suCceésfully'fit the Eu(ATP)C1
spectrum. For example, the data in Fig. 6 represent the accumuléted
total of eighf scans; the S/N ratio is 12 for the Eu 4d5/2 peak and
about 30 for the P 2p peak. When the data from just one scan were fit,
the S/N ratio for Eu 4d5/2 was only 4.7, which is well below the minimum

of 8; and SUNDER failed to make a successful fit.
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The neodymium 4d and phosphorus 2p region of the neodymium
analogue of the complex in Fig. 6. The P 2p doublet is

no longer obscured by the metal 4d signal. The P 2p
binding energy and FWHM are the same as those calculated
in Fig. 6, within the experimental error. The two lines
under the Nd 4d peak represent the 3/2 and 5/2 components.
They should have a ratio of 2:3 ; the observed ratio is
approximately the reverse of 2:3. SUNDER is umable to

fit broad peaks with no shoulders unless the programmer
aids the fit by fixing certain parameters, such as area
ratios or FWHM. In this fit, all three lines had the same
tail parameter, and the two Nd 4d lines had the same FWHM. -
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The meaning of a "definite" shoulder is subjecfive. From Fig. 6
it could be said that a curve drawn through the data points should have
a slope_of 45° or less in the‘region of the unresoived peak. Slight
asymmetries in the data are excluded as shoulders.

If SUNDER is to make a meaningful calculation, the number of lines
fitted to the data cannot exceed the number of peaks and shoulders as
defined above. If this rule is violatéd, the fit haS'Significance only
as a test of whether or notwthe given fit is consistent with the data.
Consider Fig; 8 which‘shows the carbdn-ls_region from a complex df.Cu2+
and glycine; the simplest émino acid. There should be three cbmponents
to the spectrum: a éarboxyl carbon and the alpha amino carbon from
glycine, and an aliphatic carbon signal from orgénic vapor impufities
thafvcohdense on the saﬁple surfacef ‘Bearing two oxygens, the carboxyl
carbon signél should be found at high binding energy (BE), but the o
relative positions of thé amino and impurity carbon signals aré ﬁof"
known. The data show a resolved peak toward high BE and a larger peak
with a slight asymmetry that cannot be called a shoulder. So Fig. 8
éhows fits of three lines to two peaks with no shoulders. Comparison
of 8a and 8b, whi;h are two fité of the same data; show thét SUNDER can
be made td converge on fits that have the relative positions of the amino
and impurity carbon 1ines reversed. To obtain these contrédictory fits,
it was neéessar} to constrain the carboxy1vaﬁd amino carbon lines to have
the same FWHM and area. Without this aid, thére was too much instability
in SUNDER to permit a reasonable fit. This kind of instability has already
been observed in Fig. 3 where tWo lines were fit under é single peak

with no shoulders.
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Two fits of the carbon 1s region of a complex of copper .
and glycine,-Cu**(gly)z-HZO. " SUNDER converged on
contradictory fits. In both fits, the two smaller lines
were constrained to have the same area and FWHM. SUNDER
camnot distinguish which line assignment is correct.
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The data in Fig. 8 satisfy the other three requirements that should
enable a reliable fit: the statistics are adéquate,‘the proper number
of points have been taken on both sides of the peak structure, and the
tail parameters are small. Without a definite shoulder, SUNDER simply

does not have enough information to make a fit that distinguishes which,

if either, of the two carbon line combinations is correct. One can only

conclude that both of the proposed models are consistent with the data.



_'91_

IV. THE USE OF CARBON 1s AND NITROGEN 1ls SIGNALS
AS REFERENCE STANDARDS IN XPS
_ .

A. Introduction

The binding energy of a photoejected electron.can be.defined ae
~ the positive energy required to remove the electron from a given orbital -
out to infinity with zero kinetic energy. For atoms and molecules in |
free space, this definitien implies fhat binding energyiie referred to
zero at thefvacuum level. |

In XPS meésurements of solids, it fsvconvenient to measure binding
energy withvrespect.to zero at the Fermi level. When a conducting samble
and a metallic sﬁectrometer are electricaliy connected, they are in
equilibrium, which means that the Fermi levels are equal. The respecfive'
work functions, and therefore the vacuum levels, need not.be equal. Se
when‘a photoejected electron leaves the sample and enters the spectrqmeter,
it is accelerated by a contact potential equal to'the difference between
the sample and spectrometer work functions. zThese considerations are

summarized in Eq. (1), the familiar energy conservation relation

_ F
hv = KE + BE" + ¢sp v v | (1)

where: hv = energy of the x-ray photon‘

KE = kinetic energy of the photoejected electron.

BEF = binding energy of photoejected electron referred to the
Fermi level ' '

¢... = work function of the spectrometer.

Sp
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There is also a term corresponding to recoil energy which is derived
from momentum conservation. It has not been included because it is
insignificant except for H, He, and Li. More detailed reasoning leading
to Eq. (1) has already been published{l’2

For insulating samples, the situation is similar, but more compli-
cated; These samples develop a surfacg charge in the X-Tays. Irradia-
tion causes a flux of phdtoelectroﬁs, Auger, secondary, and Compton
scattered electrons leaving the sample. The‘résulting positive charge
can be at least partially neutralized by electrons'impinging on the
sample from.the x-ray window; bulk and surface conductivity\gnduced in
the insulator by the ionizing x-rays can also neutralize the surface -
charge. | . ‘

Ebel and Ebel3 have investigated these charging contributions on
gold coatedvglass plates and uncoated Teflon. At constant x-ray tube
currenf, they found that the surface charge potential increased non-
linearly from -3 to +3 volts as the x-rdy tube Voltage was raised from
2 to 6 kV. When the voltage was constant at 5 kV and cﬁrrent was varied,
th¢ surface potential rose from 0 to +2 volts. They were.also able to
measure bulk and surface currents of 0.1 to l'nanoamps. Apparently, at
low x-ray voltage, the electrons from the‘window exceed the electron
flux out of the sample, which results in a negative surface potential.
The reverse is true at higher x-ray Voltages. The charging causes spurious
binding energy measurements;'so, a term, V., , reflecting the surface

C
charge potential must be added to Eq. (1).
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Assuming that the insulating sample is electricélly connected to
the spectrometer, the respective Férmi levels will be equal, as shown
in Fig. 1. A photoeléctronlleaving,the sample will have kinetic energy
KE', but as it apprbachés the sﬁectrometer, it Will be accelerated by
a contact potentiél, ¢C';>$o that the kinetic energy actually measured
in the spectrometer is KE . The magnitudé of 9 is given by the dif-
ference befween the samplé and spectrometer work functions. |
Although the concepts developed'here are idenfical to the case of
a conducting sample, there are important differences. The Fermi level
of an insulatdr is not uniquely defined. It lies at some point between
the valence and conduction bands. Furtﬂermore, an unperturbed macro-
scopic insulatof is not necessarily in electricai contact, 1i.e., equilibrium,
with the spectrometer. The Fermi levels need not be equal. If the sample
is thin enough (a few microns) for the x-rays to penetrate, then radiation-

3 can provide at least partial

induced bulk and surface conductivity
electrical cdntact. |
The radiation induced co_nductivities3 can bé interprefed in terms
of holes in the.valence bandvor partial filling of the conduction band.
vThe holes would be caused by photoionization of the Valénéé levels and
valence electrons that drop to lower energies-to fill holes in core - -
states. The flux of electrons impinging on tﬁe sample from the x-fay
“window could fill some of the conduction levels. Qualitatively, the
steady state population of the conduétion band is expected to be low.
These electrons will drop to the valence band to fill hgles,vahd they
might bé drawn away into.the‘conduction band of the'grouhded metallic

spectrometer.
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Figure 1. Energy level diagram for the photoejection of a core
electron fran an insulating sample. The sample is
presumed to be thin enough to be in equilibrium with
the spectrometer during irradiation.
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“Assuming electrical equilibrium between the irradiated sample and

the spectrometer, the energy balance is given by Eq. (1) plus VC .

_ oF
hv = BE' + KE + ¢ + Vo (2)

1

} _
The discussion given above shows that-BEF is experimentally convenient,

but theoretically ambiguous. Binding energy referred to the vacuum
level, BEV » has more physical significance, and it is the result given

by most theoretical calculations. From Fig. l,‘BEV is given By Eq. (3).

_ V
_ hv = BE sp c

P - g g -V (3)
The vacuum level suffers as an experimental reference 1eVe1 becausevit
is hard to measure directly in‘an XPS’ experiment. Neither is it easily
determined indirectly, because ¢C and VC"are generelly not known, and
$e > in particular, is also difficult to measure.

It is possible to overcome these uncertainties if a reference binding

energy can be assigned to a standard signal. All of the sample binding

energies could then be measured with respect to the standard according

to Eq. (4).
\" _ nrV oK -
BEsample = BEsg * Kgiq KEsample % std
)
* O sample * Vesta " Ve sample

The choice of the standard signal must be carefully made so that the
contact potentials and charging effects cancel in Eq. (4). It is generally

difficult to find standards that satisfy this requirement.
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: Several standards have been proposed to sdlve the reference problem.
In any spectrometer that contains rubber oirings and is evacuated by oil
diffusion pumps, hydrocarbon vapors fromvthe fings‘aﬁd pump condenSe in
-a thin film.oﬁ the surface of a sample. Siegbahnl first proposed using 5
the carboh 1s signal from this contaminant film as a reference. Others4’5’6
have suggested the'vaporvdeposition of gold or palladium onto'the samplev

surface, the so-called gold "decoration' tethnique. Various heterogeneous .

mixtures of primary standards with the sample material have also been
| 8 9 '
sonable standards for general XPS work. Gold dust has been cautiously

put forward. Graphite,7_Pb304 and MoO have been proposed as rea-

suggested as a potential standard under carefully controlled circum-

10

stances. KNO- has been used to reference an extensive series of

= Na4P207'12 was used for phosphorus compounds.

nitrogen compounds ;
Each’of thése referencing systems have been criticized-in'the litera-

ture. The C 1s signal from the condensed vapor contaminants has been a |

'widely’used referenée; and it has been the most severely cvgticized.

One ;annot be'sure of the origin of the impurity, and it m%y not be the

predominant form of carbon, especially in organic samples.; Dianis and

Lesterlo'suggest that eVery surface has some catalytic acfiVity that

may be reflected in a shiftrof the contaminant C 1s signai from samplé

td sample. Their suspicion was shown to be true in the experimehtsiof

Nordling7 who observéd‘that the ¢ontéminant C 1s shifted to higher

binding energy on the surface of samples that contained highly electro-

negative elements. Similar shifts have been seen by Ogilv_ie13 in metal
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14

oxide catalysts supported on alumina and by Nefedov™ " 'in a series

14,15,3 1at the

of sodium halides. It has been indicated
contaminant C 1s reference is successful in reflecting the surface charge
on the sample, and that, therefore, it should be an adequate reference

14,15 The other critics of this

for a homologous series of compounds.
reference have not been specific on this point.

The gold '"'decoration" techniqué has also been found to be inadequate.
Betteridge16 found that during deposition, the gold may react with the
sample causing shifts or broadening of thé gold peaks. Shifté to higher
binding energy were observed with KCN, and NaCl; shifts to low binding
energy were found with NaZSZOS and copper phthalocyanin. Over a fempera-
ture range of -50° to 200°C,'peaks‘du§ to metallic gold were seen‘at
the higher temperatutes. The gold on copper phthalocyanin displayed
anomalous effects. Urch17 also observed anoﬁalous beha?ior with this
reference. Thé splitting between the peaks of an insulated layer of
gold "'decoration' and a.simultaneously irradiated grounded gold mesh
appeared to vary as function of the depth of the vacuum deposited gold.
Dianis10 found that vacuum deposited gold responded to an applied dc
bias, but claimed to see small cﬁanges in the FWHM of the gold peaks.

Nefedov14 saw spikés in the C 1s signél from graphite powder miXed
with his samples. The spikes are presumably due to differences in po-
tential between graphite particles in variable contact with sample par-
ticles. Dianis10 suggests that MoO3 mixed withvthe sample is an unac-
ceptable reference because it did not reflect an applied dc Biés on the
sémple holder. He suggests that mixing any other insulating powder,lsuch

as Pb;0,, KNOz, or Na,P,0,, with the sample might also fail to reflect
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an applied charge accurately. Gold dust mixed with samples on the
Berkeley iron-free spectromefer gave: variable results which eliminated
it as a possible reference.18

The variable results obtained with the standards described above
can be attributed to the fact that'they are all external references.
The reference peaks did not originate from the sample; instead,_they_came
from some foreign material that was mixed with fhevsample or‘deposited
on‘top of ‘it. These foreign materials have conductivities.and work -
functions distinct from those of the sample. In general,.therefore,_'.
Eq. (4) cannot be satisfied by an externallreference The disparity
in surface charge potentials between samples and external references
has been well documented in the studies cited above. The questlon of
contact potentlal d1fferences was not con51dered The best one can
hope for is that the ¢ and V

C
" when the chemical shift is calculated.

differences in Eq. (4) will cancel

The present sfudy was directed toward a series of biological com-
pounds. It was recognized that all of these samples contained carbon:
and nitrogen in the same.functional groups. It was.hoped fhat‘the C1s
or N 1s or both signals might be useful as internal reference standards.
The pr1nc1pa1 assumptlon is that a C ls or N 1s 51gnal in a given func-
tional group is the same from one b1010g1ca1 compound to the next.
Interesting metal and sulfur spectra could be referred to the C 1s or
N 1s signal with high accuracy because the reference and measured signal .
come from the same material. They are both influenced by the.same

charging and contact potentiéls. Thus, Eq. (4) reduces to:
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= BEY

\4 +
sample std

BE KE .(S)

std KEsample

in which the kinetic energies are measured and BEzéd ~is assigned a

fixed.value.

B. C 1s As An Internal Standard

.There are difficulties in using the C 1s as an intérhal standard.
The cohtaminanf layer of condensed organic vapers mentioned above is
also present in the Berkeley iron-free spectrometer. The spectrometer
" resolution is generally insufficient to distinguish the contaminant signal
from the sample spectrum. It is also difficult to assignba fixed value

to BEztd beéause the C 1s signal shows a chemical shift of 9 eV between
1,19 '

3

for the various functional groups common to most biological samples.

-CH, and -CF It is-necessary to determine a chemical shift scale |
Experiments were undertaken to determine the characteristics of the
‘contaminant carbon-layer;v To determine how long it takes for the layer
to form, a gold foil was cleéned in aeetone and ethanol, then etched in
warm (100°C) dilute (0.1 M) aqﬁa regia for %wo hours. This treatmeht
is known to form chloroauric acids, HAuC14-xHZO.20 These compounds
decompose to the metal upon hea’cing;.20 so; the gold feil was left at
600°C for 9-1/2 hours. The drastic cieansing‘methods were intended to
remove all carbon due to sources outside thekspectrometer. Since the

foil was handled in air, it is not to be considered clean in the strictest

sense. Other experiments were designed to clean the gold completely;
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they did not succeed, and they arevsummarized below. In a practical
sense, the foil was cleaner than any other samples run in the spectro-
meter, and it waé mounted and run like the other samples. Therefore,
it represents ah approximation to what can be expected for a regular
sample. |

The foil was placed in the Spectrdmeter,and exposed to a rough
vacuum for‘iS minufes. Then the C'is region was measured with AlKa -
X-rays. .The results are shown in Fig; 2. Two distinct feaks were observed,
that were separated by 4 eV# the main peak was at lower binding energy; o
The méin peak grew to a steady height in abbﬁt two hours, apparently at
the expense of the smaller peak which diminished to zero. The origin
of the smaller, highfbindihg energy peak isnnof known. It may have beeﬁ
adsorbed C02_from thé atmbsphere which camé.off of the gold'ih the vacuum
‘and radiation flux; _This behavior Woﬁld be consistent with the observa-
tions on peptides to be describedvlater, It 1s unlikely thét the source
of the smaller peak was simply buried under the accumulaﬁing contaminant
layer; no sample was ever observed in which the contaminé;t layer com-
pletely obliterated the signal. The contaminanth 1s FWHM was 1.56 +
0.14 eVv. | |

Two efforts weré made to clean the gold foil until it was completely
free of carbon while it was in the spectrometer. These experiments in-
volved a high temperature source holder designed by Fadley,zl who re-
ported that it was possible to reﬁove the carbon layer with this appara-
tus_by passing Hydrogen gas over the heated sample. Onevrﬁn was made

‘with oxygen gas, another with hydrogen. High temperature was reached
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Figure 2. Growth of the contaminant C 1ls signal on a reasonably

clean gold foil. The origin of the high binding energy
peak that decays to zero is not known. The main peak,
which is associated with the contaminant layer, had a
FWHM of 1.56 +0.14 eV.
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once, and there were several méchanical failures. The carbon signal
never Completely disappeared.

Oxalic and oxamic acid were run to obsefve the contaminant peak
on organic samples. Pellets of each material were pressed with a force
of nine tons on a 1/2" diameter die. The data are shown in Fig. 3. The
tsample péaks are chemically shifted away from the contaminant peak by |
5.4 eV in oxalic acid and 4.7 and 3.8 eV in oxamic acid. The interpre-
tation of these separations'ia not straightforward betause_the contami-
nant signal has been known to shift to higher binding energies.on the
surface of samples containing highly eleétronegative elements.7’13’14».
The oxalic acid signal does not neteSsarily refiect the position of a

carboxyl carbon because each -COOH group in oxalic acid is likely to |
pertnrb the other. The data show that the contaminant C 1s peak has a
FWHM of 1.65 + 0.07 eV. The data show that the cdntaminant peak can
account for up to 50% of the C 1s signal in a given sample.

In order to assign reasonable values for BE¥£d in Eq. (5), it
was necessary to set up:a chemical shift scale for the biologically
relevant functional groups that cause distinguishable shifts in C 1s
signals. The compounds used in this.study are shown with their structures . -
in Table I. The sampiés were obtained frdm commercial sources and were
used without further purification. All samples weré measured in the:
solid state at room temperature. The glycylglycylglytine (tri-gly)
samples were lyophilized from solutions of the pH shown with their
structures. The protonation of these peptides and the indinidual amino

22

acids was based on their pK values”” and their pH in solution. The
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data ére shown in Fig. 4. The binding énefgies of'Biologically signi-
~ ficant functional groups'aré given in Table II. |

Several studies of the C 1s chemical_shift in organic compounds
have already appeared in the 1itera£ufe.1’19’23’29 Th¢ work by Gelius

19,26 and Lindberg23 was the most extensive; they cite

and co-workers
| references to C 1s shifts in the gas phase. Gelius related the C 1s

shifts to a charge parameter, q , derived from CNDO calculations.

AE = kqy + V, + ¢ ' 6) .

AE is the C'lg shift, aﬁd kqA is the potential at the core level of
atom A due to the chéfge on atom A . 'VA is the molecular pofential
at A due to the_charges on all the other atoms in the molecule; c .is
a constant related to.the‘reference.level. |

These‘studies are not directly applicable to biolbgical molecﬁles.
Gelius' correlations of C 1s shifts with dy wére not_successful with
ionié compounds uniess VA was included. Many of the amino acids and
peptides in this study exist in their zwittefion form, and VA cannot
be calculated because crystal structures are unknown. . This is partiéularly '
true of the tri-gly‘samples lyophilized from extreme pH values; it.is.

>

not likely that these samples correspond to the published crystal struc-

tures.30’31

Where possible, comparison is made with the shifts Gelius
observed. | | | |

In the present study, spectrometer resolUtion_waS not adequate to
distinguish the various functional groups. It was necessary to use the

SUNDER fitting program to aid in thefinterpretation of the spectra.
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Table I. Compounds used in the preparatioh of a C 1s binding energy scale.
No. Compound Structure .
N ‘/O
1. Oxalic acid: . :>C—+C<:
HO” OH
' 0 0
2. Oxamic acid: jSC——Cff
HO : NHZ
3. .Glycylglycylglycine, pH 1-2: 3N-—CH2——C%—%L—{}b——AF—N——CH2—~C——OH
o : H H
' A o
4. Glycylglycylglycine, pH 5-6: . H3NP—CH2——(}—N——CHz~4}*%F—CH2—~{%—O
| | ] I i
- 5. Glycylglycylglycine, pH 9.6: H,N—CH,—C—N—CH,—C—N—CH,—C—0"
. . ' o H H
6. S5-Hydroxyvaleramide: HO——CHZ——CH2——CH2~—CH2——h——NH2
i i |
7. 1-Asparagine: H2N——{%—CH2——(TL—{}—O_
M NI—Is
+ ‘

10.

11.

12.

. - Benzoic acid:

Paraoctyloxybénzoic acid:

1-Tyrosine:

d1l-Lysine monohydrochloride:

Serine:

O
- H3C—(CH3) 6—CH2—O— .——C
\\OH
|

Iﬂ}——‘:::>——CHz—4?+—{}—O

NH;

+

.t | -

Cl HgN——CHz——CHz——CH2~—CH2 —0

N1,
0—4}b4—CH+ji—0_
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Figure 3. (a) C 1s spectrum of oxalic acid (AlKo) .
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Figure 4. C 1s spectra of compounds used in the C 1s binding energy
scale. The spectra are identified according to the ‘
compound numbers listed in Table I. The line assignments
are given above the respective lines in lower case Roman -
‘numerals according to the functional group listing in
Table II. Most of the background slopes have been fixed
flat. In all spectra except #7, the FWHM of all lines
in a given fit were constrained to be the same. The
calculated FWHM's fell in a range of 1.5+0.2 eV. The
spectra of compounds #1 and #2 were shown in Fig. 3.
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Table II. Carbon 1s binding energies for biological compounds. Aliphatic, aromatic, and contaminant
carbon have been assigned a binding energy of 285.0 eV by definition. The other carbon 1s
binding energies were derived by their separation from the aliphatic/aromatic/contaminant
line. Therefore, the errors in the binding energies are the same as the errors in the
separation given in the third colum.

Separation from
Aliphatic/Aromatic/
- Contaminant Line Binding Energy Observed in
No. Group : Structure (eV) (eV) Compound No.
i. Carboxyl R—COOH : 4.2 £+ 0.2: - 289.2 8, 9
H '
| *
ii. Amino acid carboxyl R—C—COOH | 4.0 + 0.1 289.0 3, 10
[
NH,
+
H
S ox .
iii.  Amino acid R~—C—C00~ 3.4 £0.1 288.4 4, 5, 7
carboxylate = =~ MH, . i o
_ 9 _ .
iv. Unsubstituted amide R—C—NH, 3.3 0.1 288.3 6, 7
' 0
v. Peptide amide R~—C—N—R" 2.9 +0.2 287.9 3, 4, 5
H
vi. Hydroxyl § R—CH,—OH 1.1+ 0.2 286.1 6, 9(7), 10(?)
ether R—CH,—0—R'
* ?l .
vii. Peptide o carbon j—ﬁk—{T¥~{}—4T—— 1.1 £+0.1 286.1 3, 4,.5, 7, 10(?)
H R H v
* . : . .
viii. Carbon o to COOH R—CH,—COCH 0.0.to 1 ~285.5 S _
ix.  Aliphatic L —(G) — 0.0 (defn.) 285.0 5, 19, 11(?)
x.  Aromatic ——{CH)ﬁ—— _ 0.0 (defn.) _ 285.0 8,9, 10
xi.  Contaminant ) ' 7 0.0 (defn.) 285.0 ALL

hydrocarbon film
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Inspection of Fig. 4 shows that the raw data are quite broad. ~ From the
~ previous chapter, it is kndwn-that SUNDEvaannot make a reasonable fit |
of multiple lines under a peék without structure unless the programmer
puts constraints on‘sdme of the lineshape parameters. -

To assist SUNDER, the data were fit with a line representing'each:
functional group plus an aliphatic contaminant line. Often, the area
ratios were fixed to cérrespond to the known molecular structure. This
‘technique was used when fitting the first of several scans because radia-
tion.damage was minimum. As a check for radiation damage, the last of
severai scans was also fit. Since damage was suspected, it was not
reasonable to fix the area ratios according to the undamaged molecular |
structure. In these cases, the line separations obtained from the fit
of the first scan were fixed into the fit of the last scan. Data accumu-
lated over several scans were the most difficult to fit because they con-
taihed radiation damaged incurred during the later scans, and there was
no basis for fixing line separations.

These techniques permit SUNDER to converge on these sets of data.
Of course, several combinations.bf lines were made to fit each set of
data; although, most of these fits could not be interpreted in terms ofv
a reasonable molecular structure. The fits shown in Fig. 4 are by no
means unique. It can only be said that the binding energies derived from
each fit are reasonably-consistent with the other fits, and with other

19

binding energy scales, ~ and with the molecular structure. A definitive

scale requires a higher resolution instrument.
Lindberg23 found that the binding energy of methy1 and aliphatic

C 1s signals to be 285.0 and 285.4 eV respectively. Gelius'® referred
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the binding energies of the compounds in his series to the hydrocarbon
contaminant film's C 1s at 285.0 eV. For the purposes of this-study, it
is assumed that the spectrometer and SUNDER fitting program cannot dis-
tinguish the C 1s signals from methyl, aliphatic, aromatic, and contami-
nant hydrocarbon sources. ‘The C 1s binding energy of all these species
is given the value of 285.0 eV. ‘ | v

‘ For these experiments, tri-gly (Sigma Chemicai Co., lot #31C-2760)
nas lyophilized from a solution of pH 0.92 (HC1) for compound #3, taken
directly from the bottle (a carefully prepared solution had a pH of 5.6)
for #4, and lyophilized from pH 9.6 (KOH) for #5. Tri-gly would not
lyophilize from pH 13 or 11. The sample in this experiment dried almbst
completely; it had the texture of dry pasﬁe; The others were dry pnwders.
Samples 3, 4, and 5 were pressed into pellets in a steel die at 2000 nsi,
500 psi, and thumb pressure, respectively. They Were mounted'on gold
coated sample plates; no gold showed in the spectra.

Fig. 4 shows only the first Scan from each experiment. SUNDER was
instructed to fit eacn spectrum with three lines in a rétio of 1;2:3
Vcorresponding to amino acid carboxyl(ate), peptide amide, and peptide.a
carbons. The ratios were derived bf-inspection of the structures in
Table I. A fourth line was fit with its area free to vary, corresponding
to the contaminant carbon signal. All separations between lines were |
leff free.

Fig. 4 shows that theée fifs were very successful in reproducing . the
experimental data. The separatidn of each line from the contaminant

signal (4.03, 3.05, 1.32 eV in #3; 3.45, 2.92, 1.15 eV in #4; 3.41, 2;76;
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-1.04 eV in #5) seems to decreaée as the pH i$ inéreased. Protonation
seems to shift all of the functional groups, even the neutral amide and
d carbons, to a higher binding energy.

The amino acid carboxyl(ate) carbon is seen in #4 and #5 to be
3.4 £ 0.1 eV from the contaminant line. Gelius observed a separatioh
of 3.1 eV for the carboxylate carbon of'éodium glycinate. The agreement
is acceptable. It is interesfing that Gelius observed the carboxyléie
of sodium acetate tb be}4.0 eV from the contaminant C_ls, an increase of
0.9 eV in comparison to. the glytinate. Similériy, the amino acid car-
boxyl line of sample #3, pH 1-2, was observed 4.0 eV from the contaminant
line. The carboxyl linés of the benzoic acid samples, #8 and #9, were
found at slightly higher binding energy, and Gelius observed a 4.5 eV
shift of COOH from the contaminant signal on frozen acetic acid.  The
amino acid carboxyl group has a lower binding energy than R-COZH.' Ap-

2 772
'SCF calculations on glycine and glycylglycine32 indicate that COO carries

parently, the -NH-CH,-CO,H structure lends stability to the COO(H) carbon.

a 0.4 atomic charge, but no comparison was made with acetate.
5-hydroxyvaleramide (Aldrich, iot #060261), sample #6, was taken
directly from the bottle and pressed into a 1/2" diam. pellet at 4000 1b.
The spectrum in Fig. 4 shows the-firstvscan out of é series of five.
The FWHM of the main line is 1.36 + 0.1 eV. itfwéuld be difficult and
dubious to separate fhé méin line into aiiphatic.and contaminant contri-
butions. Thus, thevaséumption that these signals have the same bindiﬁg
energy is justified. The line separations and area ratios are all free

to vary. The ratio between the amide and hydroxyl lines, marked iv and
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vi, respectively, in Fig. 4, should be equal. Within the limits of
SUNDER's accuracy, they might be. One could also postulate decarboxyla-
tion in the radiation flux even in the first scan.

Sample #7, g-asparagine was pressed into a 1/2" diém; pellet with
9 tons of force. Figure 4 shdws the C 1s spectrum accumulated over six
scans. There is a»fegion of 3;4 channels near the crest of thé larger
peak that SUNDER could not fit without completely aitificial parameter
fixing. The figure shows the most reasonable fit.‘«Ail separations are
free. .The FWHM of the highest binding.énérgy line was free to differ
from the other two; it was calculated to be 1.76 + 0.08 eV,‘and the other |
two were 1.49 + 0.05 eV. The former corresponds to amide and carboxylate:
carbons that are slightly separated. The smallest line fell on the same
position as the peptide a carbon of the fri—gly, pH 5;6. From the as;
pafagine structure in Table I, it is reasonable to assign' this line to
the amino acid cafbon.v The largest line is compli;ated'by the presence
of the CH2 group. This CH

2
aliphatic position'by the adjacent amide group. The 1argest‘1ine, there-

carbon should be shifted slightly from the

foré, represents contaminant carbon pius a shifted CHZ-group.

Benzoic acid, sample #8, and paraoctyloxybenzoic acid, #9, illustrate
the difficulty of locating thé carbon o to[COO(Hj, but without the -NH,
group characteristic of the amino acids. Both samplés were pressed into
1/2" diam. pelléts at 9 tons. : The benzoic acidbspectrum from a single
scan shows a large peak due to aromatic carbon. (There may not be a

contaminant contribution here because the benzoic acid sulbimed in the

vacuum during the experiment.) Bus24 observed the 1s of carbon o to
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(00(H) at 285.6 eV, i.e.,.0.6 eV from the hydrocarbon contaminant line.
Geiius19 observed a carbon 1ls at O:O'to{O.S eV from the contaminant line.
Pfesunably, therefore,'an a catbon line might'lie from 285.Q to 285.6 eV
in the present study. It ceftainfy:cannot be located reliably with the
- samples and techniques used here. HoweVer,'the aromatic and carboxyl
peaks are distinctly visible; they are separated byl4;2 + 0.2 eV.

The paraoctyioxybenzoicvacid spectrum is more complicated. It is
the sun of six scans. The-molecular‘structure shows that there are at
least four chemically'different kinds of caroon: carboxyl, hydroxyl
and etheryl, a to COOH, aliphatic, aromatic, and contaminant carbon.
SUNDER cannot fit all these contribntions to spectrnm.#Q in Fig. 4. The
carboxyl peak is weak but discernible. The last four contributions can
be assignedvto the main line. The_nydroXyl and etheryl carbons cantbe
assigned to the intermediate line, which is in-the same location as the
hydroxyl carbon of #6 This consistency isﬂencouraging; but a definite_
conc1u31on cannot be made because the quality of the fit is only falr
All separations and area ratlosvwere free.

Tyrosine was pressed into a pellet at 1000 psi and mounted on a
gold coated sample plate. There was no gold in the spectrum. The same
- problems encountered.in #9 ere observed here‘ The intermediate line at
286 1 eV should represent a. peptlde a carbon and a hydroxyl carbon
~ Repeated fltS continued to put a 11ne in thls position w1th1n 0.2 €V.
The peptide a carbon was observed here in #6. The assignment ol the
line is, therefore, consistent with the other data, but because of the

marginal statistics, the fit does not stand by itself as evidence. The
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data show the first of seven scans; the ratio ofvthe carboxyl line to
the intermediate line was fixed at 1:2; all separatiOns were free.

The lysine spéctrum is the only one that seems to agree with the
assignmen% of different binding energies to aliphatic and hydrocarbon
contaminant carbon. The two lines at low binding energy could cOnéeivably
be assigned to aliphatic and contaminant carbon. They are separated by
0.6 eV. The other two lines correspond to peptide a and carboxyl carbOn..
However, the area ratios in this fit cannot be reasonably,interpreted in
terms of lysine's molecular structure. In particular, the locations of
and -CH —NH;CIf carbons are not accounted for in this interpre-.

2772 2
tation of the fit. To obtain spectrum #11 it was necessary to fix the

~-CH _NI-I
position of the largest line. The difficulty in making an acceptable fit
can probably be attributed to instability in the sample from various
sources:

1. Radiation damage (the spectrum is the sum of five scans);
2. Loss of HC1 iﬂ the vacuum;

3. The monchydrochloride should be found on the € amino group ac-
cording to the pK values of lysine,22 but the actual samplevis _
pfobably an equilibrium mixture of protonated € and o amino

groups.

The serine (1/2" diam. pellet pressed at 6000 1b) spectrum does
not agree with the data in this work or that of Gelius. Qualitatively,

the lines shown in spectrum #12 would be assigned to carboxylate, hydroxyl



~-119-

plus peptide o, and contaminant carbon. The separations were fixed ac-
cording to this modéi based on the separations observed in the other
spectra;.’The_ﬁobr quality of the fit shows that this ﬁddel is not con-
sistent with the serine data. The assignment of this spectrum remains
. undetermined.

All the samples in thi§ study were irradiated with Mg or AlKa x-rays
through a 0.0005" beryllium window. Thevx;réy'tube was operated at 12 kV
and 20 mA. From the first chapter (Table III) it wasblearned that an
organié sample exposed to the séme tube operated at 12 kV and 30 mA ab-

® . 107 rad/sec. 95% of this dose was

sorbed radiation at the rate of 10
due to the characteristic Ka radiation of the anode. The samplés are
expected to react to such a high dose 1eve1. Furthermore, the x-ray tube
shared a vacuum inlcommon with the sample vacuum. It was possible for
 decomposition products from thé sample to foul the anode surface being
bombarded by cathode electrons. The effects of radiation on the com-
pounds in this study ére.given in Table III and in Pigufes 5, 6, and 7.

Figure 5 shows the pH 1-2 tri-gly_Sample. Eight scans of the C 1s
region were taken. The first scan is shown in Fig. 5a; it has élready
been seen in Eig. 4; the assignment of the lines in. this fit was discussed
there. The area ratios of the first three lines were fixed atil:2:3
according to the moieculaf structure. The area of the fourth (contaminant)
line was left free. All the separatibns were left free.

Fig. 5b shows thé_seventh scan in the series. Radiation damage
was suspectéd;-so, it was not sensible to fix the area ratios according

to the undamagéd molecular structure. Therefore, to aid SUNDER, four



Table IITI. Effects of soft x-rays (about 1 keV) on the compounds in the carbon 1s binding energy study.

Hours of

Texture,
Color Before X-Ray Exposure B o
No. Exposure (12 kv, 20 mA) Color After Exposure Condition of X-Ray Anode
1. White powder  2-1/2 White powder, no visible effect Discolored due to #8
2. 1" 2 " V 1t
3. " 11 Lemon yellow No effect
4. " 11 ~ Lemon yellow Black smudge where e
o - struck anode
5. White, dry 22 Yellow No effect
paste
6. White powder 8 Light lemon yellow (Pellet 1 mm —
thick was even slightly yellow
on backside due to high energy
bremsstrahlung)
7. " 9 Light green, turned brown upon Discolored due to #8
exposure (hours to days) to air
8. " 1 Sublimed in vacuum Severely discolored,
bluish brown except
_ where e~ struck anode
9. " 6 ~ Slightly off white Slightly discolored
10. " - 10 — —
11 " 1-1/2 Light éreeh Discolored due to #8(
12. " 7-1/2 Light green, turned brown updn No effect

exposure (hours to days) to air

. -0¢T-
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Figure 5.

Data showing the first (5a) and'seventh (5b) scans from a
series of eight scans on the C 1s region of pH 1-2 tri-gly,

- compound #3. Three area ratios in (5a) were fixed at 1:2:3

according to the molecular structure in Table I. .The line
separations in (5b) were fixed to match those calculated
in (5a). Decarboxylation is evident in the seventh scan (5b).
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Data showing the first (6a) and last (6b) scans from a
series of 12 scans on the C 1s region of pH 9.6 tri-gly,

.compound #5. The last scan (6b) could only be approximated
with two lines under the C 1ls data. The potassium 2p and

carboxylate/peptide amide lines appear to have diminished -
relative to the peptide a/contaminant line. (Note the
change of scale between 6a and 6b.) 6c shows a plot of
the carboxylate/peptide amide line area and the peptide
a/contaminant line area versus time. The carboxylate
signal has dropped by 50% while the contaminant signal has
remained constant. Fig. 6d and 6e show similar plots for
the carbon 1s lines of N-acetyl tryptophanamide (see

Table 1V) and tri-gly, pH 1-2.
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lines were fit to the data in sb with their separations fixed aecording
to the fit observed in 5a. All area ratios were left free. Like 5a, the
fit in 5b was very successful in reproducing‘the daté, but the carboxyl
line in 5b ‘is apparently absent. In fact, a Vestigial carboxy1 iineris
barely discerﬁible-at 961 eV on the kinetic energy sééle.: The FWHM's of
the individual lines in 5a and 5b are 1.7 and l.8_eV,'respectiVely; the
carboxyl 1ihe was not lost by broadening. Furthermore, SUNDER could not
fit a'cafboxyluline to these. data by any reasonable parameter fixing tech-
nique. If the data frqm 5b are superimposed'over 5a, the spectrum in 5b
is cleariy deficient in the carboxyl region. The tri-gly has defihitely
_suffered-decarboxylation in the x-rays. The contaminant line has also

- increased relative to the two remaining tri-gly lines.

.- Twelve scans over 22 hours were taken on the pH 9.6 tri-gly sample
shown in Fig. 6. The first scan, Fig. 6a has already been shown and
discussed in Fig. 4. It was fit with three area ratios fixed at 1: 2 3
and all separations free. The carboxylate line is clearly v151b1e in the
fit, but it is not well separated from the peptide amide line. Fig. 6b
shows the last scan which has been approximeted by two 1ines under the
C 1s signal. These data had.been fitted with four lines that had fheir
separations fixed to match those in 6a, but the scatter of points in the
cerboxYlate_region did not permit a feasonable interpretation of this fit.
It can be_seen that the carboxylate/peptide amide line has been diminished
relative to the peptide a/contamlnant line. However the potassium Zp.
11ne,ﬂwh1ch was presumed to be unaffected by radiation, had also d1m1n15hed

relative to the peptide a/contaminant line, but it is constant relatlve
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to the carboxylate/peptide amide line. Either the potassium and carb-
oxylate lines have diminished together while the contaminant was constant,
or the potassium and carboxylate were stable while the contaminant layer
grew on the surface during 22 hours in the vacuum.

/ All twelve C 1s scans were fit as two line approximations. The
individual line:areas and the total C ls area were plotted versus x-ray
exposure in Fig. 6c. The carboxylate/peptide amide line area fell by
about 50% whilé the peptide o/contaminant 1ine grew only slightly. The
total C 1s area is roughly constant. Apparently, the potaSSium and
carboxylafe lines fell together, presumably representing the loss of a.
photolysis prodnct in the form of a carboxylafe salt. This interpretation
must be tentative because salts have low vapor pressures. It is also
possible that the x-ray énode became fouled and reduced the counts on all
the lines while the contaminant layer grew on the surface. Tnus, the
, pdtassium.and carboxylate signals could be aftenuated while the contami-
nant signal remained approximately constant. No:firm conclusion can be
- drawn from these_daﬁa aione. |

The data from the first and last of five scans over the C 1s region
of 5-hydroxyvaleramide are shown in Fig. 7a and 7b,»respective1y. Neither
area ratios, separations, nor background slope were fixed in these fits. |
(Fixing the background slope to be flat made no significant difference.)

It can be seen that this sample suffered almost no radiation damage after
eight hours in the x-rays. The unsubstituted amide carbon line at
binding energy 288.3 eV has been reduced by about 20%. The nifrbgen line

of this sample was not at all diminished; nitrogen lines are discussed
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below. An amide carbon appears to be considerably more stable in the
x-rays than the.carboxy1 cafbon. |

Radiafion effects that are obvious to thé naked eye are summarized
in Table III. Certain generalizatigns are evident. All of the nitrogen
containing samples, except #2, oxamic acid, changed color during irradia—
tion. Oxamic acid's anomalous behavior may be due to the volatility of
hany of its possible decomposition prdducts, e.g., COZ’ fonnamide,'ammonia;
etc. The peptides turned from white to yellow. So did 5-hydroxyvaler-
amide, #6, which suggests thét it is the amide-functibn in the peptides
that causes the yellow color. (The 1 mn thick pellet.ofﬁS-hydroxyvaler-
amide was even faintly yellow on the backside. 1 keV x-rays cannot pene-
trate 1 mm df.organic material. The color must be dug to the high energy
bremsstrahiung shown in.Fig. 22 of Chapter 1.) The amino acids turnedr
from white to a iight gréen. If the sampies were permitted to come iﬁ
contact with the atmosphere for a period of hours or longér, they would
turn from green to a burnt brown. Lysine, #11, did not show this second
color change because it was protected from the air. The samples that
contained no nitrogen, #1 and #9,vdid not change color significantly from
their original white.

The interprefations of the spectra shown'above-are consistent with
the known radiation Chemistry of4amino:acids._ The published work was

33—37_and below (ultra-violet

done in energies both above (méV range)
range)38 the soft x-ray region. The results are still applicable to XPS
because all radiation produces most of its chemical changes by secondary

electrons.39 Qualitatively, radiation effects are the same in all énergy

regions.
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The evolution of COZ'(and NHS) from the-irradiatioﬁ of dry, solid

34

glycine has been well d.ocumented.33 Gottschall and Tolbert™ studied

dry glycine in vacuum with 137Cs gamma rays (0.663 meV). After a dose

6

of 160 x 10° rads (equal to two minutes exposure in the Berkeley iron-

free spectrometer) 1 - 1-1/2 % of the glycine had decarboxylated to re-

lease CO 1Nhny'other products were observed at less than 10% of the

2"

CO2 quantities. These included: HZCO, CH,, H,0, o keto acids, and

4> 72
carboxylic acids. Effects similar to glycine are observed with other

33,34,37

aliphatic amino acids such as alanine, isovaline,37-and 1ysine.37

Deamination will be discussed later in connection with nitfogen 1s lines.

The various products observed from these amino acids can be explained

by a system of chemical reactions involving free radical intermediates.34

These reactions must include radical degradations as well as direct radia-_

8 . .
rads; whereas, most amino acids

34

tion effects because the dose was 10

' saturate with free radicals at 106 rads. There are also reactions in

the solid'phase with electrons in the lattice, and it is suggested . that

. there are radical reactions to regenerate the amino acids.3*

Aromatic amino acids often form (C6H5)-éH2, benzyl radicals.37

Tyrosine loses -OH in dry irradiation37 and gains -OH in aqueous irradia-

33

tion. It has been reported that tyrosine suffers little decarboxyla-

tion to tyramine.s.3
A series of alkali metal glycinate salts showed increasing sensi-

tivity to radiation as one descended the periodic table from Na' to

'Rb+.34 A correlation is suggested between the metal's electronegativity

and radiation stability; a similar correiation between electron density
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at the oxygen atom and radiation stability has already been treated 35
However, such correlations’ only involve a factor of two in stability,
and a factor of two is insignificant for the extended exposures at the
_high dose rate of the Berkeley spectrometer.v

In summary, a self-consistent scale of C»ls binding energies for
biologicaliy significant.fUnctional groups has been develeped. Spectro-
meter resolution was'usually inadequate to distinguish the important
functional.groups;vso; it was necessary to use the SUNDER,fitting.program
to interpret the data. SUNDER could not converge on thevdata unless the
programmer aided it by fixing certain parameters. The scale, therefore,
suffers in that it may have somebartificial prejudice from the programmer
built into it. |

Actually, the p0551b111ty of preJudice is not a problem because the
‘most logical references for proteln work are the carboxyl(ate) and peptide
a-carbon lines. Both ofnthese lines are resolved as separate peaks or
vdistinct shoulders from the rest of the carbon data. It was learned in
Chapter Two that SUNDER can fit such data With reliable accuracy.

The scale provides for internal referencing of biological spectra,
which avoids problems of crystal potentials and charging. By contrast,
~ the most ‘commonly used external reference for this,kindiof work is_the_
_ hydrocarbon contaminant line. Although it is subject to charging and work
function differences, it is generally adeqnate foria homologous series of
proteins and peptides. Finding the contaminant line in the C 1s spectrum -
also involves all of the artificial techniques used in constructing the

internal binding energy scale.
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Radiation damage and vacuum effects seem to be an unavoidable problem
in these experiments at this time The carboxyl(ate) 11ne dlmlnlshes in
the radiation flux; although, it survives long enough to locate its p051-‘
tion in the first few scans. The bu11d-up of the contamlnant 51gnal can
obscure the C 1s spectra of extended runs. Unsubstltuted amides are
stable in the radlatlon, or perhaps they are so unstable that they are
damaged before the first C 1ls scan is completed. In the latter case,

‘the decomposition products eppear to be stable in these spectra. There
are color chénges which night be attributed to the honding of the nitrogen
in each sample, but the obserVations ere not sufficiently extensite to
permit a firm conclusion.

Improvements on the weaknesses in the internal binding energy scale
await more sensitive apparatus. The present scale is the best that can he

done with the present equipment and the SUNDER program.

C. Nitrogen 1s as an Internal Reference

‘ Nitrogen in proteins is generally found in the same functional groups.
The majority of the nitrogen is usually found in the amide linkages that
form the chain structure of the molecule. Almost all the reet is in the
form of free amino groups, unsubstituted'amides, and heterocyclic ring.
systems. These groups_are found on the side chains of lysine and arginine,
aspatagine and glutamine; and tryptophan, histidine, and proline, res-

pectively.
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Since the peptide amide linkage is -common to all proteiﬁs and is not -
obscured by vacuum contaminants, the peptide amide nitrogen 1s signal was
investigated as avpoSSible élternatiye to carboh'ls és an internal ref-
erencé for bioiogical compounds. Experiments were performed to éee if
the péptide nitrogen 1s could be distingUished from the other biologically
significant forms of nitrogen, and to examine the.stability of the nitro-
gen 1ls signal in tﬁe radiation flux.

The compounds thatiwere used in this study. are shown in Table IV.
Those materials that were also used in the carbon 1s study have been given
the same compound number as in Table I. Binding energies and FWHM's are .
given in Table V. The.data are shown in Figuf; 8.

. The FWHM's seem to group around a value of 1.7 + 0.1 eV except for
thfee samp1e§ (#6, 14, 15) that have a FWHM of 1.4 + 0.1 eV. Of these
three samples, #6 and #14 show that the FWHM expands from 1.4 eV to 1.7 eV
as the experiment progresses.through several scans. The FWHM of #15
expands to 1.5 eV over six scans. The FWHM of #16 varieé from 1.4 to
1.9 eV over six scans; #13 shows a variation from 1.5 to 1.9 eV 0ver 
15 scans. I conclude that, in the Berkeley iron-free spectrometer, the
minimum 1s FWHM for an unperturbed nitrogen atom in a pure sample is
1.4 eV. Protonation and exposure to radiationican brdaden the FWHM to
1.7%0.2 eV, | |

The,ability of XPS to distinguish a peptide amide nitrogen from a
free o-amino group is shown in the sequence of tri-gly spectra shown in
Fig. 8. The'preparation of the samples was given with Fig. 4. In fhé

pH 1-2 sample, the amino group is expected to be protonated, and its N 1s
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Table IV. Compounds used in nitrogen 1s binding energy study.

Name Structure

Tri-gly, pH 1-2: : See Table I
Tri-gly, pH 5-6:
Tri-gly, pH 9.6: . , oo

o op v |E

S—Hydroxyvaierarni'de: :

10. #-Tyrosine: "

13. N-Acetyl tyrosineamide: HO—,—@———CHg——-CH—C%H

14. N-Acetyl tryptophanamide: @ _ l Cl 2—CH~——C—OH
‘ N o

C=0

CHs

: 0 0 ' .0
o | | i i
15. Reduced glutathione: HO—&—CE%———CHZ—Giz——{IZ-—N—{}I——C——I\I——CIiZ—C—eOH -

|| |

NH, H (Hz H

16. 5-Diazouracil:
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Table V. Binding energies of nitrogen 1ls lines.

, C1s Nitrogen 1s :
Carbon 1s  Binding Binding . i Separa-

Reference Energy  Energy Nitrogen 1s tion
No. Scans Line - (eV) (eV £ 0.2) FWHM (eV) (eV)
3. 1st scan  peptide 287.9 - 401.6 1.7 + 0.1 0.0
out of 8  amide ‘ B 399.9 " 1.7
4. 1st scan  peptide - 287.9 - 401.2 1.7 + 0.1 0.0
out of 14 amide : 400.0 "o 1.2
5. 2nd scan  peptide 287.9  407.4 2.4 % 0.55 0.0
: out of 12 amide 400.2 1.7 £+ 0.1 7.2
6. 1st scan  unsubst. 288.3  399.8 1,4 + 0.1 -~
out of 4  amide
6. 4thscan = - " " 399.8 1.7 £0.1 -~
out of 4 o ‘
10. total of .aliph./  285.0  402.0 1.6 0.1 -
6 scans contam. , . . ' CL
13.  1st scan  arom./ - 285.0  400.0 1.7 £ 0.1
out of 15 -contam.
14. 1st scan  arom./ 285.0  400.2 - 1.4 0.1 -
out of 6 contam.
15. 1st scan  peptide o  286.1  401.1 1.4 + 0.1 0.0
out of. 15. _ 399.9. " 1.2
15. total of "o Bl 401.0 + 0.3 1.7 £ 0.2 0.0
9 + 0.2 " 1.1

15 scans - : . 399.
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fitting the dip in the data
at 405 eV.

(e) Nitrogen 1s region of
N-acetyl -trypthophanamide.
Pyrrole and amide nitrogen
coincide under one peak,

FWHM = 1.4+ 0.1 eV (MgKo).

(f) Nitrogen 1s region of
reduced glutathlone (MgKa) .

SUNDER had difficulty
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signal is expected to_be shifted to higher binding energy. There should
be a 2:1 ratio of peptide amide nitrogen to amino nitrogen. The data
show a shoulder on the high bindiﬁg energy side of the main peak. SUNDER
calculated a ratio of (2.8 £ 0.2):1 for the two lines, aﬁd a separation
of 1.7 £+ 0.1 eV. (These numbers should be reliable accofding to the
standards.developed in Chapter Two because the S/N ratios are 8 and 21,
the background reasonable, the tail is small, and the shoﬁlder is dis-
tinct.) The assignmeht of the Smaller,'high binding energy line to
amino nitrogen is consistent with what was expected, consistent with the

work of Kramer,40

and confirmed by the tyrosine N 1s data below. The
calculated 3:1 ratio of -amide to amino nitrogenvshows that the amino
line has been diminished, presumably by deamination of the x-ray flux.
In the pH 5-6 tri-gly sample, a shoulder is still visible on the
main péak, but the separatipn between the two lines has been reduced to
1.2 £ 0.14 eV. In the pH 9.6 tri-gly sample,‘the amino group should not
be protonated. The data show that at this high pH, the amide and amino
nitrogens are indistinguiéhable; there i1s a single line of normal FWHM,
1.7 + 0.1 eV, at binding energy of 400.2 + 0.2 eV, which is identical
to the amide N 1s positibn, 'Thus, the abilify of the apparatus to dis-
tinguish the amidé and amino hitrogens depends on the»extent of protoné-
tion on the molecular level, i,ef,’the "pH'" of the solid sample. This
problem means that there will bevsome uncertainty in the analysis of N

1s signals, but it also points out the possibility of determining, at

least qualitatively, the "pH' of the solid protein samples.
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The data on S;hydroxyvaleramide show that an unsubstitﬁtéd amide
»lnitrogen has essentially the same'binding enefgy as the-peptide amide
~nitrogen. The data on tyrosine, sample #10, and the COrresponding amide,
sample #13 (Sigma, lot #50C-1030), confirmed the assignment of amide and
~amino nitrogen lines in the tri-gly samples. N-acetyl tryptophanamide,
sample #14 (Sigma, lot #90C-2630), contains én amide nitrogen and another
nitrogen in the side'éhain that is analogous to a pyrrole nitrogen} The
data éhow that these two forms afe éompletely indistiﬁguishable. ”This

N 1s signal has the minimum FWHM of 1.4 + 0.1 eV, and its position cor-
responds to the amide binding energy.

The results from this series of compounds indicates that theré are

dnly two bihding energies relevant to nitrogen in protein samples.

400.0 = 0.2 eV is the 1s binding energy corresponding to nitrogen in

the form of: an unprotonated amino group, a side chain pyrrole, and a
peptide amide linkage. This binding energy can also be applied to nitrogen
in an unsubstituted amide group; although, 399.8 + 0.2 eV might be a
slightly more accurate value. A nitrogen afom in a protonated amino group
has a binding energy of 401.9 * 0.2 eV. Unfortunately, the binding energy
for this group converges to the amide N is binding energy as protonation
decreases. | . o

There is a peak in the spectrum of pH 9.6 tri-gly (Fig. 8c) at a

BE of 407.4 eV. This valuesis significantly higher than any other N 1s

BE observed in this series. Although several sources can be suggested

for the origin of this peak, it remains unexplained. The properties‘of
the high binding energy (HBE) nitrogen 1s peak are: (a)'It'abpears

clearly in Fig. 8c. (b) It may be present in Figs. 8a, 8b, and 8d where
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a rising trend‘is observed_near 407 eVv. . These are compounds #3, 4, and
10 which contain free amino groups.- (c) There is no evidence of ény

HBE peak in the spectra of the amidé compoﬁnds #6, 13, and 14,'e.g.;
‘Fig. 8e. (d) It is not observed in the spectrum of reduced glufathione
(Fig. 8f), but the data do not extend to the HBE region.

‘It is possible that the‘HBEipeak originates from molecules of am--

‘monia gas'thét are formed by radiation damage and trapped in the sample
latticé'or diffusing through it. This ''gas" theory ié motivated by the :
fact that amino gréups are known to be reiéased'as ammonia in ionizing
ra&iation. (See discussion of radiation daﬁage below.) Properties

a - d show that eyidence'for the HBE peak appeafs only in the samples
with free amino groups. ' It is‘alsé know that, due to extra-atomic relaxa-

41 , BE'e i '
vacuum referenced core BE's in gaseous molecules are.

tion effe;ts,
3-8eV higher:thanvthe corresponding'vacuum réferenced BE's in con-
densed phases; the HBE péak is 7 eV from the main peak. Finally, wbrkers
who study the irradiétion.of>solid amino acids in vacuum repért tha
quantita;ivg analysis of gasebus photolysis products (NH3, COZ’ etc.) -
is sevefly‘hindered by "'trapping" or 'caging' of these products within

~ the sample lattice. .Thus, the HBE peak may be a‘"gas" peak; quotation
marks emphasize that.the peak feflects gases trapped in the sample rather
than a free gas in the sampie chamber. (The sample chamberﬂvaéuum was

107°

torr at all times.)
To test the ''gas" theory, 5-diazouracil monohydrate CAldfich, lotv
#022217, structure shown in Table IV) was run on a high temperature solid

sample holder.21 Diazo compounds are unstable with respect to the loss.
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of N, upon heat_ing:42 ‘5-diazouracil décomposes at 213°C. The experi-
-ments werevaimed at generating N2 gas in the interior of the sample by
heating whilé monitoring_the HBE'region in tHe XPS spectrum.v It was
hoped that the HBE péak could be made to appearvon demand by turning fhe
heat on and off. | |
The 5-diazouracil was pressed into a 20 mi1 Pb foil that had beenv
roughened with sandpaper. . The foil was then bdlted‘directly onto the
sample heater with a thermocouple Qnder one of the bolts. At 100°C,
fhe pressure in the vacuumitank rose abruptly forvseveral seconds, pre-
sumably because the water of hydration was coming off the sample. This
result implied that good thermal contact had been achieved.
Six experiments were run with variable results. In the final ruﬁ,
a broad signal was observed in therHBE région, but it was still yisiblé
after the sample had cooled Qvernight. These eXperimentS failed in that
the HBE peak could not be-madeito éppear on demand. The ''gas" theory
was neither pfoven nor disproven because the N2 came off in a bfief
pulse of a few seconds rathervthan slole over a few minutes. Since it
took 6 secondé to obtain a single data point, a HBE peak could disappear
before a fast spectrum could be taken.
There are several other possible explanétions for the HBE peak.
(1) It could be due to nitrogen,gases formed by radiation damage and
adsorbed on the sample surface. (ii) The peak represents nitrogén that
haé been oxidized by electron or radiation damage.v tiii) Thé peak is a
satellite caused by two electron exéitation or some other discrete energy

loss.
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The radiation stability of the various forms of biological nitrogen
under XPS conditions is shown in Figs. 9 - 15. In each'experiment,'the
' samples were irradiated with a Mg anode in an x-ray tube operated at

12 KV and 20 mA. The resulting dose (see Chapter 1) is 10°

rads/sec for
an organic sample. Repéated scans were made of the N 1s region. Each
scan was fitted by the SUNDER program. The iineshape areas for the iﬁdivi-
dual scans (gQE_the accumulated data) are plotted against x-ray exposure
time in Figs. 9 - 15. | |

| The area of ﬁhe N 1s line from the amino group of_tyrosine, sample
#10, fell 50% in 8 hours,.as shown in Fig. 9. A saturated solution of
tyfosine had a pH of 7.0; the amino group was aséumed to be protonated.
Converting the amiﬂo grbup of tyrosine to an acetyl amide, Samplé #13,
impafted a limited amountlbf stability to the nitrogen signal, as shown
- in Fig. 10; but the line area still fell by 30%.in 8 hours. The N-acetyl-
tryptophanamide, sample #14 shown in Fig. 11, had a stable N'ls signal.
It showed a generally descending trend ovef 8 hours, but the calculated
area fell by only 10%. Recall, however, that the tryptophanamide has
two nitrogen atoms_whose 1s signals coincide. Suppose the pyrrole nitrogen
is stable while the amide nitrogen suffers the same damage as the-
tyrosineamide, i.e., a 30% reduction. The total nitrogen signal in the
tryptophanamide would drop by 15%, which is roughly the observed damage.

The results in Figs. 9 - 11 are significant because the N-acetyl

amide linkages in samples #13 and #14, Fig; 10 andvll, resemble the
peptide amide linkage. The most qualitative interpretatioﬁ of Figs. 9 - 11

is that amino nitrogen signals are less stable than those of (peptide)
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Area of nitrogen 1s peak vs. time
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Figure 9. 1~Tyrosine; variation of nitrogen 1ls peak area
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a ten hour experiment.
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amide nitrogen. There is indirect evidence that nitrogen in an aroma-
tic ring system is substantiallyvmore stable thaﬁ either of the other
two forms. | |

The N 1s signal -of:pH 1-2 tri-gly was decomposed by SUNDER into two
lines representing amino and amide nitrogen. The calculated area of each
line, and the sum of both line areas, are shown in Fig. 12. The amino
line, represented as ''mon-amide' in Fig. 12, fell by about 30% oﬁer'the.
course of the .experiment. The amide line.grows a corresponding amount
sovthat the total area of bothilines is approximately cOﬁstant.

The SUNDER program can account for sbme‘of this uﬂéxpecped behaviof.
The S/N ratio of the N 1s data points is well over 20. SUNDER will fiti
an accurate area under these points, but the:combination of line areas-
that it chooses may be épurious. The individual line areas can be takéh
to be accurate if the S/N ratio for each line is at least 8 (see Chapter
IT). In the first scan, S/N for the amino lihe was ‘8, but in succeeding
scans it dropped below 8; SUNDER's reliability became marginal. Any
~ supriously calculated deficiency or excess in the amino line area would
.be cancelled by an opposite error in the amide line, such that the total
area would fill the data. Thus, the slight aécent'in the amide area is
probably an artificial cancellation of a spuriously calculated reduction
of the amino area. | | o

The pH 5-6 tri-gly data in_Fig. 13 shows substantially different
behavior. The total area of the amino and amide lines drops by about
40% in 10 hours. Thebamino line shows a descending trend through thei

first half of the experiment: then it abruptly increases to converge
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with the rapidly descending amide line. The amino/amide behavior in
the second hélf of the plot is most probably'é spuriqus’result of the
SUNDER fits. The amino shoulder on the pH 5-6 tri-gly data (Fig. 8)

is not distinct; SUNDER (See ChaptervII) cannot be expected to calculate
an accurate area ratio.fOr theéé da£a. The smoothly descendihg trénd
of the amino line in the first half of Fig. 13 suggests that SUNDER had
some Success inAcalculating the areas in this time interval. In the |
second half of the experiment, the amino line had been diminished to a
point where SUNDER could no longer make_an aécurate_fit.-vSUNDER began
“to fit the lines closer together with a narrower FWHM, and gave them
approximately the same area. As in Fig. 12, the total area is accurate
and the plot of total area against time has physical significance. The
con?ergence of the amino and amide line areas:in the second half of the
experiments, however, is probably artificial.

Fig. 14 shows the pH 9.6 tri-pgy data, in which the N 1s "gasﬁ peakv
was clearly observable._.The ""gas'" peak was relatively constant through-
out the experiment. The solid peak repfesents both the unprotonated
amino and amide signals, Which_coincide as shown in Fig. 8. The.com-
bined signals dfop by 30% after 18 hours. The total area of both peaks
was plotted on the assumption that éhe trépped "'gas'" (or surface oxidized
‘nitrogen) originated from the "'solid" nitrogen. Sinée the "'gas'"' peak
is approximately constant, there is little significante;in the tota1.areé
plot. |

‘L The tri-gly series indicates that the pH 1-2 sample was signifi-

cantly more stable than the other two samples. This result may be due
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to the extra protonation or the,presence of chloride ions throughout the .
sample. The other tri-gly samplesvshowed degradation consistent with:
Figs. 9 - 12. |

Having observed the damage done to amino acids and peptides, reduced
glutathione43 was measured because of its-ability to protect biological

subStanCés from radiation e’ffects.44

The data points are shown in Fig. 8;
‘the areas of the N lsllines vs. time are shown in Fig. 15. _The amino
line showéd a generally descending tréﬁd, losing pérhaps 30 . 50% of itS
area duriﬁg the experiment. vThé amide 1ine was'abproximately constant.
Thé N.ls signals are, therefore, not QUité as stabie as the pH 1-2 fri~
gly results in Fig. 12. |

Gamma radiation studies oﬁ solid glycine and alanine34 indicgte
‘that both €O, and NH; are released as gaseous products from amino acids.
The G Values.(moleculeé of product per 100 eVIof absorbed energy), how-
- ever, are small. ;G(COZ) = 0.2, G(NHs) = 0.01. Much more of each product
are released when the samples are-dissolved;.G(COZ) =1, G(NH3) ; 4,
G(RNHZ) = 1. It is apparent that gaéeous orrunstabie products are béing
trapped in the sample.34. The G values derived from the wet analysis
indicate that abdut 4 molecules of‘NH3 or related unstable precursors
are formed for every 100 eV of absorbed radiation. At the dose rate of
the Berkeley iron-free spectrometer, this figure translates into one
deamihation per thousand amino acid molecules per second. A linear

extrapolation suggests that in 103 seconds, every amino acid molecule

in the sample has been deaminated.
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Similar results were observed for N-acetyl amides of amino acids
and Simple peptides gamma irradiated in the polycrystalline state, glassy

state, and concentrated solutions.45

Irradiated samples were dissolved
in water. Gases liberated upon dissolutioﬂ wére pumped off; the re-
maining solution was gently hydrolyzed. The peptide degradatioh was
measured as the amount of NH3 liberated by dissolution and hydrolysis.
G(NHS)Ivaried from 1 to 3, i.e., about 3 péptide linkages were broken
‘per 100 eV absorbed, or :0.1% of the sample in the Berkeleylspectrometer.
"The hydrolysis of the dissolved sample indicated thét 80% of the.peptides
broken yeilded other amide products. UV studies38 indicate that peptide
fracture may br may not lead to changes in the ORD specira of proteins.
The studies summarized above seem to suggest that in lO3 seconds
(20 min) all amino groups and peptide linkages in- the samplé will be
deaminated or broken. Yet, the amino signals in Figs. 9 - 15 seem to
1eyel off after 50% loss. The peﬁtide nitrogen signals decrease by'
- 30%, and some are quite stable. The data in Figs. 9 - 15 ére inAaﬁparent
disagreement wifh the reSults from gamma irradiation. - |
| Actually, there is only limited room for comparison of the experi-
mental results.' The linear extrapolation of fhe gamha ray G values to
a ﬁlOO% destruction time" of ‘10° seconds. in the Berkeley spectrometef
is not at all valid. 'An_obvioué correction to the linear extrapolatidn‘
would be to retognize that thé number of amino groups and/or peptide links
become smaller as radiation damage proceeds; so, in a constant radiation |

flux, the rate of damage should decrease exponentially according to first
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order kinetics. The resuiting half-life of.the sample is still of order
105 seconds. A '""90% destruction time' is about an hour. First order
kinetics does not explain the disparity between gamma ray and XPS results.
| ~ The main reason why both the linear and exponéntial eXtrapolatidns
fail is that the XPSvsy;temvmightbbe saturgting with'radiation. Saturé-

6

tion with'free'radicals at 10~ rads has already been reported for amino

acids,34 and recombination of free radicals to restore the parent amino

4

acids has also been suggested at 108 rads.3 : One hour in the Berkeley

spectrometer corresponds to 10°

rads. . Saturation and recombination are :
likely possibilities for explaining the apparent stability of peptide'
samples in the Berkeley spectrometer.

The inéreased séability of pepfide linkages over amino gfoups might
| be explained by the fact that 80% of the peptide radiolysis products
are other amideé, These forms of nitrogen have the samé binding enefgy;
So, peptide links may 5e cleaved with a relatively small loss of signal.

Gross changes in the samples that weré visible to the naked eye
have already been shown in Table III for samples #3 - 10. Samples #13,
14, 15 furned from white poWders to light green (20 hours exposdre), _
light lavender (8 hours), and 1ight yellow (14-1/2 hours). ,The.cdlor'_‘
changes aré similar to Table III. | |

In suﬁmary, the N 1s sighal Cén also be used as an internal refer-
ence. The structure of the N 1s signal is generally simpier fhan that

of carbon because many of the biological forms of nitrogen have the same .

1s binding energy. The shape of the N 1s signal, however, is strongly
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dependent on the pH at which the samples are prepared because of protona-
tion on the amino groups. Referenc1ng must, therefore, be restricted

to the amide N is signel. The amlde N ls 51gna1 is reasonably stable

in the x-rays; its 1nten51ty drops by 0 - 30% in a 10 hour experiment
The N 1s 31gnals seem to be somewhat less stable in the X-Tays than

the corresponding C 1s signals (see Figs. 6 and 7).
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V. XPS STUDY OF HORSE HEART CYTOCHROME ¢&

A. Introduction

PreliminarY.experimbnts-on.inorganic,copper compounds and'copper
amino écid complexeé indicéted that the limit of detection for metals
in XPS’sampleS'wés about 1 part per 103 in the Berkeley iron-free spec- a
trometer. Kramer's work’ shpwed that the chemicai Shifts for Mg and
Fe range 6ver»5 eV from the pure metals to their halide salts; the FWHM
of observeé éignals commonly ranged from 1.5 to 3 eV. The chemical shiff
- range was small compared to the linewidths, and typical metal concentré-‘:rl

4. 105 molecular weight) approach

tions_in'proteins (1 metal atom per 10
ér exceed the limits of detection in the spectrometer. Therefore, the
applicability of XPS tovbiological systems Was in doubt, and it was neces-
sary to test the teChnique on a‘well characterized system.

Horse heart cytOChrome c was chosen as the test system because it
is one of the smalleét metalloproteins. (The non-heme iron proteins
were examined previouSly_by,Kramer.l) Cytoéhrome c has a molecular
weight of 12,400 and contains onevheme-iron. ThiS’éomposition corres-
ponds to 0.43% Fe by weight, which is slightly above the practical iimit.
of detection. ' The protein is available in reasonably pure form in large

quantities from commercial sources. It has been the object of intense -

2,4,12,16-18 3

‘study; the crystal structure of ferricytochrome c is known.
In ferricytochrome c, there is a series of ligand changes at the

ironz’4 as shown in Fig. 1. The equatorial positions are bound to the
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Figure 1. Ligand changes at the iron atom of ferricytochrome c¢ as a
function of pH. The pK values are those for horse cytochrome c.
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pyrrole nitrogens of the porphyrin ring, but at low pH, the 5 and 6
axial positions are occupied'by’Cl_v(assuming—pH'adjusted with HC1)

16,17 and the

or H,0. At neutral pH, the sulfur atom of methionine 80,
imidazole nitrogen of histidine 18, move into the 5 and 6 positions.
At higher pH, the coordination is not knpwn;.but it is believed to in-
~ volve nitrogen atoms at the 5 and 6 axiai locations. Thﬁs, fefricytd--
chrome c¢ is i&eally suited to teét XPS. Samples caﬁ be prepared from
various pH's and the sulfur and iron spéCtra can be examined for the
appropriate shifts correspohding to pH inducéd ligand changes.

| In sUpport of ﬁhis study, the sulfur amino»acids were investigatéd
in their native and oxidized forms. Porphyrin cytochrome c (PCC), the
iron-free analogue of the native protein, was prepared and méasured.
Finally, mesoporphyrin and microperoxidase, a héme peptide derived‘froﬁ'
hérse heart cytochrome c by digestion with pepsin; were also measured.

These experiments have potential biological significance becaﬁse

the cytochrome c/cytochrome oxidase system is the last step before

5a,b  It is also :'

oxygen in the respiratory electron tranSport chain.
known that thochrome c loses its ability to function in the respira-
tory chain if the sulfur of methionine 80 is carboxymethylated to block

its binding to the iron,>S

while no effect results from altering meth-
ionine 65. As a probe of the bonding of iron to methionine 80, XPS
might provide information about the role of Cytochrome c in the res-

piratory chain.
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B. Experimental

Two spectrometers were used in this study. Most vathe experiments
were performed on the Berkeley iron-free spectrometer. Microperoxidase
and neutral ferricytochrome c were'runvon a Hewlett-Packard 5950A spec-
trometer at the Jet Propulsion Laboratbry.6

All the samples were run as pellets of pure material or thin films
dried onto quartz or gold plates. All the pellets were made of pure
material in a 1/2" diameter die. The first protein pellets were pressed
at 4 tons per square inch, but it was soon learned that 1/2 to 1 ton was
adeqﬁate,.and that even thumb pressure éould make a mechanically strong
sample. The pellets'were mounted on an aluminum plate under an aluminum
frame with no adhesive agent. Occasionally, the pellets were mounted
difectly onto an aluminum pléte with double—gided tape. The pellet
always co&ered the tape completely. |

The bressure required to make pellets. did no_apparent harm to the
protein. There was no detectable.difference between the XPS spectra from
a pellet of pH 6.6 ferricytochrome ¢ and a similar sample prepared in |
the form of a film as described below.

Two-thirds of the samples were prepared as films, some on gold
platens for the Hewlett Packard 5950A spéctrometer, and the chers on
quartz plates for the Berkeley iron-free spectrometér. Protein solu-
tions (1 mg/ml) wefe deposited on quartz plates cleaned with deionized
Water and glasé bottled absolute ethanol. The pressure over the plates

was reduced to several mm Hg and the water was left to evaporate for
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one to several hours. The fesulting films were about a micron thick as
determined by optical spectra, assuming a uniform film and using the -
extinction coefficients from solution measurements. The molecular ar-
rangement within such a.film probably resembles a glass. The quartz
plates allowed visible/UV optical spectfa of the samples to be taken
before and after irradiation. | |

There are several problems involved in obtaining thin, uniform
films. A "hard" vacuum, e.g., a mechanical forepump, causes.fhe solu-
tions to evaporate too quickly. The solutions freeze and the samples
‘1yophilize. Thick (several microns) films develop cracks reminiscent
of a dry lake bed that are clearly visible underla sfereo microscope.
Slightly more fhan the minimum'aﬁount of solution (1 mg/ml) required
to wet the desired sample area given an atceptable film. Even a thin
film is cross-hatched with hairline Cracks, but thersample plate cannot
be seen through these cracks because they are too narrow. Layering more
solution over a dry film to cover the hairline cracks is unneéessary
and counterproductive. Such a multi-layer film is thick, has larger
cracks, and collects airbornevdust.

Salts left over from buffers or pH adestments separate from solu-
tion during the drying of the films. The salté collect in the center
of the sample plate while the protein is displaced to the outer edges
of the plate, where it forms a thick, cracked crust. Samples prepared
from solutions of extreme pH values had to be fun as peliets for ‘this

reason.
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There wae no detectable difference between.theAXPS spectra from
a pellet and a film of pH 6.6'ferricytochrome c. |

Blank runs made on the quartz and aluminum sample plates showed
the usual carbon contaminant line;“but ho nitrogen line. There was a
barely detectable signai in the Fe 3p region, and a significant peak
10 eV below the S 2p region; These signals will be discussed iater.

The sulfur amino acids were obtained from Calbiochem (A grede).
Cysteine_sﬁlfinic acid and cysteic acid were also Calbiochem (A grade).
Methionine sulfoxide and methiohine sulfone Wefe obfained from K § K
Laboratories. The partially oxidized samples, cysteiﬁe sulfinic acid
(Lot #40075) and methiohine sulfoxide, gave S 2p spectra indicative of
an impure'mixture of oxidized forms. The oxidized amino acids were
used directly from the bottle with no further purification. They were'
prepared as films except for the sulfoxide;>which was Tun as a pellet
(250 psi). |

| Microperoxidase (Sigma Chemical Co., Lot #113C-7160) is the hame

given to a mixture of heme peptides, mostly heme undecepeptide,‘obtained
from horse heart cytochrome c by digestion with ﬁepsin.7 Colum chroma-
tography on similar material resulted in three.diétinct bands.8 The
preliminary interpretation waé that these bands_corresﬁond to different
peptide chain lengths attached to the heme. The amino acid analysis9
was done by a technique similar to Spackman's;10 the results are shown
in Table I. Thevmicroperoxidase was hydrolyéed according to a standafd

11

procedure. 0.5 -1 mg.of material in a test tube was dissolved in 2 ml

‘6 M HCl. The solution was bubbled with nitrogen for 45 min to remove



Table I.

Results of amino acid analyses on microperoxidase (deoxygenated), horse heart cytochrome c (one analysis with

dissolved air and one deoxygenated), and porphyrin cytochrome c (one analysis with dissolved air and one

deoxygenated).

Observed residues. in microperoxidase calculated from the ratio with valine.

in all the cytochrome samples calculated from the ratio with leucine.

Observed residues

Methionine plus Methionine

Microperoxidase Cytochrome ¢ Porphyrin Cytochrome c Sulfone Mixture (Micromoles)
(Deoxygenated) " (Deoxy.) (Deoxy.)
Theo. Obs. Theo. Obs. Obs. Obs. Obs. Theo. Obs.

‘Tryptophan® 1

Lysine 1 1.2 19 19.0 19.0 - °19.0 19.0

Histidine 0.94 3 2.7 1. Co2a 2.3

Arginine 2 1.7 0.57 L7 0.5

Cysteic acid trace 0.09 trace trace — 0.019

Methionine sulfoxide 0.4 0.09 1.7 1.3 —_ 0.23

Asg;‘;;;‘;g?ﬁ:}d/ 0.08 8 8.2 8.0 8.3 8.1 —  o.01

Methionine sulfone ' - trace 0.32 0.38 k'_‘
Threoine 1 0.75 10 3.0 5.8 2.7 5.9 — 0.01 &
Serine - trace trace  trace — 0.01 !
Glgi‘gﬁiigid/ 30 3.2 12 12.0  12.0 120 13.0 —  0.02

Proline 4 3.5 3.6 3.4 2.9 —_ trace

Glycine 0.13 12 13.0 12.0 12.0.  14.0 — 0.02

Alanine 1 11 & 6.2 5.9 6.1 6.2 —  o.01

1/2 Cystine 2 1.7 2 0.55 0.74 0.78 0.99 — . trace

Valine 2 2.0P 3 3.1 2.9 .1 3.4 —  o.01

Methionine - trace 2 1.4 1.7 0.17 0.30 0.002

Allo-isoleucine ' 0.83 0.34 0.98 0.33 , :

Isoleucine 0.007 6 5.0 5.3 5.0 6.0 — 0.002

Leucine 0.006 6 6.0°  6.0° 6.0  6.0° —  0.006

Tyrosine 4 3.7 3.5 3.5 - 3.1

Phenylalanine 4 3.9, 3.7 4.0 4.1

- aTryptophan waS not detected by this method.

ZDBy definition, the number of observed residues are

established by ratio to these amino acids.
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dissolved air and then frozen in liquid nitrogen. The tube was' evacuated,
. sealed, and heatéd to 110° + 8°C for 22 hours. A black'precipitate,'pro—
bably irbn heme, and inorganic salts, appeared in the solution after
heating and was removed by centrifugation._ The solutions were evaporated
to dryness. The analyst9 dissolved the dry samples in 1.00 ml ofva
5.26 citric acid bufferv(Beckman). A 400 A aliquot was run on a Beckman
120 automatic amino acid analfzer cqntaining a Beckman AA27 colum for
‘basic residues (lysine, histidihe,'ammonia,'arginine) and a Betkmah AA1S
- column fof acidic.and neutral residues. Citric acid buffers tBeckman).
of pH 3728 and 4.25 were used to separate the acidic and neutral resi-
dues. | |

The microperoxidése results in Table I were obtained by:taking ratios
with respect to‘valine. The slight excess of lysine is coﬁsistent with
the presence of a contaminant heme péptide with 21 residues including
lyéine 22. The 1/2 cystihé result is low because these residues are
attached by thioether linkages to the heme;'the absent 1/2 cystiné
was prbbably included in the black precipitate whiéh was discarded from
the hydrolyzate. Histidine.could have remained bound to the heme and
| discarded, which would_expléin_the-low histidine result. Generaily,
however, the.microperoxidase results in Table I are consistent with the
’undecapeptidevstructure.7

Microperoxidase was takeh directly from the bottle, dissolved in
distilled water (the resulting solution had a pH of 7.1); and dried in
a film as describéd above on a gold platen for use in the Hewlett 5950A

- spectrometer. Buffer salts left over from the pepsin degradation
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coliected in‘the center of the plate and resulted in a poorAfilm. More
microperoxidase was desalted over Sephadex G-10. The solution resistance
decreased from 3 x 1-04 ohms. to 1.6 x 104 ohms; the pH dropped from 7.1
to 5.9. The desalted microperoxidase yeilded excellent films on quartz
'vplates. |

Horse heart cytochrome c was obtained ffom Sigma Chemical‘Co. (type’
VI). The purity of the commercial products was checked by‘elementél and.
amino acid analysis as dgscribed below. The optical absorption spectrum
can be uSe&_to determine the oxidation state of iron and properties of
certain ligands around the iron. The visible spectrum of oxidized and
12

reduced horse cytochrome ¢ from 1000 to 350 nm™™ is shown in Fig. 2.

The 600 - 250 nm region, constructed from extinction coefficients by

13 is given on p. 125 of Ref. 2.

Margoliash and Frohwirt,
The ferrous spectrum is characterized by two bands in the visible
‘region and a strong Soret absorption.- All of these absorptions have

been interpreted14

as mw-7m*  transitions from filled A and Alu orbi-
tals in the porphyrin ring to unoccupied Eg orbitals. The visible:
absorptions are split_intoiﬁwo bands, « (longer'wavelength) and B ,

by excitation to different vibrational levels in the E, orbitals. The
a band represents the 0-0 tranéition; 8 repfesents 0-1. The Soret band.
is also split by vibrational coupling, but the magnitude of the splitting
is less than that of a to B. The same features are observable in the
fefric spectrum, but the bands are_broadened, possibly by charge trans-

fer from ligand to iron during the electronic'transitions.15 The o and
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‘Figure 2.  Optical spectrum of cytochrome c (Ref. 12).
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8 bands invthe ferrous spectrum, whiCh are much sharper than those in
the ferric spectrum, provide a convenient chéck on the amount of re-
duced form in a given cytdchréme Samplé. |

There is an additionai peak in the ferric spectrum at 695 nm, which
is specific to axial ligands gf imidazolé nitrogen from histidine 18

16,17

‘and -sulfur from methionine 80. The absorption is interpreted as a

charge transfer transition polarized perpendicular to the porphyrin
plane,18 but it is not known whether the chérge’is transferred ffom :
ligand to iron or'porphyrin‘to iron. The available evidence12 is con-
| sistent with transfer from porphyrin to iron;

Horse heart cytochrome c was prepared several different ways for

various experiments:

(1) Crystals were taken directly from the bottle (lot #21C-7600) with-
out dialysis or purification and pressed into pellets (4 tons) for

preliminary experiments.

(2) 'Dialyzéd protein (lot #21C-7600) was dissolved ih glass distilléd :
water, adjusted to pH 2 with HCl, and left to stand é fewAminutes;
The protein oxidizes spontaneously under aerobic conditions at
this pH.2’4' The pH was returned to neutral with KOH. An optical
spectrum was taken on a small aliquot without and with dithionite
to check for reduced protein. The products were always 97 - 100%
ferricytochrome. This material was either lyophilized or raised

to pH 11 and lyophilized. Both forms were pressed into pellets

(500 psi).
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(3) Dialysis tubing was cleaned in 5% NaHCOS. Protein (lot #82-C7700)_
was dialyzed in clean tubing against deionized water in a cold
room for 24 - 36 hours (2-3 changes),~then.1y6philized. When

- the resulting pink, fluffy material was dissolved (5 - 10 mé/ml),v
the solution was pH 8. The pﬁ was adjusted to 3 or 7 with HC1 or

_ 11 with NaOH. These solutions were dried onto quartz plates; the
resulting films were thick.and cfoss—hatchéd with cracks. Salts
resulting frqm pH adjustment tended to move some protein to the
outef edge of the 5late, but plenty of cytochrdme remained in thé

,centef of the platé. The visible and ﬁltravidlet spectra of these

samples were taken before and after irradiation.

'(4) Same és (3) except that thellyophilized protein was dissolved as;
. 1 mg/ml, which resﬁlted in a pH of 7. Thié solution was'made di-
rectly into a film on a quartz plate without the addition of other
.reagenfs. A pH 11 solution was prepared by adding NaOH; then it
was dfied as a film on quartz. These films were thinner than (3)
- and were broken by barély detectable hairline cracks. Optical

spectra were taken before and after irradiation.

Amino acid analyses of dialyzed, lyophilized cytochromc c.(lot
#82C—7780) are shown in Table I . The number of observed residues was
derived by assuming the leucine analysis was correct and taking ratios
with fespect to leucine; In the first analysis, methionine is observed
to be 30% iow. Methioﬁine.sulfbxides account for the.most 6f the missing

residues. Methionine sulfoxides appear in analyses with pure methionine
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controls;10 apparenfly, the analysis technique oxidizes the methionine.
Dissolved atmOSpheric oxygen was_considered a likely source of the prob-
lem. A second analysis was perfonﬁed in which the pfotein solutions
were bubbled with nitrogen to displace dissol&ed oxygen before freezing
and hydrolysis. The deoxygenated sample shows a significant reduction
of sulfoxides. Both of the samples are low in 1/2 cystine which was
probably bound to the black prec1p1tate in. the hydrolyzate .Threonine_‘
is low in both samples there is no explanation, but deoxygenatlon ap-
pears to improve the ‘analysis. Histidine and arg;nlne are both low in
the dexoygenated analysis. They may have complexed to the iron in the
precipitate with their nitrogens. Similar-behavior.would be expected
of lysine, but the lysine analysis appeafs to be accurate. The other
residues are observed within iO% offthe expected values, which is a
typical error in amino acid ana1y51s | | |

The elemental analy5159 of horse heart cytochrome c (Slgma, Type |
VI, lot #82C-7700, dialyzed, 1yoph111zeq) is shown in Table II. Theo-
retical weight percentages are_based on a dry molecular weight of 12,365,
assuming the lysine groups are not protonated, as derived from the pub- |
lished2 amino acid compOsition The commercial material was advertized
as being free of.(NH4)2 04, however, thlS cla1m is difficult to check
because the Fheoretlcal weight percent of sulfur 1s_on1yvl.04%. One
additional tightly bound sulfate per protein molecule reises the per-
cent to 1.28; two extra sulfates 1mp1y 1.52% sulfur To distinguish

these small changes, 30 mg samples of cytochrome c were required. The
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Elemental analysis (Ref. 9) of horse heart cytochrome c

Table II.
(Sigma, Type VI, Lot #82C-7700, dialyzed, lyophilized).
Weight percentages based on dry molecular weight of 12365
(no protonation of lysine) as derived from the amino acid
composition in Ref. 2, pp. 174 ff.
' . Trial
T%é;??ﬁ?iél Average Trial IV
gat 1 11 111 -
C 54.39 48.82 48.67 48.78 48.76 * 0.06 | 48.92 * 0.05
H 7.16 7.26  7.35  7.28  7.30 + 0.04 | 7.15 % 0.05
N | 16.77 14.42 14.48 14.52 14.47 £ 0.04 | 14.72 + 0.05
s| 104 0.91  0.93 0.92 £ 0.05 | |
Ratio | Theoretical | Obs. (Avg. I, II, III) | Obs. (IV)
% 3.24 3.37 £ 0.01 | 3.32¢0.01
C
g 52.3 53.00 * 2.8
N .
3 16.1 15.70 £ 0.85
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carbon/hydrogen and nitrogen analyses in trials I, II, and III required

? by an

.4 mg each. As a check on these figures,.a fourth trial was- run
independent technique which yields a C, H, N analysis on.only 1 mg of
protein. All of the observed weight percentages were found to be re-
producible. | | :

All oflthe results: are low except for hydrbgen‘because the protein
~ contains adsorbéd water. The.C/N ratio suggésts that there is an excess
of carbon; a deficiency;of nitrogen, or both. Adsorbed CO2 wquld-accoUnt
for.some excess carbon; the dialyzed lyqphilized.cytochrome was fluffy
and had a 1arge‘surface-t01weight ratio. The C/N ratio is within.4% of
the'theéretiCal'Value; the difference is not significant. The C/S.and
N/S ratios_agree with the expectedvvalues within experimental error.
One extra sulfate per protein molecule would have given a C/S ratio of
about 42, which would have been easily detectable within the experi-
‘mental errors. The maximum sulfate impurity consistent with'the observed
N/S ratio is one SOZ per three cytochrome molecules. |

The combined results indicate that the.protein used in these experi-
ments is pure with respect to amino acid and elemental composition. It
was not deemed necessary to purify the protein on molecular sieve or ion
exchange columns because the samples were to be measured in a cdndehsed
phase, often in the presence of protons or salts resulting from pH
adjustments. The horse heart cytochrome ¢ as prepared here is considered
pure for XPS expériments.

As a control on the amino acid analysis ofvcytochrome c, a mixture

of methionine sulfone and methionine was subjected to hydrolysis conditions
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and analyzed like the protein samples. The sulfone was prepared by
performic acid oxidation of methionine according.to Moofe.19 Excess
.perfbrmic acid was destroyed by the addition of HBr. The solution was
dried on a rotary evaporator; more methionine was added, and the mixture
was acid hydrolyzedvlike the'protein.samples. »The'amiho-acid analysis
given in Table I shows almost nb native methioniné; it was apparently
destroyed by traces of performic aéid remaining after the HBR treatment.
The large number of impurities in the analysis are the-oiidatidn products
of methionine; the major product (70%) is methionine sulfoxide. The
analysis was not a useful control as originally planned, but it éerveé
to suggest the‘approximate proportions of methionine oxidation prbduCts
underwamino acid hydrolysis conditions in fhe preéénce of an oxidizing agent.
Three attempts were made to produce pfophyrin cytochrome c, PCC,

‘the iron-free analogue of the native protein. The first attempt was
20

based on the method of Nielands. 160 mg of Cytochromevc (Sigma, Typer
ITI) were dissolved in 10 ml of "'pure" formic acid With-lOO mg oxalic
acid and 150 mg-of a platinum catalyst. The procedure called for Mohr's
| catélyst; Adam's catalyst (platinum oxide)_was used instead. Nitrogen
gas was passed through the solution for 2.hours, and 100 mg of o-phenan-
throline were added. The anhydrous solvent, formic acid, was supposed
to denature the protein to expose the heme so that the porphyrin ring
could bevprotonated. The liberated iron was supposed to complex with
the phenanthroline. I failed to make this method work. |

Contaminant water from ''pure' (88%) formic acid might have been

_ kept the protein '"closed'. Attempts to dry the acid with boric
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anhydride21 were unsuccessful. A modification.df Nieland's procedure
using 99% trifluoroacetic acid alsd failed.-v 

The second attempt.followed the procéduré of Jones and Jones.22
The techniqﬁé is similar to Nielands'; cytochrome ¢ Qas dissolVed in
a pyridine/acetic acid solution. The reducing agent was FeSO4, the
products were éepafated on Sephadex G-25. I was also unsuccessful in
reproducing the results of Joﬁes and Johes. |

The iron Qas finaily removed successfully.by the HF method of

Robinson.23’24?25

I used the HF line in the laboratory of Prof. H.
Rapoport; it is essentially the same as the one described by Robinsqn.
Several batches.were prepared; in a typical run, 204 mg of cyto-
chrome c (Sigma, Type VI, lot #82C—7760).were placed_in.a Kel-F reac-
tion vessel with a stirring bar. 'The system was pumped_aown to 0.07 mm
Hg and the reaction vessel was cooled with liquid nitrogen." About 5 ml
ofbHF were distilled into the reaction vessel from a reservoir of HF

containing CoF The reaction mixture immediately turned bright purple.

3
The distillation was completed in about 2 min. After two more‘minutes, the |
reactioh vessel was opened to the vacuum and the liquid nitrogen was
replacéd with an ice bath. Within 10 min, most of the HF had evaporated.
It took 25 min to'warm the‘vessel completely. The reaction vessel was
removed from the line and.placed in a dessicator ﬁith NaOH pellets under
reduced pressufe to remove traces of HF. The material was dissolved |
in about 5 ml of deionized water and lyophilized. 199 mg (no correétion
made for adsorbed water; etc.) of product were obtained. At‘évery step
after the addition of HF, it was necesséry'to minimize exposure of the'

product to light in order to prevent'photo~damage.26
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The product was then treated according to Fisher gg 31.26

‘97 mg
;were dissolved in 6 M guanidine hydrochloride, 0.05 M ammonium acetate/
acetic acid, pH 5.0, and'stirred_fbr two hours. The solution was loaded
onto a colum (2.2'%:200 cm) of Sephadex G-50 (fine) that had been
eﬁuilibrated with 0.05 M ammonium acetate/acetic acid, pH 540, buffer.

’ The‘column was eluted with the same buffer. The elution profile is
shoﬁn in Fig. 3. Fractions 7 - 11 wére dialyzed, lyophilized, and
frozen. The single peak elution profile contrasts with the results

26

of Fisher,” who interpreted the additional peak as. denatured protein.

The visible spectrum of fraction #10 is shown in Eig; 4, the four

1l4c

visible bands are evidence of a metal-free porphyrin. The positions

agree to less than 2 nm with thosefobserved by Robinson®? and by Jones
and Jenes.2? Dickinson and Chien?’ and Fisher g£‘§£.26 did not report
their PCC.opticallspectra. Presuming some iron to remain in the system,
a few granules of dithionite were added to the sample of fraction #10,
and the optical spectrum was rescanned for changes héar the a band of
reduced cytochrome c at 550 nm. The entire spectrum lost intensity,
but generally preserved its shape.

Iron analysis by x-ray fluorescence28 on lyophilized PCC indicated
10 - 50 ppm of iron, i.e., 99% of fhe iron was removed. Copper and
zinc were present in’coﬂcentrations two or three times greater than
iron.

The amino acid analyses of similar samples of PCC are given in

Table I. The first PCC sample contained dissolved air; nitrogen gas
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Porphyrin cytochrome c, 4th batch (1st half)
Vol. III, p. 26
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Figure 3. Elution profile of porphyrin cytochrome c¢ from
a 2.2 x 200 cm column of Sephadex G-50 eluted
with 0.05 M ammonium acetate/acetic acid buffer,
pH 5.0. The ratio of absorbance at 410 nm to- -
619.5 nm is superimposed over the profile.
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‘was bubbled through the second sampie to displace traces of oxygen.
The results for histidine, threonine, proline, 1/2 cystine, and tyrosine
were low, just as in mosf of the other analyses. The asparagine results
were not consistent between the two samples. The glutamic acid aﬁd
~glycine results were 10'-v15% higher in the second sample, suggesting
some oxidation and degradation reactions.

The most stfiking result of the analyses was the nearly completé :
‘absence of methionine and the corresponding iarge amounts of methionine

sulfoxide.

C. 'Resulté and Discussion

Criticism of the HF Procedure for Iron Removal from Cytochrome c

The conditions reduired for the removal of iron from cytochrome .c
are somewhat drastic. The protein is subjected to sub-zero temperature,
dissolved in anhydrous HF, thawéd, lyophilized, and dissolved in guani:‘
dine HC1 for hours. The effects of.these treatments deserve investiga;
tion. Robinson24 found that the HF (no guanidine HC1) iron removal tech-
'nique left the structufe of the protein intact. Disé eléctrophoresis
indicated slight deamidation. CD spectra were essentially identical
between cytochrome ¢ and PCC. Alpha helix content was calculated to be
30% for PCC and 27%.for‘the native protein. By insertion of iron into
PCC, heme cytochrome ¢ éould-be regonstituted ét 5% yield:with.Sd% v

activity in the succinate oxidase system.
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RoBinson and Kam.en25 stfeésed the importance of metal-free condi-
tions because copper and’zinq were found to incorporate readily into
PCC. .Copper and zinc impurities found in the pfeparétion described'in
this work are 2 - 3 times higher than iron.

| Fisher gg}§1.26_characterized PCC more thoroughly. Their results

generally agreed with Rbbinson that PCC has the same structure as cyto-
chrome c, but fhat PCC was more sensitive to thermal denaturation. ‘In
- comparing PCC and the native protein, Fisher found that: CD measurements
bsuggested'similar helical content; viscosity measurements indicated
similar compact globular structure; fiuorescence showed similar spatial
arrangement between the porphyrine ring and tryptophan 59. Fisher also
concluded that both proteins refold spontaneously after removal from a
solution of.guanidine HC1.

A single peak was observed in the-Sephédex elution profile in Fig. 3,

6 and Slama46

but Fisher2 2 both observed a Second peak. Fisher did not

.use a vacuum line; he evaporated the HF in a vigorous stream of nitrogen

and dissolved the product in guahidine HCl. Slama eVaporated the HF

- slowly in a vacuum line like Robinson's, but he did not use guanidine

HCl. This collective experience suggests that HF treatment and slow

evapofation promote aggregation which is;counteracted.by guanidine.HCl.

Fisher's rapid evaporation technique'seems to cause irreversible denatura-

tion. | _ _ v |
The stability of thioether bonds during the HF/guanidine treatment

is questionablevbecause: (1) HF can break thioether bonds under certain

conditions; (2) amino acid analysis suggests that the HF procedure has
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an oxidizing effect on thioether sulfur; (3) oxidized sulfur o to por-'

phyrin seéms to be unstable,.in fact, almost all the chemical méthod;

for heme cleavage involve some form of oxidation reaction at.thé sulfur.

These three cohsiderations are described below; fhey indicate that.the

cystine linkages to porphyrin may be &amaged during HF treafment.
Robinson énd Kam.en25 concluded that HF catalyzed the beMaﬁion

- of thioether bonds, but they also used HF (with 10% anisole aﬁ 20°C

for 1 day) to cleave cystine linkages in the preparation of apocytochrome c.

26

The extra peak in the Sephadebe-SO elution pfofile of Fisher's“® PCC

preparation was presumed to contain denatured material in which at léast
some thioether linkages had been brbken. Apparently, the HF/cytochrdme
system involves an ‘equilibrium between intact and broken thicether
bonds. |
“The amino acid analySié of PCC in this work showed neariy coﬁplete
conversion of methionine to its sulfoxide, which suggests that the HF/
guanidine HC1 treatment had an oxidizing effect on thioetherysulfu}.
Nothing definite can be said about the cystine-to-porphyrin bonds be-
cause the amino acid analysis of cystin¢ is aﬁbiguous. (the: Amino -
acid analysis does not prove the'oxidizihg effect of HF because the
oxidizing effect of aminb Acid analysis is not defined. Spackman10 '
observed dxidation products of methionine in his analyses; Connor cléiﬁs
similar conditions can reduce sulfoxides to methionine. Redox propefties

of the analysis probably depend on factors such as dissolved air that

are difficult to control. One sample in this work was deoxygenated, a



-183-

technidue which preserved most of the methionine in cytochrome control
samples. Therefore, it seems unlikely that all the PCC methionine was
oxidized during amino acid analysis. HF/guanidiné is suspected as the
oxidizing agent. |

If the cystine-to-porphyrin thioether bonds are, in fact, oxidized,
’ /

they are very likely to break. Almost'all chemical methods of heme

cleavage involve oxidation of the thioether sulfur. These methods in-

clude'silver29 1 iodinevplus

\Br, 32 and sulfenyl halides.

and m.ercury30 complexes, performic acid,3
33 Thesé reactions occur by electron:
withdrawal from thioethervsulfur, i.e., oxidation. (The only known
reductive technique involves a sodium amalgam.) Furthermore, Wilsonss_
found that sulfoxides a.to pyrrolé were unstable. The only evidence
consistent with intact sulfoxides o to prophyrin is Folin's; he claimed
to have photo-oxidized the cystine sulfur in cytochrome c with a Xe

lamp without breaking the thioether bond.

‘The presence of intact sulfoxides a to porphyrin might céuse a red
shift in the peaké of the PCC'absorbtion spectrum, but the su1f0xid¢’s
electron withdrawing power-is insulated from the conjugated system by the
o carbon. Therefore, the red shift may be small, and well characterized
controls do not exist. _ ‘

Broken cystine.Bonds‘might be defectable as free -SH groups using

37?38 However, oxidized Sulfur

p-mercuribenzoate according to Boyer.
may not respond to this test.
One concludes: (1) that the primaty and secondary structures of

native cytochrome ¢ are preserved in PCC. (2) The tertiary structure
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and spatial arrangements around the heme are probably preserved'in PCC.

24 and (4) substantial oxidation of meth-

(3) There is some deamidation;
ionine to itsrsulfoxide, and perhaps some oxidation of the cystine—to-
porphyrin thioether linhages. Whether the cystine sulfoxides a to
porphyrin are stable is still undertermined; although the greater amount

“of evidence favors cleavage.

The Suitabilitzpof Microperoxidase as a Model for Cytochrome c

In studies of the iron and sulfur bondlng in cytochrome c, it 1s
desirable to have a low molecular welght model that preserves the es-
sent1a1 iron and sulfur-blndlng characterlstlcs of the native proteln.
Nﬁcroperoxidase7 (MP)‘was selected for thls purpose. MP can be called
heme undecapeptide;_but itvis actually a mixture of heme peptides an
it comes from the manufacturer (see experimental.section). The peptide
chain was required to provide a carbon 1ls reference signal in the XPS.
experiments. Variable peptide lengths satisfied'this requirement; so,
no effort was made to purify the material. |

" The MP used in this work was prepared by the ‘method of Feder,7

although, several other workers have prepared it also. 39- 43 All these-
methods involve digestion of’cytoehrome c with pepein. Heme oetapeptide
can be obtained by fUrthervdigestion with trypéin.43 The structures_of. _
heme uhdeeapeptide; the major component of MP, and heme octapeptide are.
shown in Fig. 5. The spectral, magnetic, and redox properties of MP

have already been characterized in the early work.
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Heme undecapeptide

Val—Glu(NHp) — Lys - Cys — Ala—Glu(NHp) — Cys — His—Thr — Val — Glu

| |

S

~ Trypsin
hydrolysis

Heme octapeptide

CHg

XBL75i-5026

Figure 5. The structure of heme undecapep’cide.?’g-43 Heme . octapeptide
is obtained by digestion of the undecapeptide with trypsin.43
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It is generally accepted that between pH 3.4 and 5.8 MP is a penta-

41,42 The imidazole nitrogen of

coordinate high spin iron complex.
histidine 18 is believed to bind intramolecularly to the 5 (axial) posi-
tion on the iron; porphyrin nitrogens occupy the equatorial positions.

41,42 as‘the

Above pH 5.8 MP becomes a hexacoordinate low spin éomplex
molecules polyﬁerize. - The abémino group from valine 11 on a neighbofing
MP binds intermdléculafly to the 6 position of the iron. Tbtal concen-
tfation of MP also affects the equilibrium predominance of polymers

' 7 .45 |

Optical spectra can be used to determine the relative amounts of

(1 x 107° M) or monomers (1 x 10

monomeric, high spin MP and aggregéted 10W spin MP. A spectrum was taken

onal x 10_7

"M, pH 7;Oisolution of MP. As indicated aboﬁe, this sblu—
tion could contain monomeric, high spin MP. The Soret peak was at:
397‘nm; there were visible absorptions at 500 and 622 nm which have
been interpreted as charge transfer bands.44C This'speétrum is very
similar to that of myoglobin,44 which also contains pentacoordinate, -
high spin, heme iron. Monomeric MP would be ‘a better model for myo-
globin than-cytochrome c.

> M, pH 7.0 MP solution was exténsiVely éggregated in the

Alx10
hexacoordinate, low spin form. Its spectrum resembled that of cyto-
chrome c (Fig. 2), but a small charge transfer absorption at 622 nm and
.‘an asymmetric Soret peak (maximum at 400 nm and a shoulder at 407 nm)
indicafed a signifiﬁagt percentage of high spin monomer..

Nearly compléte polymerization was realized when desalted MP solu-

tions were dried into films on quartz plates. Their spectra (Fig. 21)
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closely resemble that of'ferricytochrome c (Figs. 2 and 19) at neutral
pH. A vestigial charge transfer absorption ét 622 nm suggests a trace
of pentacoordinate high spin monomer. The film is essentially pure
hexacoordinate low spin heme iron,'like ;he neutral cytochromé. Previbus

H have already established that the paramagnetic susceptibility

workers
of neutral to alkaline MP is very close to that of the neutral cyto-
chrome. It has been presumed that this relationship also applies to
'solid films.
Thus, films of MP reprodﬁce the spectral and spin state properties.
of native cytochrome c. Thérefore, they caﬁ serve as a suitable quel
for the cytbchrome’in XPS studies. It must be remembered that the MP
ligands (imidazole and o amino) differ from the neutral cytochrome
(imidaiole and methionine); MP more closely resembles the proposed bonding
of alkaline cytochrome c (Fig. 1). | |
Mp mightbbe a more effective model of neutral cytochromcvc if
methionine could be coordinated to the 6 position of the iron. This
would require blocking of all carboxyl and o amino groups so that poly-
merization could not compete with methiOnihe bonding. Harbury and

45

Loach have already done similar experiments'in solution, > but they

3 molar excesses of methionine. Techniques must be de-

used 102 - 10
‘veloped for making films from equimolar solutions. Blocking carboxyl
and o amino groups to reduce polymerization also raises the possibility
of a éompletely monomeric film that could model for myoglobin. These

experiments are left for the future.
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The Carbon 1s Spectrum -- Internal Reference

The aliphatic carbon 1s signal was assigned a BE of 285.0 eV and
used as an internal reference in these studies. The cytochrome carbon
1s spectra could be decomposed into three lineé that could be assigned
approximately to the oxidation sfates of carbon in the protein. The
.obsérved separations between the lines are consistent with the separations
observed from the model peptides discussed in Chapter Iv. In praétice;
therefore, any one of the three lines in the C 1s fits could have served'
as a reférence; the aliphatic line was used because it is the dominant
line with the least error in position. Since the assighment of the
three carbon lines'in only approximate, a systematic error (0.5 eV or
less) might exist in the BE's derivéd from this referehce technique.» 
However, all the C 1s fits from the different cytochrome samples Were
coﬁsistent with one another; so, shifts and separations may be taken
as accurate. The details of these considerations are given below.

Binding energies for C 1ls electrons in biologically significant
functional groups have.already been determined (éee Table II, Chapter IV).
The carbon atoms of cytochfomé c have been grouped according to func-
tional groups in Table III; they have been regrouped into five cate-
gories, and finally‘into three. SUNDER was unéble to fit all of the
functional groups to the C 1s data; it could not fit the five categories
either. It was determined that the résolution of the Berkeley iron-free
spectrometer and SUNDER's reliability permitted'only‘a three line fit

corresponding to the three categories in Table III.



Table III.

rearrangements into five categories and three categories.

unsuccessful.

within the limits indicated.

The arrangement of carbon atoms in horse heart cytochrome ¢ according to functional groups and
Five line fits of the C 1s data were

Three line fits of all the cytochrome carbon 1ls spectra gave ratios and separations

Ratio to

Sep. from
: . Aliphatic Aliphatic Binding
Functional No. of No. of No. of Line Line (eV) Energy
Group Carbons Carbons . Carbons (Theo. /Obs.) (Expected/Obs.) (eV)
Carboxyl COCH 14
. * s s _ ___ .
ino acid - R—CH—COOH 15 Insignificant
carboxyl(ate) | 1
NH3
Unsubstituted ﬂ
amide R—G—NH, 8 ,
. 0 112 112 0.37/0.21 + 0.04 2.9/3.1 + 0.2 288.0 = 0.2
Peptide it ' i :
amide R—C—IT—R 104 -
H .
Hydroxyl/ :
ether R—CH,—OH 14 .
127 127 0.41/0.45 + 0.07 1.1/1.1 + 0.1 286.1 = 0.1
1] ’ : '
Peptide o —N—(H—C—N— 113
]
H
N ‘
Carboxyl o R—CH,—COOH 14
) : 60
Amino/imino R—CH,—NH, 46 ' _
306 1.0/1.0 defn. 0.0/0.0 defn. 285.0
Thioether R—(H,—S—R’ 8 '
Aliphatic/ 246
aromatic/ 238
contaminant
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Typical three line fits are shown in Fig. 6. These are the carbon
1s spectra.from a fiim of horse heart cytochrome c dried oﬁto a quartz
plate from a solution at pH 6.6. The fits show the data from the
first scan, the tenth scan, and the sum of all ten scans. The FWHMs
were constrained to be. the same for all lines; there were no other
restrictions. The dominant line represents aliphatic, aromatic, and
contaminant carbon; the middle line represents the peptide a carbons.
The contribution from amino/imino and carboxyl a carbon could not be
expliﬁitly resolved; it lies betWeeﬁ the aliphatic and peptide o lines,
and ifs'area is shared by these two lines. The smallest line in'the‘
fit représents peptide amide carbon. The contribution from carboxyl(ate)
carbon was too small to fit; it was considered insignificant. (Thev
terminology in this paragraph is implicitly defined in Table II and ' ‘
'Fig. 4 in Chapter 4 and Table III of this chapter.)

In the fif of all ten scans, the observed separations are 1.1 *
0.1 eV and 3.1 £ 0.1 eV (cf. 1.1 eV and 2.9 eV observed with model
peptides, Table II, Chapter 4). The slightly increased peptide amide
Separation probabiy reflects the effect of the carboxyl(ate) contri-
bution, which was not explicitly fitted to the spectrum. Otherwise,
the separations are in good agreement with the model peptides in
Chapter 4. |

The area ratios are difficult to interpret because contéminant
carbon, aminb/imino carbon, and carboxyl(ate) carbon are not explicitely
represented in the fits. Ratios were calculated from the three cate-

- gories in Table III; amino/imino carbon was arbitrarily assigned to
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the aliphatic line, and contaminant carbon wés not considered. These
calculated ratios (with respect to the aliphatic line) are 1:0.41:0.39.
The observed ratios are 1:0.39:0.21. If the observed ratios are
taken literally, they indicate that the amino/imino contribution is
inciuded under the middle line and thét contaminant carbon has doubled
the aliphatic line. This intérpretation of.the spectrum is very
reasonable. |
It is apparent that a detailed interprétation of the C 1s fits
is not possible, but the three'line fits account for the major features
in the carbon‘composition'of the cytochrome. The absolute accuracy
of the fits can be questioned, but the different cytochrome samples
had C 1s spectra very consistent with one another. Therefore, the
C 1s spectra could Still be used as an internal reférence within some
undefined systematic error which was probably less thah 0.5 eV.
Similar.considerationé were used to interpret the C 1ls spectra -
of PCC, MP, and mesopdrphyrin, which are shown in Figs. 7, 8, and 9.
For purposes of comparisoh, the C ls>spectra of pH 6 chtochrome ¢ .
and pH 7 MP, which were téken on a Hewlett Packard 5950A spectrometer;f
,are_éhown in Figs. 10 and 11, The carbon 1s spectra from the 5950A
are complex; up to 21 infléction points and.peaks can be observed in

the smoothed*’

carbon 1ls spectra of films of pH 7.0 M and pH 5 - 6
horse heart cytochrome c. It is difficult to diStinguish real data
from noise, but 15 of these peaks and inflections are reproducible

in two films of MP and one film of cytochrome. A specific assignment
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of these 15 signals is not possible without similar data on.simpler
~control compounds. A general assignment could be made on the basis

of the categories in Table III.

Nitrogen 1s Results

The nitrogen ls spéctra afe shown in Figs. 12 - 17. The proteiﬁ
spectra show littlé structure, which could be expected from the nito-
gen results in Chapter 4. The cytochrome c spectrum_in Fig. 12 is
fypical. The data could be fifted satisfactorily with a single line
having a FWHM of 1.7 + 0.1 eV and a BE of 400.2 eV refefred to the
C 1s spectrum-as previously described.

Cytochrome c contains 19 l;sine and 2 arginine residues whose |
amino and gaunidyl groups are protonated'below pH 9. Model peptides
(Chapter 4, Table V) indicate that these pfotonated groups have a
N 1s signal shifted 0 - 1.7 eV from the maih_N 1s peak. These proto-
nated groups account for 17% of the nitrogen in the protein; therefore,‘
 the data were refitted with two lines. The calculated lines had ap-
proximately the same intensity and were separated by aboﬁt'0.7veV. |
The separation was approximately consistént with model peptideé; buf
thé'area ratio did not correspond tb_the amino acid composition. These
results were not‘reprdducible, and the fitting requirements developed '
in Chapter 3 indicated that this two line fit was unreliable. There-

fore, no significance could be attached to fits like Fig. 12b.
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Nitrogen 1s spectrum (MgKa) of horse heart cytochrome c
dried onto a quartz plate from a solution of pH 6.6.

The plots show three fits of the same data from the sum
of ten scans: (a) one line (FWHM 1.69 + 0.05 eV),

(b) two lines, ratio (0.8:1) and separation (0.7 = 0.2 eV)
free, FWHM (1.33 + 0.06 eV) same for both lines, (c) ratio
fixed at 0.203:1 to separate the contribution from proto-
nated amino groups, separation (0.7 + 0.2 eV) left free,
FWHM (1.44 + 0.06 eV) same for both lines.
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SUNDER coﬁld be forced to fit the protonated nitrogen contribﬁtion
by fixing the two line ratio at 0.203:1, which corresponds to the pro-
bortion of lysine and arginine nitrogen. The resulting fit (Fig. 12¢)
gave a reasonable reporduction of the data. The lines Were_separated
by 0.5 - 0.8 eV, which is approximately consistent with the separation
observed in neutral and alkaline peptides (Table V, Chapter 4).

All the cytochrome, PCC¥ and MP nitrogen.had BE's of 400.2 or
400.3 eV when fitted as a single line. This reproducibility is re-
asgurihg evidencé of the self consistency built into the internal
referencing system uéed in this study.

The N 1s spectrum ofvmésoporphyrin (Fig. 16) showé'two well
resolved peaks with BE's of 400.6 and 398.2 eV. The double peak
structure is well known from previousbstudies of porphyrin and related

48,49,50 48

compounds. These workers observed separations of 1.9 eV'~ and

2.0 ev??

compared to 2.4 eV observed here. The BE of 398.2 eV agrees-
with Niwa, gg_gl;;so who also.used>an,internal carbon reference. The
two peaks represent protonated and unprotonated nitrogen at the center
of the mesoporphyrin ring. The 3:1 ratio sUggeéts an equilibrium
mixture of doubly prdtonated and fully protonated mesoporphyrin mole-
cules in approximately equal proportions. The satellite peak observed

>0 could not account for the larger peak in this work.

48-50

by Niwa
All of the prévious porphyrin studies have shown that the
two peak structure mérges into a single peak when a metal is added

to the center of the ring. The BE of this peak is midway between the
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two original peaks. The data in this work are consistent with this
observation; although, the spectra are obscured by the presence Qf the‘
peptide nitrogens | |

Two independently prepared samples of desalted MP had N 1s spectra
that could be fitted reproduc1bly with two lines, as shown in Fig. 14.
The dominant line at 400.3 eV represents the nitrogen atoms in the
peptide chain. The smaller line ét 399.2>eV represents the nitrogen
atoms in the heme ring bbund to the iron, which is midway between the
two mesoporphyrin peaks. The calculated sqparations in Fig. 14 are
l.i and 1.3 eV. The calculated area ratios (7.2:1 and 7.0:1) do not
correspond to the rétio of peptide to heme nitrogen. This disparity
has no signifiéénce-because the aréa ratio is the least reliable para-
meter in a SUNDER fit. In féct,’the sitting standards in Chapter 3
indicate that thesé fits are unreliable. Their reproducibility and
agreement with the literafure show that thése fits are exceptions to
the general rules in Chépter 3.

.Similér peak structﬁres were resolved in the HP 5950A spectrum
in Fig. 15, which shows the N 1s regibn of MP that contains buffer
salts. The separation observed in this spectrum is‘l.S eV, which 1is
slightly gréater than those in fig. 14. v |

The native suifur amino acids had simple N 1s speétra with BE's
of 401.1 to 401.4 eV and FWHM of 1.5 * 0.1 eV. The oxidized sulfur
amino.acids had structure in their N 1s spectra. The most_complex
is shown in Fig. 17. The numerous lines are unexplained; the sulfur

2p spectrum showed no apparent evidence of reduced impurities.
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The Stability of Reference Signals and Optical Spectra

With the source arrangement in the_Berkeley'spectrometer, an
organic sample absorbs photon energy at the.rate of 106 rad/sec.
It is also exposed to an electron flux‘from the window of the X-ray
tube, and an;infra—red heat flux from the bocyiof the tube which warms
up during.operatibn; The effects of these energy inphts on moael |
peptides have been detailed in Chapter IV. These effects wi}linow
‘be considered in ‘relation to the samples in thlS sectlon -

Changes in the carbon 1s reference spectra are shown in Flgs 6 -
11. In Figs. 6a and 6b, the peptlde amide and peptlde a lines have
diminished wlth respect to the allphatlc line over the course of the
experiment. The loss is due te the combined effects'ofldecarboxyla—
tion and the accumulation of centaninant carbon. The’effects are
less pronounced in Figs.f7-and 8. o

The HP 5950Ajspectrometer was more.sensitive to subtle changes.v’
The MP spectra in Figs. 11b and 1llc are simpler to analyze than the
correSponding'cytochrome spectra in_Fig. 10. The structure of the '
MP carbon 1s signal changes notlceably in the V1c1n1ty of 286 eV and
in the minimum between 287 - 288 eV. These are approx1mate1y the
regions where peptide o carbon (286.1 eV) and peptide amide carbon
(287.9 eV) are feund. It shggests that the peptide chain is being
altered during;the'experiment. A definitive analysis of these dif-
ferences is not'possible without the spectra of simpler models, but my

current speculation is that the peptide linkages are being reduced.
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There are also subtle losses of iﬁtensity between 284.5 - 285 eV,
since C 1s BE's of gaseous aromatic moleCﬁles are slightly lower than

26 This structure may be as-:

those of gaseous aliphatic molecules.
sociated with solid'phése aromatic carbon that cannot be resolved on
the Berkeley spectrometer. (Theﬁgas/solid comparison is reasonable
because C 1s chemical shifts are about equal in both phases. See
Ref. 19 in Chapter 4.) The loss of this structure can be interpreted:
. in'conjunctionvwith the opticél spectra deséribed latér as the loss
~ of conjugation in the heme ring and othef'aiomatic side chains.

Figufe 18 shows the stability of the ers speétrum. N ls data
from a fllm of horse heart cytochrome c dried onto a quartz plate
from a solution of pH 6.6 were fitted with two lines as in Fig. 12b.
The total N 1s area from each of eight scans is plotted égainst X-ray
exposure time in Fig. 18. It can be éeén that the»total-N 1s area
ldiminished only slightly with time. ' The érea'ratios were approximately
_constant at (0.9 £ 0.1):1 over all scans except the first (O.6:1j. .
The FWHM of the individual lines was 1.37 + 0.05 eV for all scéns,
and the separation was constant at 0.7 eV. With the possible exception
of the first'scan, the shape of the N 1s spéctrum‘Was constant. The
stable shape of the N 1s spectfum does not necessarily imply chemical
stability in the photon4électroﬁ—IR flux. Table V'ln.Chépter 4 shows
that the biologically relevanf forms of nitrogen (except protonated
amino groups) are indistinguishable in ;heaBerkeley spectrome£er.

Therefore, chemical changes may not be reflected in the spectrum. On
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the basis of Fig. 18, it can Be said that minimal.amounts bfvnitrogen
"~ volatilize as’ammonié;'methyl_amine, etc. |

The estimated (see Chapter 2) rate at which the sample absorbs
photon energy (106 rads/sec) iS high enough to satﬁfate the sample
with free radicals in a second. The expefiments, however,llast. |
more than 10 hours. The results summarized above show that the ref-
efence'signals in the Berkeley spectrometer are not'sensitive to damage
done by these massive photpn doses. Damage still cannot be.taken for
granted, and it will be considered further. |

The dptical'speétra‘of a pH 11.0 film of horse heart cytochrome c
before and after exposure to radiation are shown in Fig; 19. There
are several difficulties associated with taking optical spectra fhrough
soiid filmé on a quartz plate even when a similar quartz plate is

placed in the reference beam:

1. unequal reflection off the sample film and reference plate;
2. scattering due to inhomogenieties in the film, such as hair-
line'cracks; |

3. absorption flattening on thick, heavily'cracked films.

These problems were generally not serious in the unirradiated
films. Fig. 19 shows the worst case. The ratios of the Soret peak
to the other major absorptions show different ratios from solution

work]f3

by 0 - 40%. Ratios in other films were within 10% of the litera-
ture values. In such cases, it was assumed that the extinction coef-

ficients from solution13 were appiicable to the solid films.
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Figure 19.
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solution of pH 11.0. - Solid line is the film spectrum before irradiation.
Dashed line is the spectrum after 17 hr exposure to the x-ray tube.
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The 550 nm absorption iﬁdicates~thaf aboutlls%‘df the protein
is reduced. The Solutionvfrom which_the film Was prepared ;ontaiﬁéd 8%
reduced impurity. The technique of preparing the film, therefore,
tended to reduce the sample.

The optical spectra taken after.irfadiation show an increase in
scattering across the entire spectral range and a reduction or elimina--
tion of the m-m* absorptions. The increased scattering is probably
dué’to‘denaturation. This interpretation has been reinforced by the
insdlubility‘of irrédiated films‘in watér. Unirradiated films-are
readily soluble. | | |

The loss of the 7-m* transitions in the visible region and the
reduction of the Soref intensity can be interpreted as the loss of
conjugafion in the heme ring. The Soret peak is»not observed inlprof
phyrinogens and bile pigments whefe the coﬁjugation around»the porphyrin
ring has”been-interrupted. It is, however, present.in some Zn cbmplexes
of bile pigments'where Conjugation is preserved through the metal.14c ’
The formation of bile pigments by exposurevof.iron heme proteins to: -
8 and x-irradiation has already been documénted in solution (Ref. 1l4c,
PD. Zl,.22). ‘It is reasonable to extend these observations to the
solid films if one anticipates results to be discusséd soon, viz.,
the electron flux from the x-ray tube window reducesvfhe samples.

it is interesting to note that the solution spectrum‘of PCC also .
lost intenSify upon addition of diihionite (see Fig. 4). Any comparisbn
between the reduéing effect of dithionite in solution and the reducing

effect of electrons in solid film would, of course, be tentative in
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the absence of supporting evidence. However, it ﬁay serve as a starting

point in suggesting pOSSible-mechanisms.for the loss of intensity in

the solid film. | | |
Figure 20 shows an absorption at 695 nm. In solution at neutral

pH, this absorption'is indicative of histidine-iron-sulfur bondihglz’

16’17f18 as shown in Fig. 1. The'éxistence of this absorption in the
solid film‘shows that at least some.of the’iron-sulfur.bonds have been
preserved in the preparation of the film. The absorption was reprOQ'
ducible in at ieast two- films,. but itS'interpretation_éan only be
qualitative. When the samples were prepared (see eXperiméntal section)
the central portioﬂ dried into a smooth, thin film, but a thick, heavily
cracked crust tended to form on the outer rim of the film. Fig. 19 was
taken through the thin film in the center of the sample, bﬁt the weak
"695 nm band could not be observed in these spectra becaﬁse-it was
hidden within.the.noisellevel. The 695 nm.band had.to be taken thrdﬁgh
the thick, cracked crust. Scattering artifacts and absorption flattening
were the main factors governing abSorbanCe'readings through the Ccrust;
absorbance ratios and literature extinction coefficients could not be
used to determine the percentage bf intact iron-sulfur bonds.

Various attempts to locate the 695 nm band after ifradiétion failed.

This absorption is due to charge transfert?10718

from either ligand
to iron or porphyrin to iron. If the transfer is from ligand to iron,
the loss of the 695 nm band implies that the iron-sulfur bonds have

been broken. If the transfer is porphyrin to iron, the loss at 695 nm
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Figure 20. 695 nm region observed through the crust around two
neutral films of horse heart cytochrome c. Spectrum
(a) shows a crust dried from a solution of pH 7.2. The
reference beam has been attenuated to maximize the quality
of the signal; therefore, the absorbance is artificially
low. Beam attenuation did not significantly 1mprove the
signal; the unattenuated absorbance at 695 nm is 0.085.
Spectrum (a') shows the same crust after 20 hr exposure
to the x-ray tube. The reference beam has also been
attenuated in this spectrum. Spectrum (b) shows a crust
dried onto quartz from a solution of pH 6.6. Spectrum -
(b') shows the same crust after 14 hr exposure to the
x-ray tube. The reference beam has not been attenuated
in spectra (b) and (b'). The overall level of absorp--
tion in (a') is greater than in (a); the reverse is true
of (b) and (b'). These baseline differences between
spectra recorded before and after irradiation may be
due to: scattering induced by denaturation of the pro-
tein in the x- rays, inability to reproduce the position
of the sample in the optical- spectrometer differences
in reference beam attenuation. '
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Figure 20. See legend on previous page.
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means the heme ring has beeﬁ broken, but that the iron-sulfur bonds
may still be intact. it is also possible that the 695 nm absorption
is still present, but indistinguishable because of.the increased
scattering in the spectrum.‘ L

Figure 21 shows thé visible spectra of a film of desalted
MP dried onto a quartz pléte from a solution of pH 5.9 both before
and'afﬁer irradiation. The spectrum before irradiation very closely .
resembles that of the cytochrome film. This similarity has already
been discussed; it meané that the MP film is a reasonable model of
heme iron in the cytochrome. It must be emphasized that-the MP con-
tains no methionine. The MP.iron.is bound axially by histidiné 18
and the o amino group on valine 11 from a neighboring MP molecule.
Therefore, thlS MP fllm most closely resembles the proposed bondlng
arrangement for cytochrome at high pH (Fig. 1).

The spectrum after irradiation shows less damage than
the corresponding cytochrome spectra. Increased scaftefing is not a
problem. Presumably, the short peptide chain, the rigid heme, and
intermolecular bonding minimize denaturation. There is, however, a
general decrease in intensity acroés the entire spectral region which

is consistent with the cytochrome spectra.

Sulfurv2p Results

One of the goals of this series of experiments was to

observe the chemical shift of sulfur bound to iron in cytochrome c

at neutral pH as shown in Fig. 1. Horse cytochrome c contains two .
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spectrum before irradiation. Dashed line is the spectrum after 15 hr exposure to

the x-ray tube. XBL 755-5260

-v1Z-



-215-

methionine residues and two cystine residues.2 The heme ring is
bound to the cystine sulfur in the form of thibether bridges;zvso,
the molecule contains four sulfur atoms all in the form of thioether.
Referring to Fig. 1, a 51ngle S 2p peak corresponding to thioether
sulfur is expected from samples of cytochrome c at acid and alkaline
pH.: At neutral pH, a_setond contribution is expected at higher binding -
energy . (BE) that represents the sulfur bound to the iron. The ratio
of shifted peak to the thioether peak is expected to be 1:3.
_ The sulfur‘spectra that were actually observed are shown in
Figs. 22 - 33. Spectra of cytochrome c¢ at pH'1.5, 3.0, 6.6, and 11.2
are shown in Figs. 26 - 31; they are more complicated than expected.
"Each spectrum shows at least three peaks at 153 eV, 163 eV, and 167 eV.
The assignment'of many of the observed peaks remains iﬁ doubt. The
observed blndlng energles are summarized in Table IV |
A pure thioether sulfur 2p 51gna1 is given by the 2-methionine

spectrum in Fig. 22. Its BE is 163.3 eV. SUNDER was used to fit
1/2, 3/2 components to this peak; the calculated parameterstare given
in Fig. 22. C(ysteine HCl, cystine, and reduced glutathione were found
te have S 2p signals that were similar to methionine in BE and shape.
The characteristics of a S 2p signal in a single chemical environment

were determined from the average of these four signais. " For the whole

I+

2p doublet, BE = 163.6 + 0.3 eV, FWHM = 2.2 + 0.1 eV. For the indi-
vidual 1/2, 3/2 components, BE(3/2) = 163.3 + 0.2 eV, separation =
1.03 + 0.03 eV, FWHM = 1.1 + 0.1 eV. Thus, the sulfur amino acids in
their native fohn‘had S Zp spectra that were essentially indistinguish- -

able in the Berkeley spectrometer.
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Figure 22.- Sulfur 2p spectrum (MgKoa) of methionine. Calculated

parameters: - FWIM'= 1.06+ 0.04 eV, separation = 1.06
eV, ratio = 1:1.7. Total signal has FWHM 2.1 eV and
BE 163.3 eV. Spectra of cystcine HCl, cystine, and
reduced glutathione are very similar to this onc.
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Figure 23. Sulfur 2p spectrum (MgKa) of méthionine sulfone. The two fitted
lines (FWHM = 1.37 # 0.05 eV, separation = 1.1 eV) represent 1/2
3/2 components. Total signal FWHM 2.2 eV, BE 168.1 eV. '
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Figure 24. Sulfur 2p spectrum (MgKoa) of cysteine sulfinic acid. Fitted lines
. represent S Zp doublets in various oxidation states. There is a
small signal near 164 eV that corresponds to native cysteine which
was probably formed during the experlment ’
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Figure (25a) shows the first scan, (25b) the seventh scan,
and (25c) the sum of all seven scans. Reduction of the
sulfoxide to a specie with the same BE as methionine is

evident in this sequence.
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Figure 26. Sulfur 2p spectrum (MgKa) of horse heart cytochrome c
: lyophilized from pH 1.8, pressed into a pellet, and
run at room temperature on a Pb backing.
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Figure 27.‘ Sulfur 2p spectrum (MgKa) of horse heart. cytochrome c
dried in a film on a quartz plate from a solution of
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Sulfur 2p spectra (MgKa) of horse heart cytochrome c
dried in a film onto a quartz plate from a solution of
pH 6.6. Fig. 28a shows the first scan; 28b shows the
tenth scan. SUNDER calculated (FWHM free for all three
lines) an apparent decrease of the 167 eV line with

- Tespect to the thioether line between (a) [ratio = 1:1]

and (b) [ratio = 1:4], but the noise is too high to
calculate a reliable ratio. The signal is more clear
in (¢) [sum of scans 1 - 5, FWHM free for all .three
lines] and (d) [scans 6 - 10, FWHM free, tails fixed

to be the same as (c)]. The ratio is constant at 1:2
in both spectra, but the 167 eV line in (d) can be made
smaller by choosing the appropriate tail parameter.

Figure 28e shows the sum of all ten scans with two lines
(FWHM fixed at 2.2 eV) under the thioether peak. Figure
28f is the same fit with extraneous lines deleted for
clarity. The smaller line is shifted to 164.1 eV; the
calculated ratio is 1:3.
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Sulfur 2p spectra of horse heart cytochrome ¢

(HP5950A spectrometer) dried in a film onto a :
gold platen from a solution of pH 5-6. (a) 262 min.

exposure to x-rays, {(b) 661 min. exposure to
X=rays. _
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Figure 30. Sulfur 2p spectra (MgKo) of horse heart cytochrome c

: lyophilized from pH 11.2, pressed into a pellet, and
run at room temperature. Figure 30a shows the sum of .
scans 1 - 10; 30b shows the sum of scans 11 - 29; and
30c shows the sum of all 29 scans. There appears to be
a decrease of the 167 eV line with respect to the thio-
ether line. Statistics make this claim tentative; a
ratio of 1.5:1 in both (a) and (b) would be w1th1n the
computational error.
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Figure 31. Sulfur 2p spectrum of porphyrin cytochrome c (PCC)
dried in a film onto a quartz plate from a solution
of pH 7.3.
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Table IV. Sulfur 2p BE's observed in the cytochrome experiments. BE referred to aliphatic C 1s at 285.0 eV as described
Sample forms are indicated as F . for films and P for pellets.

previously.

-227-

{FWHM are indicated in parentheses.) The four techniques used for the preparation of cytochrome samples were
described in the experimental section. A signal was obServed in the S Zp region which was due to the sample plate.
Its position is given in the last colum.

[Ratios are indicated in brackets.}

Horse Heart Cytochrome c Samples

Cyt. Sample
expt. | Prep, pH/ Sulfur 2p BE (eV) Plate
No. | Tech. | Samwle [Scans Sulfur
. *| .Form 168.0 167.0 166.0 165.0 164.0 163.0 Ratio +
No. ] ) 1 ! 1 ) || jjLine
T T T 1 1 T T ¥ N 4]
28 2 1.8/P 7 168.4 166.7 163.6 {1:1:2) 154
: 2.3
3D 2 1.5/P 9 167.5 163.2 [1:2] 152.3
2.5)
418 2 1.5/P 10 168.5 165.7 163.4 1:1:2] 153.6
. 2.5
398 3 3.0/F 9 167.5 163.5 {1:1.8] 153.5
i (1.9)
1B 1 7/P 6 166.8 163.5 [1:2] 153.5
(2.5)
428 3 7.2/F { 10 166.9 163.4 [1:3.5) 153.9
(2.9
434 4 6.6/F | 1st 167.5 163.3 (1:1.1] 153.6
3.5) (1.9)
" " " 1-5 167.2 163.5 [1:1.9] 153.4
(3.0) (2.3) :
" " " 6-10 167.2 165.4 [1:2.1] 153.3
(3.6) (z.0) .
" " " 10th 167.2 163.4 [1:4) 153.2
1.9) (2.5
" " " 1-10 167.3 163.4 [1:3] 153.3
(2.4) 2.3) -
" " " " 167.3 164.1 163.2
8A 2 11.2/P | 1-10 166.8 163.5 [1:0.44]
(2.0) 2.0)
" " " 11-29 166.9 163.7 [1:0.8}
) (3.0) (3.0)
" " " 1-29 166.9 163.7 [1:0.68]
2.5) 2.5) ’
408 3 11. 3/F 9 167.5 163.6 [1:2] 153.6
2.5
438 4 11.0/F | 10 167.1 163.5 [1:1.5) 153.3
. 2.3

(Continued)



Table IV. (Continued)

Control Samples

Sulfur 2p BE (eV) Spagptlee
Name, pH/Form Scans Sulfur
168.0 167.0 166.0 165.0 164.0 163.0 Ratio .
] 1 1 | | | | I Line
1 1 7 1 T 1 T
PCC, pH 7.3/F 8 167.1 163.6 [1:0.6] 153.4
(2.6)
Desalted MP, pH 6/F 5 167.2 164.5 163.3 [0.15:0.5:1]
. (1.3) (1.3) (1.3)
Cysteine HC1/P 2 ) 164.3 163.3
Cystine/P o3 164.3 163.3
Methionine/P 9 164.1 163.0
Reduced Gluthathione 15 164.4 163.4
Cys. Sulfinic Acid 2 167.9 166.5 164.1 [0.77:1:0.04]
LA (1.8) (1.8) Co
" Cysteic Acid/F 2 168.8 167.8 [0.6:1]
e . (1.3) _
Met. Sulfone/F 3 168.8 167.8 ' [0.6:1]
(1.4)
Met Sulfoxide/P Ist 167.2 166.0 [0.25:1]
: (2.2 fixed)
" 7th 167.9 166.0 ' 163.6 [0.7:1:1.3]
. (1.9)
" 1-7 167.6 166.0 163.6 -~ [0.5:1:0.4]
(1.8)
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On the basis of these results, it is reasonable to assign the
peak at 163.5 £ 0.3 eV in the cytochrome,:PCC, and'MP_spectra to
thioether sulfuf in itS native form.

A definite assignment Qf the peak'at 153 eV has not been made.

:
i

It has several characteristics:

(1) it appears in the blank runs on both aluminum and quartz
sample plates; '

(2) its position corresponds closely to the silicon 2s signal;

(3) its position bears no relatlonshlp to any maJor photoelectron
 or Auger signals in aluminum;

(4)‘ it appears with both aluminum and magnesium x-ray anodes;

(5) it appears in all the cytochrome (including PCC) spectra
from both pellets on aluminum and on quartz plates;

(6) its position does not correspond to any major photoelectron or
- Auger lines in the cytochrome c.samples, 1nc1ud1ng reagents

used for pH adgustment,

(7) it appears in the spectra of cysteic acid and methionine
sulfoxides, which were the poorest quality films in the
series of experiments.

(1), (2), and (7) indicate that when this signal appears, it -
originates from the sample plate or some other factor in the experi-
mental geometry. (3), (5), and (6) suggest the possibility that it

may be characteristic of the cytochrome; although, this possibility
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seems unlikely in view of (7). This peak has, therefore, been as-

signed to the sample plate, but its origin is ambiguous.

There is also a peak at 167 eV which appears consistently in the

cytochrome spectra with the following characteristics:

(1)
(i1)

(iii)
(iv)
(v)
(vi)

(vii)

it has the same BE as SO, (Ref. 1);

it occurs among the BE's' for the various forms of oxidized

sulfur amino acids;
it appears in all the cytochrome spectra;
it is very intense in the spectrum of PCC;

it appears with additional peaks in the region of oxi-
dized sulfur amino acids in the spectra of cytochrome

prepared at pH 1.5;

it appears with only minimal intensity in the spectrum
of MP; | |
it does not appear at all in the spectra of the sulfur

amino acids in their native form.

Since sulfate salts are commonly used to pfecipitate proteins,

observation (i) immediately raised the suspicion that‘tightly bound

sulfate remained with the protein even after dialysis. This possi-

bility could be eliminated on the basis of the total sulfur analysis

given in Table II. It was found that the maximum sulfate impurity

was one SOZ per three cytochrome molecules after dialysis. Therefore,

sulfate impurities cannot possibly'account for the size of the 167 eV

peak.
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There are several pieces of evidence that are consistent with
assigning the 167 eV peak to partially oxidized sulfur amino acids,

particularly methionine sulfoxide; of yét undetermined origin. Fore-
[ .

most is the fact that the second largest 167 eV peak is observed in

§

the spectrum of PCC (Fig. 31) which is at 1eést 99% iron free. The

immediate conclusion is that iron-sulfur binding cannot be the only
possible source of this 167 eV peak; there must be at least one more.
It is essential to note that the amino acid analysis of PCC (Table I)

showed only traces of methionine, but correspondingly large amounts

- of methionine sulfoxide, even in the deoxygenated sample.

The oxidized sulfur amino acids have S Zp BE's above and below
167.2 eV (observation ii). The only form with a peak right at 167.2 |
is methioniﬁe sulfoxide:(Fig; 25a). |

‘Finally, there are some cytochrome samples that show additional

structure beyond 167 eV (observation v, Fig. 26). This structure

_was evident in two of the three pH 1 -2 samples; it was not observed

in'samples from pH 3 or higher. The additional structure appearé
to céincide with the BE's obserQed for the higher oxidation states
of the sulfur amino acids, but thé noise level preventsva specific
identification." The heme iron oxidizes spontaneously to Fe(IIIj
under aercbic conditions at this extreme PH (see cytochrome prepara-
tion #2 in the experimental section); the implicatioh here is that
the sulfur amino acids are oxidized also. |
Therefore, the exisfence of an intense 167'éV peak in the iron-

free PCC and the correspondence of the 167 eV peak plus additional
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structure to the BE's of oxidized sulfur amino acids suggest that
this signal is due to oxidized sulfur. In pariicular, sulfoxides are
suspected. 7 |
If, in fact, sulquides arevresponsible for the 167 eV peak,'then

~ the 167 eV signal should behave like the.methiOﬁine sulfoxide signal.
It can be seen from Fig. 25 that the methionine sulfoxide signal shows
evidence of chemical reduction during an experimeﬂt. The first{scan,.
Fig. 25a shows only two 1iﬁes at 166.0 and 167.2 eV (FWHM's fixéd at 
2.2 eV). In the seventh scan, Fig. 25b, énother peak has evolved at
163.6 eV which_cbyresponds to the area lost by the 166.0 eV line. The
methionine sulfoxide was evidently reduced to a specie resembling
methionine,,probablyvbecause of the electron flux impinging on the
sample from the x-ray tube window.

It is not clear whether or not the cytochrome c spectra éhow the
samé reduction that was observed in Fig. 25. Fig. 30 shows the S 2p
spectrum of a pellet of cytochrome c lyophilized from pH 11.2. Fig.-u
30a shows the sum of scans 1 - 10; 30b shows scans 11 - 29. SUNDER |
was used to fit two lines to both sets of data. The calculated ratio
of the 167 eV line to the thioether line was found to be (2.2 + 0.8):1
in the first two scans, but in scans 11 -.29 the ratio dropped to :

(1.3 £0.2):1. The 167 eV line diminished with respect to the thio-
ether line over»the course of the'expériment.' However, the spectral
‘noise and resulting computationai errors afe so large that‘the ratio

may be constant within experimental error at about 1.5:1.
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‘A similar situation was observed with the film of pH 6.6 cyto-
chrome c. The 167 eV line seems.to decreaSe with respect to the
thioether line between the f1rst and tenth scans (Fig. 28a,b), but
the noise prevents a quantltatlve determination. In fact, the ratio
of the 167 eV line to the thioether line is constant at (0;50 + 0.03):1
in Fig. 28c d where scans 1 - 5 and 6 - 10 of the same pH 6.6 film |
are shown. (The comparison of these area ratios is actually somewhat
artificial. These ratios can be adjusted up or down by an appropriate
choice of the tail parameters ip SUNDER. For consistency, the tail
tparameters in Fig. 28d were fixed to be the same as in 28c.)

Fig. 29a,b show the first and eighth scans from the HP 5950A
spectrometer of apH 5 -6 film of cytochrome c. There is some
- . structure in the first sean (293) between 167 - 168 eV which appears
flettened’in the eighth ecan (29b), but the structure 1is essentially '
indistinguishable from the noise. |

If it is to be claimed that methionine sulfoxide contributes to
the peak at 167 eV, then this peak should Behave like methionine
sulfexide during an experiment. In fact, there is no cytOChrbme
_spectrum'with a 167ieV peak that clearly shows reduction like Fig. 25.
Therefore, the‘aseignment'of methionine sulfoxide to the 167'eV peak .
must remain tentative. |
- There are two minor points regarding Fig. 25. First, the two
lines in 25a have not been.assigned. The larger line at 166.0 eV

presumably represents sulfoxide. Therefore, the 167 eV line must
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represent some higher oxidation étate which is presentvés‘an impurity.-
When the term "sulfoxide' is applied to the 167 eV signal in cytochrome c,
it must be understood to include all the intermediate sulfur oxidation
stateﬁ between sulfide and sulfone. Second, the 166 eV line positioﬁ
is stable, but the 167.2 €V line shifts to 167.9 eV in the seventh
scan, this shift may be a spurious result of a.SUNDER fit, or it may
indicate that dispfoportionation is taking place instead of simple
reduction.

There are also reasons to»beligﬁe.that iron—sﬁlfur»bonding_con—
, tributes to the 167 eV peak,. At neutral pH, the sulfur of methionine
80 is supposed to be boﬁnd to the iron.(Fig. 1). - Films of pH 6.6
cytochrome ¢ showed an optical absorption at 695 nm; thérefore, it is
known that at least some of the iron-sulfur bonds in the filmvare
intact, and an apﬁrbpriate chemical shift is expected. If the sulfur
_bound to the iron is assigned to the 167 eV peak, a 4 eV shift from
the thioether peak is implied. However, 4 - 5 eV shifts have alrea&y
been observéd in the binding of sqlfur to c:opper‘iﬁplas.’corcyamine;‘54
so a 4 eV shift for sulfur bound_tb iron is nof unreasonable. Finally,
a peak ratio of 1:3 is expected if oné methionine out of four_sulfﬁr
amino acids bindsvto the iron. = A ratio of 1:2 was observed in the
spectra of pH 6.6 cytbéhrome c in Fig. 28c,d. This. ratio is reasonably
close to the expected ratio, and unlike methionine sulfoxide, the
ratio is apparently stable. So, some sulfur is known to be bound

to iron (Fig. 20), and the 167 eV peak has a ratio and separation
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with respect to fhe thioether peak that can be'rationalized in terms
of iron-sulfur bonding. |
There are, however, some arguments againét the assignment of the

167 eV peak to the iron-methionine binding. The first; of course,
is that the 167 eV peak is large in the PCC sample which is 99%_iron?
free. ,Second,.the 167 eV peak,.élso appears in acid and alkalipe pH
samples where, according to Fig. 1, the methionine'is.not bound to
the iron.. Fig. 1 is based on ﬁork in solution, while the XPS is done
on films or lyophilized pellets. To fationalize»the XPS results with
the solution work, it is necessary to postulate that the protein de-
natures in condensedfphases such that the méthionine is élways bound
to the iron regardless of pH. Finally, with isolated exceptions, iron-
sulfur model compounds have S 2p BE's i@ the range of 162 - 165 eV
(see Ref. 47, p. 179 ff); therefore, a BE of 167 eV seems somewhat
large. |

~ Still, the 695 nm optical absorption in the pH 6.6 cytochrome
films shows that some sulfur is'definitely bound to the iron,_and a.
measurable shift is expected. An alternative.to the 167 eV peak can
be found in the HP 5950A spectra of pH 5 -6 cyfochrome.c. Eight
. scans were taken in the S 2p region, the first and eighth scans are
shown in Fig. 29; There are numerous peaks thrbughout the spectré,
but all eight scans had.a feature at BE = 165.2 + 0.2 eV. That the
signal is observed in all éight scans strongly suggests that it is

real in spite of the high noise level. Itbwould obviously be premature

!
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to assign this signal to- the sulfur bound to heme iron, but it is
consistent with the S 2p BE's of iron-sulfur model compounds. There-
fore, this signal can be rationalized about as well as the 167 eV
peak in terms of iron-sulfur bondihg.

SUNDER made a similar fit to the S 2p spectrum of pH 6.6 cyto-
chrome c in the Befkeley spectrometer (Fig. ZSe,f). Fig. 28e showS 
the sum of tén scans with two lines fitted under the thioether peak.
(The FWHM's were fiied at 2.1 €V, fhe width of'a'standard S 2p doublet;j
Fig. 28f is fhe same fit as 28e with extraneous lines deleted for
clarity. The larger line stands at 163.2 eV, in agreement with the
thioether peak position the samller line was sﬁifted to 164.1 eV.

The calculated ratio was 1:3 in agreement with the model of binding
one sulfur out of four to heme iron. Again, it would be premature

to assign the 164.1 eV line to sulfur bound to iron because this fit
is not reliable. This reéult is to be regarded only as an indicator
of another possible alternative to the 167 eV peak as the S 2p signal
shifted by iron binding.

Lastly, the 167 eV peak could be a product of radiation damage.
This has been considered; and a mechanism was proposed in which the
cystihe thioether bridgesvto the heme could be oxidized as an indirect

result of photon absorption by the heme iron. There are four steps.
(1) Iron absorbs a photon which creates a 2p photohole.

(2) The iron relaxes by an Auger cascade, which leaves the iron

multiply ionized. Theoretically, the iron 2p hole state could
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acquireva charge of up to +8;51 the available Auger spectra of
iron®3 suggest that a charge of +2 or +3 over the initial atomic

charge is more reasonable.

(3) The mﬁltiply ionized iron fills its Augef holes by drawing.elec-
trons from the porphyrin ring. This process hasvalready been"

suggeSted;52 there is some experimental support for it. >

(4) The positive holes in the porphyrin migrate by mutual repulsion
to the periphery of the ring where they find a thioether bridge

and oxidize it.

'PCC was: prepared to test this ﬁechaniém; Without heme iron,.the
process couid not be initiated, and the 167 eV peak should be absent.
Instead, PCC shows a large 167 eV:peak.‘ According to this mechanism,
MP should have a large 167 eV peak; it does not. ‘Furthermore, only 1%
of the atoms in the measured layer of an organic sample absorb a photon
during a 10 hour'experiment; The'mechanism may be realistic, but the»
results would be unobservably small.

Although the mechanism fails to account for the 167 eV peak,
each step has experimental justification. It is probably one of
severai mechanisms by‘which.proteins may degrade upon high energy
photdn_absorption.

In conclusion, from the data presented here, it is pbssible‘to

interpret the 167 eV peak as: (1) the sum of contributions from
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oxidized sulfur amino acids and sulfur bound to iron; or (2) as oxi-
dized sulfur amino acids with sulfur bound to iron appearing at a
lower BE, perhaps between 164 - 165 eV. It is not possible to assign .
the 167 eV peak exc1usive1y to sulfur Bdund to iron because the second
largest 167 eV peak was observed in the 99% iron-ffee PCC sample,
and the PCC amino acid analysis showed nearly complete conversion of
methionine to its sulfoxide. |

The question of the BE of sulfur bound to heme iron in cyto-
chrome ¢ might be resolved by the use of appropriate models. A film -
of specially modified heme undecapeptide and methionine has already
been suggested. Ahother intéresting possibility involves attaching
‘methidnine and histidine to the propionic acid side chains of meso- |

55 Sulfur and imidazole ligands

porphyrin according to Warme and Hagar.
would then be available to bind the axial positions of the iron.

The final question involves the origin of the proposed_oxidized
sulfur amino acids. The amino acid analysis of dialyzed cytochrome c
(Table I) showed about 20% conversion of methionine to its sulfoxide.
It ié, therefore, unlikely that the oxidized sulfur was in the protein
from the manufacturer. (This conclusion is tentafive. Recall that
amino acid analysis can oxidize ;r reduce methionine depending on
specific conditions. See experimental section.)

The oxidized sulfuf is probably produced at acid pH during the

. preparation of the samples. All of the samples showing large 167 eV

peaks were exposed to low pH. PCC (Fig. 31) was exposed to acid during
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the HF iron removal process; a:pH 11 cytochrome pellet (Fig. 30) was
brought to pH 1.8 with HC1 and then to pH 11 with KOH. The samples
with extended structure beyond 167 éV.(Fig 26) were pellefs lyophiliZed
from pH 1 - 2. Cytochrome ¢ that was extensively dialyzed, but never
exposed to strong acid, showed only a medium size 167 eV peak (Fig. 28).
MP was in a neutral solution only long enough to pass through Sephadex
G-10 for desalting; it showed a small 167 eV signal (Fig. 32). No
oxidized sulfur was obéerved in the spectra of the native amino acids
(Fig. 22), which were pressed into pellets ‘directly from the bottle
without any exposure t6 water. The collected results suggest‘that

the sulfur oxidizes in'mihutés at pH 1 and over hours or days at

neutral pH.

Iron 3p Results

It was hoped that the heme iron core orbitals would show a chemi- .
cal shift reflecting the different ligands shbwn in Fig. 1. The Fe
3p level of cytochrome c at various pH Valueé and of desalted micro-

peroxidase (MP) were measured on the Berkeley spectrometer. The
Fe 3p and Fe 2p levels of MP (containing buffer salts) Were measured
on a HP 5950A spectrometer.6 Fe 3p and Fe 2p BE's have already been

measured in non-heme iron proteins,1’47’57 iron-sulfur model com-

'pounds,l’47’57 and porphyrin complexes.1’48’57 Metél-BE's for com-

plexes of porphyrin with several other metals have also been

repofted.48’49



-240-

Iron BE's measured in this series of experiments are shown in

Table Va,b along with BE's repofted by other workers. A typical

Fe 3p signal was found to have a FWHM of 2.8 * 0.3 eV in the Berkeley

: spéctrometer.A A typical Fe Zp signal was found to have a FWHM of

about 0.8 eV on the HP 5950A spectrometer. The spectra are shown

in Figs. 34 - 39.

The iron spectra have several characteristics:

(1)

(2)

(3)

(4

(5)

The spectra from both the Berkeley and HP 5950A spectro-
meters show evidence of reduction during the course of

an experiment.

The oxidized Fe 3p BE's in cytochrome c and MP, measured
on the Berkeley spectrometer, fall within the range of
52.0 = 0.2 eV, which is remarkably low.

The oxidized Fe 3p and Fe 2p BE's in MP, measured on the

HP 5950A spectrometer are normal; they agree with corres-
ponding BE's for non-heme iron ﬁroteins, iron-sulfur models,
and porphyrin complexes. - |

The Fe 3p signals in cytochrome c and MP, measured on the
Berkeley spectrometer, show evidence of a contribution at'.
54 - 55 eV. ‘Whenever SUNDER could fit a lineshape to this
contributioﬁ, the ratio in all cases was within (0.2 -
0.3):1.

The Fe 3p BE of cytochrome c samples prepared at various
pH values showed no measurable shift. XPS failed to dis-
tinguish the different ligand arrangements in Fig. 1.



Table Va. Fe 3p BE's observed in this work and the work of others. (Where possiblé, BE's have been adjusted from the original work to be consistent
with the C 1s reference.system used in this work.) Sample forms are indicated as F for films and P for pellets. [Ratios are indicated.
in brackets.] (FWHM are indicated in parentheses.} The four techniques used for the preparation of cytochrome samples were described in
the experimental section. :
Horse Heart Cytochrome ¢ Samples (This Work)
Cyt. Scans or
Expt. ! Prep. Sairpr*gle X-Ray Iron 3p Be (eV)
No. . Tech.| Tpom | Exposure 55.0 . . 54.0 53.0 52.0 51.0 50.0 49.0  Ratio
No. Time T | L 1 T ] Y
T T t T — T L
3E : 2 1.5/P 12 54.3 51.8 [1:3]
| (2-1/2-73)
——-7 - ( ___________________________________________________________________ —_
39B | 3 3.0/F 7 68.2 54.8 52.0 [1:5]
! ’ 2.8+ 0.4
I B e B e il
A 1 7/P 6-13 56.5? 51.1
(3.2)
B L S
" " " 13 56.57 51.3
2.7)
S
6A C 2 6.7/P 15 54.8? 52.1 - '
. (2.2) N
e B e s Rk e e e T e e e T o —— o i
42C 3 7.2/F 10 51.8 |
(3.2 £ 1.1)
_——— 4 — — = o e e - - e = L o e e e e e e e e e e e e e —— . —— e o  —m —
43A 4 6.6/F 8 54.8 52.0 [1:5]
| (3.0)°
438 4 11.0/F 8 54.6 51.8 [1:4]
- (3.0 fixed)
Desalted Microperoxidase (This Work)
! .
48B | - 5.9/F 12% hr 55.5 50.8 49.0 {0.18:0.7:1]
! (1.9 0.1)
48B - 5.9/F 7 55.4 51.5. 49.2 [0.25:0.96:1]
| (2.2) (2.8) :
Microperoxidase {(This Work, Buffer Salts, HP 5950A)
45B ‘ - 7/F 14 hr. 56.2 : 55.4 54.9 54.0 52.9 : 51.5 49.3

(Continued)



Table Va. (Continued)

Compound Ref. 55.0 54.0 53.0 52.0 51.0 50.0 49.0
Bl ! ! I I g 1 i
: il 1 L) 1 T 1 1 )

Hemin C1 1,57 55.2
_______________ r_..—’___..__...‘________.________..._._._.___._..___._____..__.-_.___________
Fe(III)C1 phthalocyanin " L. 55.4

Ferrichrome A _J v 55.9

Oxidized rubredoxin " 55.6
e e e e e e e —_
Reduced HIPIP v 54.0
-csTT T - - -=-- tT--~r-—~"—"~"""T"TT T T TSSO TTToTTETTTOTOTTITITI T AT TS -
Oxidized clostridial " 54.4

ferredoxin .
______________ 4 e L e e e el
Oxidized spinach o 4.6

ferredoxin .
_______________ | o L e o e e
K;FeFg " L58.7

Fe(CO) s " 55.0

Fe(C5H5)2 " 54.7
________________ b e e e —
FeS, " 54.0
______________ -T_-L—_——_______—____-—~__-—__—___—._—_—_‘__.__—-—___—-___——
Fe (metal) ' " 53.4




Table Vb.

Iron 2p BE's (*marks main peak)

716 715 714 713 712 711- 710 709 708 707 706 705 704 703
1 I +— } } + 4 4 ] ! 1 I ]

Compound Ref.
Microperoxidase (buffer
salts, HP 5950A)
X . (This
33 min exposure to X-rays Work)
324 min exposure "
640 min exposure "
(300 min flood gun)
holm's compound 47
(ﬂ'BuuN)z(Fez(SCHZCHzS)M) 47
Fe(SP$,NP¢,S) » 47
Fe (SP¢,NP¢0) 3 47
Fe(SP¢,NC(C,Hg)S) 3 47
Spinach ferredoxin 47
HIPIP 47
KsFe(CN) g 48
——mm oo - ——-
Ky Fe (QN) ¢+ 3H,0 48
Fe(III)Cltetra ”
phenylporphin
* Fe(II)(pip).tetra 48
phenylporphin
Fe(II)C1 protoporphyrin’ 48
Fe(II)(pip)zprotoporphyrin 48

1 I T I

716.7 - 715.3 ©712.9  711.3  710.4% 709.0. 707.4 705.6 704.4

716.3  715.4 ' 713.5 710.9% 709.2 708.2% 705.7
716.3  715.7 : 711.9 710.5* 709.1*% 707.0 ‘ 703.6
711.9  710.6* )
_ 711.3 » 708.6*
712.7 709.4*
716.7 711.8*% |

L

&
w
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Figure 34. Two fits of the same data. Iron 3p spectrum of horse heart
cytochrome c dried in a film onto a quartz plate from a solu-
tion of pH 6.6. Sum of 8 scans accumulated over 13 hr.

(a) Single line, BE ='53.2 eV, FWHM = 3.7 * 0.3 eV.

(b) Two lines, BE = 54.8 and 52.0 eV, FWHM constrained to
be same for both lines = 3.0 * 0.3 eV, ratio free to
vary = 1:5. ’



Figure 35.
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Main peak fitted with a single line, BE = 52.2 eV, FWHM
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Two fits of the same data. Iron 3p Spectfum of horse heart
cytochrome ¢ dried in a film onto a quartz plate from a solu-

(a)
(b)

Sum of seven scans accumulated over 3 hours.

FWHM constrained to be the same for both lines = 2.8 #*
0.4 eV, ratio free to vary = 1:5.
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36." Iron 3p spec¢trum of desalted microperoxidase (Fig. 5) dried

in a film onto a quartz plate from a solution of pH 5.9.
This spectrum shows the sum of 7 scans accumulated over
11 hours; thereforé, these data represent an average 51gnal

- from fresh and damaged sample
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Figure 37. Iron 3p spectrum of desalted microperoxidase (Fig. 5) dried
’ in a film onto a quartz plate from a solution of pH 5.9.
The sample was exposed to x-rays for 9 hours before this
spectrum was accumulated over 4 additional hours; there-
fore, these data emphasize the signal from a damaged sample.
The reduced iron line at 49 eV is proportionally 1arger in
this spectrum than in Flg 36.
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Figure 38, Iron. 3p snectra (HP5950P snectrometer) of micro-
' peroxidase (Fio. 5) dried in a film onto a gold nlaten
from a solution of pH 7 containing huffer salts,
(a) After 850 min, exnosure to x-ravs and.350 min,
exposure to a low enerav electron flood gun,

(b) After 1350 min, exrosure to x-rays and 350 min,
exnosure to the flood aun., The sample has apparently
been reduced bhecause the main neak shifted to lower
BE. The flood aun was not on during these measurements.
The larne reak at 64 eV is the Na 2s siagnal from the

buffer salts,
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Iron 2p spectra (HP59507 srectrometer) of micro-
peroxidase (Fia, 5) dried in a film onto a qold
platen from a solution of rH 7 containina buffer
salts., (a) First scan of 24 min, taken after 8 min.
exnosure to x-ravs., (bh) Last 24 min, scan taken after
290 min, exrosure to x-ravs. (c¢) and (d) shown on
next page. (c) Sum of twelve 24 min, scans, Total

of 315 min., exposure to x-ravs, (d) 90 min, scan with
the flood oun on (1 ma., 0 volts) after 550 min,
previous exposure to Xx-ravs and 210 min, previous
exnneure to flood aun.
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| The growth of a reduced specie is evident in Figs. 36, 37, ahd 39.
The main peak in the Fe 3p spectrum of desalted MP (Fig. 5) can be de-
éomposed into two lines (Figs. 36, 37) with BE's of 51.5 and 49 eV. A
comparison of Figs. 36 and'37 shows that the 49 eV line grows. at the
expense of the 51.5 eV line duriﬁg an experiment. The Fe 3p spectrum of
desalted MP is.shown in Fig. 36. These data were accumulated over
11-1/2 hr of exposure_tb thevphotOn and electron fluxes from the X-ray -
tube; they represent an avefage of the signaivfrdm fresh and photon/elec-
tron damaged sample. Fig. 37'§hows.similar data accumulated over the
last 4 hr of a 12-1/2 hr experiment; these data emphasizevthé signai
from a long expdéure time. The 49 eV line is proportionally iarger in
‘this spectrum than in Fig. 36. The 49 eV line is interpreted as an
experimental artifact that grows from the 51.5 eV line during exposure
to the x-ray tube. The parent 1iné_at 5175 eV is interpreted as ferric
iron because the sample films are known to contain low spin ferric iron
at the beginning of an experiment. (See discussion of dptical spectra.)
The 49 eV line is most probably iron reduced_to the ferrous state by the
electrons incident on the sample from the x;ray tube window. Similar
behavior has already been discussed with the sulfur.épectra (Fig. 25).

.The evolution of a reduced specie is more evident in Fig._39fj These
data show the first scan (39a), last scan (39b), and sum of twelve scans
(39¢) of the Fe 2p region of an MP film taken on the HP 5950A spectro-
meter. The growth 6f a peak at 708.2.eV'is easily observable. The separa-.
tion from the parent peak at 710.4 eV peak is consistent with the sebara-

tions observed in Figs. 36 and 37 (2.2 and 1.8 eV, réspectively).
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I propose that the unusually low Fe(III) 3p BE is an indication
of heme iron that lies in the plane of the porphyrin ring; the normal
BE indicates heme iron displaced above the plane of the ring; Heme iron
partially displaced from the plane of the ring probably shows an inter-
mediate BE, but_thé BE need not be linear with the displacément. Dis-
placement Qf the iron from the plane of the porphyrin has been identified

59,60

with high spin iron-porphyrin complexes, the iron atoms of low spin

59,60 Therefore, my proposal is

complexes lie in the plane of the ring.
equivalent to stating that the Fe 3p BE in heme compiexes is sensitive
to the spin state of the iron. This interpretation also imblies that,
umderVXPS experimental conditions, it is easier to transfer electrons
from porphyrin to iron in a heme complex when the iron lies in the plane
of the ring rather than when the iron is displaced.

:This interpretation assumes that the unusually low BE can be ex-
plained by extra-atomié'relaxation.58 This phenomenon refers to délocali—

zing a photohole by filling it with electrons from neighboring atoms and

molecules. The effect on BE can be described in terms of Eq. (1):

BE = E; - E; o | (1)
where Ef = energy of the final state of the photoionization process,
i.e., the total energy of an atom or molecule containing

a photohole.

E. = energy of the initial state, i.e., the total energy of an

atom or molecule before photoionization.

-

BE = binding energy of the photoéjected electron.
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The delocalization of the photohole's positiﬁe charge over neighboring
atoms leads to a reductionlof Ef, and therefore, a reduction of BE. -
It is important to emphasize that extrafatemic relaxatien reduces
BE B&'lowering the final state energy of the photohole. If BE is lowered
' 'by this effect, it dOes not imply'en unusuaily low energy for the orbitel
from which the photoelectron was ejected; Orbital energies are charac-
teristic of E;, the initial state,'and.they are not affected by extra-
atomic relaxatlon |

The iron in cytochrome c is partlcularly susceptlble to the effects

of extra-atomic relaxation because it is in the low spin state and it

lies in the plane of the porphyrin ring.3 A photohele in the iron can

be stabilized considerably by transferring an electron from the porphyrin‘

to fill the hole. Thus, the hole can be delocalized over the conjugated

n system of the porphyrin. The optical spectra of the cytochrome and de-
'salted MP films measured in this work show that these samples contained
low spin ferric iron in the porphyrin plane. Fe 2p and 3p photoholesh
could disperse over the porphyrin‘ring,‘thereby lowering the "hole"

state energy and, therefbre, the Fe 2p and 3p BE.

An analogous electron transfer and hole migration model was dis-
cussed earlier in connection witﬂ oxidation of sulfur by photon absorp-
tion at the iron. |

The higher Fe 3p BE of non-heme iron proteins reiative to cytochrome ¢
can now be understood. There is no conjugated porphyrln ring available

to delocalize photcholes and reduce the BE. |

However, Table \"% shows that many iron- porphyrln complexes also have

BE's that are hlgh compared to cytochrome c. These complexes -- hemin



-254-

chloride, chlorotetraphenylporphinatoiron(III), and chloroprotoporphyrina-
toiron(II) -- all contain high spin iron. Numerous crystal structure

59,60

determinations have shown that, in heme complexes, high spin iron

is displaced from the plane of the porphyrin. The average displacement

9 1 claim that the displacement of the iron

is 0.48 R above the plane.
hinders the éléctron transfer that allows delocalization of photoholes
over the porphyrin. Therefore, the photohoie is not stabilized, aﬁd the
observed BE is not lowered. | |

The lowest Fe ZprBE's'obServed'in Table VBvare those of bis(piperi-v'
.dine)tetrapheﬁylporphinatOiron(ID and bis(piperidine)protoporph&rinatoﬁ
iron(II). The structure of the:former compound is-known;62 it is a loﬁ
spin iron éomplex with the irdn in "the pléne of the porphin. It is as-
sumed that the samé.is trué of theilatter compound. These complexes can
stabilize Fe 2p photoholes by delocalization over théir conjugated rings; -
their Fe 2p BE's are 2 - 5 eV lower than those of the high spin iron
porphyrin complé%es that contain iron atoms displaced from their rings.
- Zeller and Héyes48léxpressed dbﬁbt about the validity of tbe Fe 2p BE
for dis(pip)protopofphyrinétoiron(II); 706.1 eV'Wgs repoyted as an ﬁpper
limit. | A ‘ | | '

The collected results from fhe'Fe 3p measurements on the Berkeley
spectfometer (Table Va) and Fe 2p measuremeﬁts from the literatdre
- (Table Vb) are completelf consistent with the proposal that the effect
of extré-atomic relaxation on BE allows one to distinguish the spin ;tate

of iron in heme cdmplexes,'or equivalently, to determine whethér the iron

~is in or Qut\of the porphyrin plane.
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In apparent contradiction to the proposalvdeveloped above, it was
found that Fe 2p and 3p BEfs of WP measured on the HP 5950A spectrometef
were ﬁigh. Desalted MP samples measured oﬁ’the Berkeley spectrometer
were fbﬁndvto contain low spin (ip plane) iron; the BE's measured on the
HP 5950A spectrometer are consistenf with high spin (out of plane) iron
and non-heme iron proteins.

~In fact, there may:be no disagreementvat éll. The following es-

- sential facts were detailed in previous sections.

(a) In a film, MP-polymerizeé such that the sixth (axial).pesition of
iron is occupied by the o amino group of a neighboring MP molecule.
The iron is bound octahedrally; it is low spin; it lies in the por-

phyrin plane.

- (b) Optical spectra proved that the desalted MP films prepared for.the
' Berkeley instrument contained low spin (in plane) ferric iron. No
optical spectra could be taken through the sample plates used in
the HP 5950A instrument. - '

(c) The MP films measured on the HP 5950A spectrometer_were‘prepared with
material taken directly from the bottle. This MP contained buffer

" salts.

(d) During the preparation of a film, salts migrate to the center while
protein forms a crust around the perimeter.

- The salt concentration in the measured region of the MP films run
on the HP 5950A spectrometer was very high. The count rate for iron in

the MP film was about equal to that of a dialyzed cytochrome c film;
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it should have been six times higher. The sodium 2s peak from the buffer
'salts dominates the FE 3p spectra in Fig. 38. |

I suggest that the iron in the MP measured on the HP 5950A spectro—'
meter is high spin and displaced from the porphyrin-plane. The small
amount of MP in the center of the sample plate did not polyﬁerize in the
presence of the high salt concentration. I believe the MP in these films
was predominantly monomericvconteining pentacoordinate,'high spin iron
with a buffer salf anion occupying the axial positioh.' Therefore, it 1is
reasonable that such filﬁs would.be‘consistent‘with ether high spin -
‘complexes. : - ,»

The spectra in Fig. 38 and the data in Table Va support this hypo-
thesis. The main peak is broad (FWHM = 4 eV) and shows considerable
| structure. It seems to refiect iron in several different- environments
adsorbed on the salt-cryetals.’ Some minor peaks in Fig. 38a have BE{s
(51.5 and 49.3 eV) that cerrespond very closely to the BE's of-low spin
(in pienej iron observed~in desalted MP on the Berkeley spectreweter.
(See Table Va.) This-result suggests that only a small portion‘of the
MP in the HP,SQSOA spectrometer precipitated in fhe low spiﬁ form.  (Of
course, the minor peaks in 38a.may be Spectrel noise,\and the corres-
pondence of BE's may be fortuitous.) | ‘

It has been shown that all of the cytochrome and MP data can be
interpreted in terms of a proposed extra-atomic relaxation model. The
model remains a proposal and not a pfoef.' More work is necessary. If

the low spin (in plane) heme iroen BE's are, in-fact, being lowered by
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the dispersion of photoholes 6ver'the conjugated porphyrin rihg; then -
the effect should be mitigated by breaking the conjugation of:the ring.
A complex of iron in thé plane of a bile pigmént should,ha&e a higher -
BE than low spin iron in heme. Also, a seriés of iron porphyrih cdmplexes
with known crystal structures59 60 must be measured to establish the
réiatibnship between the BE shift and the displacement of iron from the"
porphyrin. | |

If the proposed interpretation is correct, ;hen_one concludes thaf_.
| under XPS experimental conditions, there can be electron transfer from
porphyrin to ifon in heme complekes. The fransfer is_fayored when‘the
iron is in the porthriniplane more so than when'the iron is displaced.
On the basis of this conclusion, -one might épeéulate about fhe mechanism
-of electron transport in cytochrome c. Howéver, the extreme conditions
of .an XPS experiment (vacuum, _condensed prdfein film radiation, cbre R
holes) make an extrapolatlon to biological conditions tenuous.

In addition to the main FE 3p peak at 52 ev, there is a shoulder
in the cytochrome spectra at 54 - 55 eV; a similar signal appears as a
distinct peak in the MP spectra at 55.5 eV. A lineshape was fitted to
this signal whenever possible (Figs. 34 - 37). In all cases, the cal-
‘culated ratio of the 55 eV line t6 the 52 eV line waé observed to be
'(0.2 - 0.3):1. Within theverror of the calculation, this ratio could
be constant through all the spectra. |

It is most likely that this signal is the result of multiplet

61

splitting61 or two electron excitations. The constant ratio of the

55 eV line to the 52 eV line strongly suggests this. (The calculated -
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ratios are not reliable according to the étandards developed in Chapter
III; The apparently constant rétio observed here may be a coincidence.)

This signal can also be intefpreted as a product of radiation damage.
Optical spectra of the cytoéhrome and MP sample films after irradiation
indicated loss of conjugation in the porphyrih, and perhaps actual frag-
mentation of the ring. A.signal from an iron atom complexed to such
reduced or~fragmented.sbecies will resemble that from a non-heme iron
protein which has no conjugatéd system over which it can dispefse a
photohOle; Indeed, the BE of the 55 eV line is consistent with the non-
. heme iron proteins. ‘

The peak may alsovreflect an equilibrium of high spin (oﬁt.of-plane)
iron and low spin (in plane) ifon. This situation is not evident in the
optical spectra of the'films (n0«1afge absorptions at 620 nm).,

Finally, we recall that ferric iron was reduced to ferroﬁs iron-
during anlexperimenf (Figs. 36, 37). It might bé postulated that the
55 éV signal wés the dominant peak at the beginning of the experiment, |
and that it degraded into the 52 and 49 eV peaks with expoSﬁre to the
x-Tay tube. This scenario is not consistent with the constant ratio
between the 55 and 52 €V lines in Figs. 36 and 37.

 In conclusion, five characteristics of the iron spectra were listed

at the beginning of this 'discussion. From thése observations, it has
been. learned that chemical reduction of iron takes place during a measure-
ment. Roughly 10 hours are reduired to degrade 50% of a ferric~saﬁplé

into some uncharacterized reduced specie, probably the ferrous analogue
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of the original sample. The reducing agent is most likely the flux of

electrons from the x-ray tube window. Similar behavior was observed in

- the sulfur spectra.

These experiments showed that XPS.cannot diStinguish ligand changes
about the iron of low spin heme compounds.

It is proposed that XPS can clearly distinguish iron that is in or
out of the porphyrin plane of heme compounds. Iron displaced from the“
porphyrin plane.is identified with the high spin state, and iron in the

59,60 Therefore, it is also

“plane is identified with the low spin state.
proposed that XPS can distinguish the spin state of iron in heme complexes.
The basis of the determination is a large shift in BE which is attributed

to extra-atomic relaxation.
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VI. XPS STUDY OF THE BINDING OF RARE EARTH IONS TO ATP

3
4

A. Introduction

It has been proposed that rare earth ions can act as substitutes
for calcium ion in biological systems.l_4 Spectroscopic data rega¥ding
the binding of ca to proteins is scarce due to the lack of electronic

e . . . 1,2
transitions in convenient spectral regions.™’

Lanthanide ions, however,
‘show sharp. visible and ultraviolet absorptions, characteristic fluores-
cence, and are paramagnetic. When rare earths have been substituted for
calcium,'they may thus be able to act as spectroscopic probes of calcium
binding sites in proteins.
. L+ .
It has already been shown that, like Ca +, Nd3+ accelerates the

. . P .2 3+ : ' e '

activation of trypsinogen to trypsin.” Lu~ restores the activity of

calcium-free Bacillus subtilis a—amylase.4 The apparent ability of

vlanthanides to substitute for calcium has been attributed to the fact

~ that both calcium and fare earth ions form predominaﬁtly electrostatic
»complexes.l’z . I ; | R

| Dr.'Rémend‘Chang (a visiting professor from Williams College,

Williamstowh, Massachusetts) used phosphorus NMR to study complexeé of

rare earth ioﬁs and A.TP.13

The goal was to characterize‘raré earth
binding to biological molecules that were less complicated than enzymes.
In support of Dr. Chahg's work, a project was initiated to study

lanthanide-ATP complexes by XPS.



-267-

B.  Experimental

ATP (Sigma, lot #110C-7410, and National Biochemicals) was obtained
from commercial sources as the disodium salt and used without further
purification. AMP, adenosine-5'-monophosphate (Sigma, type III, lot

#22C-7770), NdC1 -6H20 (Alfa, lot #022272), EuCl,, and TIP, tripoly-

3>
phosphate GVaS L Sigma, lot #80C-5240) were also used without.further
purification.

An attempt was made to slowly precipitate AMP under conditions
similar to those that yielded single crystals for the x¥ray structure

2> 110 mg of AMP (Sigma, sodium salt) were dis-

_determination of AMP.
solved in 3 ml of glass distilled water, adjusted to pH 2.9 with 1 M HC1,
" and allowed to stand in a refrigerator overnight. The resulting pre-
cipitate was filtered, washed, and dried on a lyophilizer. Helena Ruben
obtained an X-ray powder pattern5 on a sample of this material using
copper Ka.radiation (35 kV, 20 mA, 8 hr exposure). For comparison, a
theoretical powder pattern was calculateds from the crystal sfructure
of AMP publlshed by Kraut and Jensen. 25 |
Other samples of AMP were lyophlllzed from solutions of pH 5.0
(HC1) and 11.3 (NaCH).
Analyses for neodymium were performed gravimetrically by preCipita-
tion of the oxalate and ignition to Nd O according to the method of |

6

Kolthoff and Elving. NdCl +6H,0 was analyzed in the form of crystals'

2
directly from the bottle and as a stock solution (10.8313 g dissolved

in 500 ml water). Crystals of NdC13-6H20 adsorb water and CO2 during
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Figure 1. The molecular structures of ATP, AMP, and TPP.

HC 4 1*7CH
\ 3' 2'
\H . H
[T
HO OH
(2) ATP 0 0 0
 adenosine-5'-triphosphate Iy 8 la
(free acid form) R=Pm—ﬁ—0—ﬁ—O—P—0f
| .
0 0 0
H H H
(b) AMP | 0
- adenosine-5'-monophosphate Il
(free acid form) R = HO—P—0—
aeld |
0]
H
(¢c) TPP | 0o 0 0
tripolyphosphate | ) Il |
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the weighing procedure; it.was necessary to extrapolate the éample weights
to zero time of atmospheric exposure.

The chloride Concentration of theNdCl3 Sfock solutiondwas determined’
by titration with dichlor'oflourescein8 and Ag+. The lavender color of
Nd3+ interfered with the end point; therefore, it was necessary to remove
the Nd3+ by precipitation witn-OXalate and analyze the supernatant for
cl . | | |

The neodymium complex of ATP was prepared as-follows. 0.9 mg of
NdC1.-6H,0 crystals and 1.5 g of ATP (approximately equimolar quantities)
were each dissolved in 15 ml of 0.3 M acetic acid, acetate buffer, pH

* solution was added dropwise to the ATP

5.0, packed in ice. The Nd
solution with censtant stifring;’the complex precipitated immediately.
Without fhe buffer, an undesirabie globular precipitateHWas obtained.
The precipitatersuspensien-was stirred for two minutes while packed in
ice. The precipitate was centrifuged and washed twice with cold water
to remove excess'buffer; In some preparatiens; the precipitate was
washed a third time witn cold water;in efhers, it was washed with ethanol
to remove water immediateiy and minimize hydrolysis of the complex. The
precipitate cake was then frozen and then dried on a lyophilizer. A
typical yield was 1.5 g-of product

The complex was analyzed for neodymium by addlng 20 ml of 1:3
HNO3 to 0.12.¢g of complex and boiling for a few minutes to dispel oxides
of nitrogen. One gram of (NH ) S0, was added, and the solution was

4°27278
boiled for 15 minutes to oxidize all organic material and destroy excess
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- persulfate. The.solﬁtion was allowed to cool and was diluted to 25 ml
with distilled water. Nd3+.was theﬁ determined spectropﬁotometrically.lq
A spectrophotometric calibration curve was prepared from several aliquots
of the NdCls stock solﬁtion described above. ATP confrols showed no
interference in the neodymium determination.

‘ Phosphate was analyzed by the method of Lowry and Lobez.ll’lz
0.5 g of NdATP complex were dissolved in 20 ml of water and 2 ml of con-.
centrated HCIO,, |
tilled water. A 1.00 ml aliquot was mixed with 18 ml of pH 4 buffer

boiled for 8 minutes, and diluted to 250 ml with dis-

(0.1 M acetic acid, 0.025 M sodium acetate) and 2.5 ml of 1% ascorbic 7
acid solution. 2.5 ml of ammonium holybdéte-solution (1 g in 100 ml of.-
0.05 N HZSO4) were added; the solution was mixed immediately and broughf.
~to a total volume of 25 ml with pH 4 buffef. The absofbance Was ﬁeasured
at 700 nm five and ten minutés after the molybdate ‘addition. Simultaneous
readings were made on standard solutions of KZHPO4 and ATP, and on céntrol

2+

samples containing known amounts of Nd~ and ATP and known amounts of

Na>Y

and adenosine.
Elemental analyses for carbon, hydrogen, nitrogen, and phosphorus
were performed by a professional analytical chemist.7

Dr. Chang prepared complexes of Eu3+ with ATP and Nd3+

with tri-
polyphosphate (TPP) by mixing equimolar solutions of the respective
reagents.

XPS samples were pressed into pellgts at 500, 1000, and 1500 p,s.i,

The measurements were made with MgKo radiation in the Berkeley iron-free

spectrometer.
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- C.  Results and,Di$CUSsion‘ '

Powder Pattern

The powder pattern of AMP (pH_S, fully protonated) was. obtained to
determine the applicability of the published-crystal structurezsvto the
samples used in fhe XPSVexpefiménts.. For'each of the most intense lines
in the calculéted5 powder pattern, it was possible to locate a corres-
ponding line of.medium or sfrong intensity in the observed pattern. How-
ever, the observed pattern showed many othér intense lines. .The\observed
pattern also had several lines in common with the powder patterns of
anhydrous and monchydrated AMP (Powder Diffraction Files, #7-702 and
v#16-993). It.seems that the powder patterh observed in this WOrk repfef
sents AMP that has precipitated in several crystalline forms. It is

evident that the structure published by Kraut andJensen25

.cannot be used
as a 'blueprint" of the AMP samples in this work, but it'reﬁains useful
as a source of qualitative ideas to aid the interpretation of the XPS
"spectra. The bond distances and angles are, of course, still useful.
Finally, it is not surprisiﬁg that the obsérved powder patterh failed to
reprodﬁce the pattérn calculated from the stfucture of Kraut and Jensen25
becaﬁse even these workers feport thatvthey were unable to réproduce‘this,
crystal fom at a later date.’® | |

Similar caution must be applied tovthe use of the published ATP

structure26 to interpret XPS spectra because this compound was also dif-

~ ficult to crystallize.
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Sample Purity

The results of the chlofide, neodymium, phosphate, and elemental
analyses are given as wéight per cents in Table I.  The gravimetric
neodymium analyses of NdC13-6H20 crystals show erratic results; these
data reflect contamination of the cr?stals by atmospheric water and COZ'
The analyses of the NdCl3 stock solution were satisfactorily reproducible.
It can also be seen that thé phosphorus.results obtained by the profes-
sional analytical'éhemist7‘agreed with the phosphate analysisvby the

1,12 The comparison is shown in Sample #1

method of Lowry and Lopez.
" of the Nd and ATP complexes.
The data in Table I have been converted into molar ratios which

3+

are shown in Table II. The Nd” and Cl concentrations in the NdC1

3
stock solution were found to be self consistent to a high degree of
accuracy. The low C/H ratio is probably due to the presence of water
of hydration. 'v ”

The results from the Nd.and ATP complexes show the éxpeCted 3:1
ratio for P/Nd and the expected 2:1 ratio for C/N. It would seem that
the preparations contain one Nd per ATP molecule. . However, the C/Nd
and C/P ratios indicate a deficiency of carbon. There appears to be
one Nd per triphosphate chaiﬁ, but it seems that some of the Nd-triphos-
phate complexes separated frbm their parent ATP molecules. The Nd-

triphosphate complex precipitated out of the solution; the adenosine

residue was left in solution and discarded with the water washings..
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Table I. Weight percentages observed for

U868

2273-

the various analyses described in the experimental section.

Observed ‘Weight Per Cent

Sample . _
: 1 Nd P C H- N
NdC13~6H20 crystals
Sample #1 41.17 * 0.03 .
#2 41.56 * 0.02
43 41.25 * 0.04
Average 41.00 * 0.02 )
NdClS' stock soln.? .
Sample #1 41.16 * 0.05
#2 41.20 * 0.06 -
#3 41.12 * 0.05
Average 41.16 + 0.03
Sample #4 | 30.60 + 0.05 '
- #5 | 30.61 * 0.05 :
Nd and ATP complexes . .
Sample #1 20.1 *.0.5 5:84 i 8:2{3 14.55 + 0.07  2.63 * 0.02 .
#2 20,0 +0.5 13.2 +0.3 17.2 +0:3 2.5 £0.1 9.8 * 0.2
#3 19.5 + 0.5  12.86  0.06 '14.52 + 0,07 "2.81 + 0.02 8.64 * 0.04

%end x 0.01 = g Nd per 50 ml stock solution.

bAverage of two values: '13.2 and 12.5 obtained by the method of Lowry and Lopez.

results obtained by Tashinian (Ref. 7).

12 Giher P, C, M, N
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Table II. Molar ratios derived from the analyses described in the
experimental section.

Nd and ATP Complexes

NAC1,
Stock :
.Soln. Sample #1 Sample #2 Sample #3
¢y Theo  3.00
M ops  3.02 £ 0.01
p Theo 3.00 3.00 3.00
Nd obs 2.97 £ 0.08 3.07 £ 0.10  3.07  0.08
c Theo 10.00 10. 00 .~ 10.00
Nd e 8.69 + 0.22 10.3 * 0.3 - 8.94 * 0.23
¢ Theo 3.33 3.33 3.33
P obs 2.92 + 0.02  3.36 + 0.10  2.91 + 0.02
¢ Theo? 0.71 0.71 0.71
B obs 0.46 + 0.01  0.58 + 0.01  0.43 + 0.01
¢ Theo 2.00 2.00 2.00
N obs — 2.05 % 0.05  1.96 * 0.01

%The theoretical C/H ratio assumes one proton on the phosphate chain

and one proton at N(1) and no water of hydration.
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Assuming this model to be correct, the maximum Nd-triphosphéte impurity
is 7%. This is a low level impurity in fhe.Befkeley-iron—free spettro-
meter. |
_ The structure of the Nd and ATP compléx:is not determined by these
data: It can only be said that:the'samplevis 93 - 100% pure as a 1:1
'compléx of Nd and ATP, based on atomic ratios. | | |

- The rarevearth complexes of ATP were soluble at alkaline pH. Dr.
Chang made phosphorus NMR measurements ‘on the dissblved complexes. His.
résﬁltsl3 indicated that the rare earth coordinated fo’the o and y phos-
phate groups of ATP. In these Solutions, a chloride or hydroxy counterion
waé required to bélance the chafge on the - -formally tripbsitive mefal.

By analogy to the solution results; the Nd and ATP complexes pre?

cipitated from pH 5 in this work éfe written as Nd(ATP)Cl;'althoﬁgh, the
bpresence of chloride was never confinﬁed by analysié; Chloride was as-
.sumed in this case because the complex was prepared with'NdCIS: Simiiarly;.

complexes of Eu and ATP are written as Eu(ATP)Cl.

Carbon 1s and Nitrdgen 1s Results

The interpretation of carbon 1s and nitrogen 1s Binding energies
iﬁ nuclei acid bases has-been controversial since.1970. CNDO'caléulé—
‘tions on these molecules have been possibie for several years. Their
bioldgical significance has made them the subject of intense computa-

14-20

tional effort. Barber and Clarkls.reported a linear relationship

between calculated orbital energies and measured C 1s and N 1s BE's in
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adenine, cytosine, and thymine. A linear relationship between measured
BE and calculated atomic charge was réported to be valid for C 1s BE's,
but not for N 1s BE's; van der Avoirdlé'reported that a linear relation-
ship between charge and N 1s BE was-possible if Madelung potentials were
considered. Brundle21 has suggested that the poor resolution in C 1s |
spectra of nucleic acid bases cannot support the detailed interpretations

18,20 1 ave emphasized that final -

of Barber and Clark. Further calculations
‘state effects, such as charge redistribution; have as much effect on C 1s
and N 1s BE as initial state effects,.such as atomic charge.

The data obtained here have not been able to resolve the ambiguods
interpretation of C 1s and N 1s spectra. The C 1s spectrum of ATP (Fig. 1)
is shown in Fig. 2a. There are only two resolved peaks; all the other .
ATP, AMP, and metal(ATP)Cl C 1ls spectra shéw the same genefal character-
istics as Fig. Z2a.

There are organic vapors in the spectrometer vacuum that condense
on the surface.of the sample. .The C 1s BE of this contaminant layer cor-
responds ﬁo aliphatic and aromatic carbon (See Chap. 4, especially Fig. 3),
which has the lowest BE of all biologically relevant forms of carbon.

All the carbon atoms in ATP are bbund to one or two electronegative atoms.
All these carbons should have.ls BE's greater.than that of aliphatic/aro-

22,23,2% merefore, the higher BE peak in Fig. 2a has been

matic carbon.
assigned to the Carbbn in ATP while the lower BE peak has been assigned
to the contaminant layer and any low BE C\ls signals from the ATP.

The C 1s spectrum of AMP (Fig. 2b) generally reproduces the shape

of the ATP spectrum (Fig. 2a). The C 1s spectrum of Nd(ATP)Cl (Fig. 2c)
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Figure 2. Carbon 1s spectra of: (a) ATP in the free acid form, (b) AMP
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shows a reversal in the ratio of the two C 1s peaks relative to ATP. It
is possible that this is due to the Nd3+ ion upsetting the hydrogen bonding

6 ATP lattice. It is more likely that this ratio:

in the tightly packed2
represents the variable amounts of organic vapors that condense on the
sample surface. |

There are basically three kinds of carbon in ATP: carbon singly
bound to oxygen (all five carbons in the ribose ring), and carbon bound"
to dne or two nitrogens (the five carbons in the adenine system). Data

22,24 pyrrole,23 and 1,2,4¥triazole24 indi-

on hydroxyl and ether carbons,
cate that these carbohs should have 1s BE's 1.1 to 1.5 eV higher than
aliphatic carbon. Ten C 1s signals so closely spaced could not possibly
be distinguished on the Berkeiey ifon—freé spectrometér; they would ap-
pear as é siﬁgle, broadened peak as observed in the‘fOrm of the higherfBE
peak in Fig. 2a. | |

Barber and Clark15

reported five C 1s BE's for adenine ranging from
284.7 eV to 287.8 eV as measured on a prototype AEI ES100 spectrometer.

It is not obvious from the published report how these workers were ablé '
to discern five peaks under a signal which probably resembled Fig. 2a; |
they did not show any spectra or describe any curve fitting procedure.-
Since organic vapbrs probably also éontaminate the vacuum of the AEI

ES100, their assignment of the.284.7 eV signal deserves more careful study.
The 287.8 eV assignment might correspond to a slight shoulder in Fig. 2a.
Generally, Brundle's criticismsz1 of Ref. 15 séem well founded.

The lack of specific assignments for the C 1s signal diminishes

its utility as an internal reference standard. The lower BE C 1ls peak
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has beeh identified with aliphatic carbon. This_peak is assigned a BE
of 285.0 eV, and it ls'used as the reference signal. This choice is
equlvalent to using the contaminant C ls 510na1 as an external reference.
It was shown in Chapter 4 that, in general this procedure is not valid.
’However, it should be_self-con51stent at least within this series of
v similar compoundé. 0 1s and N 1s-cannot serve as alternative internal
references becaase'their spectra are different among ATP, AMP, and the.»
metal complexes.) | |

It is also difficult to make a specific-assignment of the Nbls'data

15,20

because several authors "~ maintain that there is no direct relation-

ship between calculated atomic charges and N 1s BE's. However, these
objections rely, at least partially,'on the conclusions of Barber and
Clarkv15 who show no sbectra Oor curve fitting procedure.

Admlttedly, calculated charges are, at best, a qualitative gulde to
' he assignment of N 1s BE's in ATP and related compounds. Crystal struc-

‘tures of AMP2 and ATP26 show extensive hydrogen bonding,zs’26 close

packing,26 and a salt bridge25

between the protbn at N(1) and a phos-
~phate oxygen. No calculation accounfed for the salt bridge; Jordan and
.Sostmanlg considered 1nternmlecular hydrogen bondlng

Nevertheless, an ass1gnment of the N 1s spectrum of ATP (free acid
fonn) is proposed on the basis that positive atomiC’charge yields higher
N 1s BE. The data are shown.in Fig.'3. Twollines were fitted‘to the |
~data; the BE's are 401;6 eV and 399.8 eV. | |
The proposed assignment is based on the following:considerations.

25 ,26

The structures of AMP™” and ATP“" are protonated at N(1). (The prbton
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Nitrogen 1s Speétrum of ATP in the free acid form. The BE's
are (401.0 + 0.2) eV and (399.8 + 0.2) eV. The FWHM of each.

‘line is (1.37 * 0.08) eV, which is consistent with the nar-

rowest N 1s peaks observed in peptides and amino acids. The ~
ratio is 2.0:(3.0 = 0.3). Three lines fitted to these data
had FWHM's of (1.04 * 0.06) eV, which were unrealistically
narrow. The proposed assignment of the spectrum is given
above each line. (See Fig. 1.) The assignment 1is tentative;
a definitive assignment requires data from a series of sub-
stituted purines. ' '
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could not aétually be resolved in the structure of ATP.26) N(9) is ex-
pected to resemble a pyrrole nitrogen; its unshared pair of electrons
should be delocalized, leaving it with a positive charge. Therefore,
pfotonated N(i) and positive N(92 have been associated with the 401 eV

2 26 show that the amino

line in Fig. 3. The structures of AMP > and ATP
groﬁp at N(10) is unprotonafed. Unprotonéted amino groups have a BE of
400 eV (Chap. 4, Table V). Therefore, N(10) ha§ been associated with
thé 399.8 eV line, along with N(S) and N(7). This aésignment‘is con-
sistent with the observed 2:3 ratio. |

A CNDO27 program was ﬁsed to calculate charges on the nitrogen atoms.
For siﬁplicity, the ribose ring on N(9) was substituted byba methyl group.
The proton at N(1) was retained. The resulté-are given in Table III |
alohg with the results from similar‘calCulations by Jordan and Sostman.l9
- The CNDO charges can be divided roughly into one group containing N(1)
and N(9), and a second group containing N(3), N(7), and N(10). The
N(1),(9) group, which was associated with the 401 eV line in Fig. 3, has
a less ﬁegative charge than the N(3),(7),(10) group associated with the
399.8 eV line. Therefore, the proposed assignments for Fig. 3 imply a
corfelation between N.is BE and the net charge on é given nitrogen within
this particular molecule. |

A definiti&e assignment of adenosine N 1s spectra requires data
from a characterized set of substituted purines.

A three line fit of the data in Fig. 3 yielded lines with a FWHM of
1.0 eV. The fit seems unrealistic because the narrowest N 1s peak ob-

éerved in model systems had a FWHM of 1.4 eV (Chap. 4, Table V). The

"FWHM of each line in Fig. 3 was 1.4 eV.
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Table III. Calculated charges on nitrogen atoms in N(Q)-methyl '
adeninesH*. (See Fig. 1 for atomic positions.)

N(1) N(3) N(7) N(9) °NQ10)

This work, (CNDO)¢ -0.10 -0.15 -0.15 -0.06 ~-0.19
‘Ref. 19, (CNDO)® -0.13  -0.16 -0.12 -0.09 -0.21
Ref. 19, (MINDO)*  -0.74 -0.52 -0.43 -0.62 ~-0.71

4CNDO (Complete Néglect of Differential Overlap) and. MINDO
(Intermediate Neglect of Differential Overlap) refer to
techniques of semi-empirical molecular orbital calculations.
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The data from the disodium salt of ATP are shown in Fig. 4. The
BE's and area ratio in Fig. 4a égrée with the fit'of the free acid in
Fig. 3. However, the lines in Fig. 4a (FWHM = 1.7 eV) are wider than in
Fig. 3 (FWHM = 1.4 eV). A rea§onab1e three line fit of the NaszATP
data was possible with tﬁe FWHM 6f each line fixed at 1.40 eV; it is

shown in Fig. 4b. The crystal structure of NazHZATP26

. shows that each »b
‘sodium ion coordinates to three phosphate oxygens and to N(7). Presumably,
the Na-N(7) coordination gives rise to the third line in‘the NaZHZATP
“data which could not be fitted to thé frée acid ATF data. It is not
© possible to determine which of the three lines is associated with the -
Na-N(7) bonding. -

| Typical N 1s spectra of Nd(ATP)C1l are shown in Fig.fS. The results
from all the NdCKTP)Cl.experiments are summarized in Table IV. The
spectra closel& resembig those of NaZHZATP. ‘With sqmé exceptions, the
two. line fifS'tFig, Sa) presérve the 2:3 ratio observed in the ATP:F
samples, but the FWHM's are slightly wider. The fhreé\line fifs fell
into two classeé»résembiing Figs. Sb and 5c. Fig. 5c is very similar
to the_N 1s spectrum of NaszATP (Fig. 4b). Littleisignificance'can bev
associaféd_with the different area ratios between the two classes of
three line fits; -They‘may-réflect two classes of neodymium to nitrogen
coordinatioﬁ arfangements, but it is more likely that they refléct
numerical inétability in the SUNDER‘fittihg program. In fact,.it was
possible to obtain the fitlin Fig. 5c from the data points in Fig. 5b
by an appropriate choice of the tail parameter in the SUNDER program.

The average N 1s BE's for all the three line fits in the Nd(ATP)Cl and
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Figure 4. Nitrogen 1ls spectra of the disodium salt of ATP; NZHZATP.
Two fits of the same data. '

(a) Two line fit with the ratio and separation left free
to vary. BE's (+ 0.2 eV) are 401.2 eV and 399.8 eV.
Calculated ratio is 2.0:(3.2 * 0.2). The agreement
with Fig. 3 is acceptable. ‘ _

(b) Three line fit with FWHM's fixed at-1.40 eV. BE's
(+ 0.2 eV) are 401.3 eV, 400.2 eV, and 399.4 eV.
A reasonable three line fit of the free acid ATP
data in Fig. 3 was not possible. It is likely that
a three line fit was possible in these data because
of Na-N(7) coordination. (See text and Ref. 26.)
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Figure 5. Nitrogen 1ls spectra of Nd(ATP)Cl. Three fits of the
same data.

(a) Two line fit with all fitting parameters left free
- to vary. BE's (* 0.2 eV) are 401.0-and 399.7 eV.
) ' . FWHM's are (1.96 + 0.07) eV. Calculated ratio is
2.0:(3.7 £ 0.3). »

. » - (b)  Three line fit with all‘parémeters free.
(c) Three line fit with the tail parameters fixed at -

0.05." (See Chap. 3 for definition of tail parameter.)
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Table IV. Observed nitrogen 1s binding energiesd for ATP and related compounds: See Figure 1 for abbreviations

‘and structures.

The results of both fits are given in the table.

In most cases, the data were fitted once with two lines and again with three lines.

Expt Nitrogen 1s Binding Energies (eV) :
ort | Compound ' FWHM (eV) | Ratios
no- 401.0 400.0 399.0
~—- f } —+
25 | AMP, pH3 400.7 399.5 1.52 + 0.08 | 2.0:(2.7 * 0.2)
400.9 399.9  399.1 1.23 £ 0.08 | (1.2 £ 0.2):(1.5 £ 0.3):1.0 .
23A | AMP, pH §% 400.4 398.8 | 1.53 + 0.08 | 1.0:(2.6 = 0.3)%
26 | AMP, pH 11% 400.7 399.2 1.41 £ 0.07 | 1.0:(3.2  0.3)%
220 | AMP directly® 400.6 399.2 1.42 + 0.07 | 1.0:(2.3 £ 0.2)%
from bottle
16A | ATP directly 401.0 - 399.8 1.37 + 0.08 | 2.0:(3.0 + 0.3)
] from bottle 401.4 400.5 399.6 | 1:0820.06 | (0.7 £ 0.1):(0.8 2 0.1):1.1
358 | NapH,ATP 401.2 399.8 1.73  0.06 | 2.0:(3.2 £.0.2)
from bottle 401.3 400.2 399.4 1.40 fixed | (1.2 £ 0.2):(1.5 % 0.1):1.0
198 | Nd(ATPYCI? 400.9 399.4 2.02 + 0.14 | 2.0:(3.8 £ 0.9)
- 401.5 400.3 399.2 1.62 + 0.15 | (0.4°% 0.1):(0.7 + 0.2):1.0
35C | Nd(ATP)C1 401.0 399.7 1,96 +-0.07 | 2.0:(3.7 + 0.3)
401.6 400. 85 399.7 1.93 £ 0.10 | 0.2:0.4:1.0
401.4° 400.1° 399.3° 1.63 * 0.09°| (1.2 + 0.3):(1.6 + 0.4):1.0°%
36A | Nd(ATP)C2 401.0 399.6 1.92 £ 0.09 | 2.0:(3.0 +.0.2)
401.5 400.5 399.4 1.64 + 0.10 | (0.4 £ 0.1):(0.8 + 0.1):1.0
401.6° 400, 5° 399, 5° 1.59 = 0.09%| (0.4 * 0.1):(0.8 * 0.1):1.0°
37A | Nd(ATP)C1 400.2 . 2.98 + 0.10 ]
401.1 399.7 2.01 * 0.07 | 2.0:(2.8 £ 0.2) :
401.4 400.3 399.3 - 1.61  0.07 | (0.8 £ 0.1):(1.2 £ 0.1):1.0 -
401.2 400.1 399.2 { 1.78 + 0.08 | (1.0 * 0.1):(1.4 * 0.2):1
S ! s AR S L | I -
37B_ | NA(ATP)C1 400.7 399.4 - 2.04 £ 0.09 | (0.9 +0.1):1.0
401.2 400.1 399.1 1.58 + 0.10 | (0.7 # 0.1):(1.2 % 0.2):1.0
S S SR IO SRS AR
EulB | Eu(aTP)C2? 400.7 399.4 2,02 £ 0.12 | 2.0:(3.3 £ 0.4)
401.3 400.6 399.4 1.85 + 0.06 | (0.19 * 0.04):(0.57 + 0.04):1.0

“A high binding energy N 1s peak was observed in these spectra which is not included

in’ the BE scale or ratios.

vbThese samples weré prepared with unbuffered solutions of M013 and ATP. It is likely that ATP coprecipitated with
the metal complexes.

°The tail parameter in these spectra was fixed to 0.05 (see Chapter 3).

dExperimental error in the tabulated binding energies is * 0.2 eV.

-
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Eu(ATP)C1 spectra are: (401.4 * 0.2) eV, (400f4 + 0.2) eV, and (399.3) eV.

These'positions agree with those Qbserved for NaZHZATP. (Recall that

- the three line fit for the free acid of ATP was unrealistic.) As in the

two line fité, the three line fits have FWHM's (1.7 eV)'that are wider
than the FWHM's in the three line fit of NaHATP (FWHM 1.4 eV). Ap-

parenﬁly, broadening is the only detectable difference between the N 1s

- spectra of the sodium and neodymium (or europium) compounds of ATP.

- The N 1s spectra of AMP lyophilized from solutions of pH 3, 5, and
11 are shown in Fig. 6. In the pH 3 sample (Fig. 6a), the 2:3 ratio

characteristic of the ATP samples has been pfeserved within computational

error. The ratio may be slightly lower than.2:3 because of deamination
at N(10) after 12 hours of exposure to the x-ray tube. The ratio in-
creases iﬁ the higher pH samples (Figs. 6b and 6c), presumably because»
avdecreasing proportion of molecules are protonated at N(l).‘

‘ A N 1s peak at high binding energy is clearly visible in'Figs. 6b

~ and 6c; and in the N 1s spectrum of AMP directly from the bottle, which

is'hot shown. This peak was discussed in detail in Chap. 4. Its origin

‘is not known, but it appears to be enhanced by alkaline pH conditions.

(See Fig. 8c, Chapt. 4.)

The N 1s spectrum_of the free acid form of ATP was scanned 15 times
for 23 hours to determine its stability in the energy flux from the x-ray
tube. The data frém the 15 individual scans and the sum of all 15 scans
were fitted with two linés.‘ The data were rémarkablylstable. The areé
of each line fell by_abodt 25%, probably Because of deteridfation of

the x-ray anode. The area ratio (average, 2:3.1; range, 2:3.3 to 2:3.8)
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was preserved through the entire series of spectra. The FWHM (average,

1.4 eV; range, 1.89 - 1.34 éV)_and separation (average, 1.26 eV; range,

1.35 - 1.24 eV)were also stable.

)

Phosphorus 2p Results ' ' L

- A series of AMP samples were lypohilized from solutions of pH 3,

5, and 11 to characterize the BE and FWHM of an adenosine phosphate group
| 28

~ in the fully protonated, monosodium, and disodium forms, respectively.

| The P 2p signals from these samples were fitted with one line to approxi-

mate the shape of the total P 2p doublef; and with two lines to approki% ‘

- mate P 2p1/2,3/2 components. The results are summarized in Table v,

typical spectra are shown in Fig. 7. The BE's show novobvious pattern
that could be related to protonation. ' The- BE of the pH 5 sample is

abnormally low. It is unlikely that this BE reflects an unusual bonding

arrangement in the monodosium salt because the N 1s BE's of this compound

are similarly low; instead, instability in the C 1s referencing system

used in these experiments probably causes the irregulaf behavior of the
pH 5 AMP BE's. In any cése, the P 2p shift from the fully protonated
form to the disodium salt is 0.4f- 0.8 eV, which is less than half a
typical P 2p FWHM. Thisvéhift is not significant. | |

| The ATP spectra (Fig. 8) show ? 2p BE's slightly higher than fhe
AMP group, but again, the shift is small. The P 2p peaks of ATP show

FWHM's . that are equal to or less than those of the AMP group. .
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Table V. Observed phosphorus 2p binding energiesa for ATP and related compounds. See Figure 1 for

abbreviations and structures.

of both fits

are given in the table.

The data were fitted with one line and two lines; the results

Expt Phdsphorus 2p Binding Energies (eV)
.’\;g . Compound : _FHM (eV) Ratios
Ro- 134.0 133.0 132.0 . ' .
| | | ]
T 1 ! 1
25 | AMP, ph 3 133.6 1.88 * 0.06
| 134.1 133.2 1.29 # 0.04 ] 1.0:(1.1 *0.1)
e B e it e e T N —
23A | AMP, pH S s 133.0 -11.70 + 0.06
133.5 132.6 1.21 + 0.05 | 1.0:(1.3 ¢ 0.1)
26 | AMP, pH 11 133.2 1.81 + 0.08
133.8 133.0 1.30 + 0.08 | 1.0:(1.2 £ 0.2) -
22A | AMP directly - 133.5 .72 £ 0.09 :
| from bottle 133.8 132.9 .28 £ 0.05 | (1.7 + 0.3):1.0
16A | ATP directly , 133.9 11.65 + 0.12°
from bottle 134.4 133.6 1:20 + 0.11 | 1.0:(1.5 # 0.3)
35B | Na,H,ATP . 133.7 1.82 % 0.07
from bottle 134.2 133.4 1.44 & €.07 | 1:2 fixed
198 | Nd(ATP)C1 134.0 1.92 + 0.09 | .
' 134.4 133.5 1.42 + 0.10 .| (1.3 % 0.2):1.0
35¢ | Nd(ATP)C1 : 133.8 2.1 +0.2
134.2 133.3 1.64 + 0.10 | (1.3 + 0.2):1.0
36A | NA(ATP)C1 133.7 .74 £ 0.12
134.1 133.2 .30 + 0.08 | 1.0:(1.1 + 0.6)
378" | NA(ATP)C1 133.7 2.01 + 0.11 .
ﬂ 134.2 133.2 1.38 + 0.10 | (0.95 * 0.08):1.00.
22A | TPP 133.6 1.89 + 0.07 .
134.2 133.2 1.33 +£0.06 | 1.0:(1.2 £ 0.1)
134.3 133.6 132.9 1.08 + 0.06 { 1:1:1 fixed
22C | NdTPP , 133.6 2.09 * 0.09
134.1 133.2 1.50 + 0.10 | 1.0:(1.0 * 0.2)
133.8 132.8 1.68 * 0.09 | 2:1 fixed
. 134.2 133,5 132.8 1.41 + 0.10 | 1:1:1 fixed
6 e -
EulB {  Eu(ATP)C1 133.9 2.06 + 0.11

P
%xperimental error in the tabulated binding energies is +0.2 eV.
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The data from the AMP and ATP samples were averaged to yield the
shape of a P 2p peak from an adenosine phosphate gfoup. Tﬁe total‘P 2p
signal was found to have an averagé‘FWHM;of (1.76 + 0.08) éV, The nar-
rowest reasonable Plzp.FWHM appears to Be 1.6 eV. The two line fits
indicate that the P 2p1/2,3/2 éomponenfs have an‘averagé FWHM of (1.29
+ 0.08) eV and a separation of (0.9 + 0.1) eV. The calculated ratio
of tﬁe P 2p1/2,3/2 components was never 1:2 unlgss this ratio was fixed
~in a particular fit, such as in Na,HATP. | _ |

It can be seen from Table V that the P 2p BE's of NA(ATP)C1 (Fig. 9),
Eu(ATP)C1, NéSPS '
similar to those of free acid and disodium ATP. Where similar compounds

O10 (tripolyphosphate, TPP, Fig. 1), and NdTPP are all ,

were measured, the P 2p BE's observed here.are consistent with literature
values. 29732,34 | N
| Apparenfly, the P 2p BE of ATP is not sensitive to fhe.exchahge of
prbtons for sodium ions or neodymium ions. | |
Assuming that P 2p BE shifts were produced, but‘not resolved in
the spectra, SUNDER was used to fit the P 2p data of all compounds ac-
.cording to various bondihg schemes. The resﬁlts of these fits were un-
realistic or ambiguous. Three line fits consistent with three observably

non-equivalent phosphate groups were unrealistic because the calculated

linewidths were too narrow. It was often poSsible to make two line fits'
' ' 13

with the area ratio fixed at 2:1; this scheme is,Cohsisteﬁt with Chang's
interpretation that Nd3+ binds to the o and y phosphate groups of ATP

and TPP, leaving the B phosphate group unperturbed. However, two 1ine'r
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fits with the ratio left free to vary yielded ratios of 1:1. _Both kinds
of fifs were statistically equivalent. Results of such fitsvare given
in Table V with TPP and NdTPP. |

NegligiblebP 2p BE shiftseaccompahying heavy metal binding are well
documented. BléCkburn et §1.30 found no shift in complexes of Ni, Pd,
and Cd to (C6H5)3P; they interprefed this result in terms of metal to
phosphorus m backbonding. Morgan egbgl.Sl observed no P 2p shift when
mercury was bound. to the phosphoryl oxygeh of (C6H5)3P=O; this result
was atfributed to the low pelarizability of oxygen. '

. The oxygen 1s spectra of ATP and its complexes were obscured by
water ‘of hydration and atmospheric adsorption. An O 1s shiftfcerres~ ’
poﬁding to Nd binding could not' be observed. |

It is unlikely that m backbonding could explain the small P 2p shift |
in this work because lanthanide bonding fo oxfgen donor iigands‘is con-
sideredvto be eiectrostatic ratherbthan covalent.2 " Furthermore, phosphate
represents the maximum oXidatioh state of phorphorus. There are four
oxygen atoms bound to each phosphorus. Any P 2p shift to higher BE,
.representing additional electron withdrawal from phosphorus, ie expected
to be small. ‘ ‘

Finally, if the Nd-bhosphate binding is similar to the sodium-
phosphate binding, then a P 2p BE shift is not expected.' Dernall and
Birnbaum2 have already;pointed out that the chemicalbcomplexes of calcium
and the lanthanides have similar bonding;stfuetures. These cemplexes

often involve oxygen donor ligands, and the bonding is electrostatic
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rather than covalent. (See Ref. 2 and references therein.) The +3

lanthanide oxidation state stabilizes these complexes, but it does not

alter'the‘bonding structure. Thus, théyvciaim that the substitution

of lanthanide ions for calcium (or magnesium) in protein complexes

has little.effect on the protein. It is possible that these similarities

extend to the substitution of H+_or Na+ in'ATP with Nd3+ and one or th

cl éounterions; the result would be an insignificant P Z2p BE shift.
Since the énalysis of Nd(ATP)C1 showed one Nd per ATP molecule,

the replacement of two Na' ions in NéZHZATP by one Nd3+‘is expected to‘: '

33

be accompanied by some conformational change.”> XPS does not seem to.

be sensitive to any such change.

D. Conclusions

The controversylregarding the assignment of the C 1s and N 1s
spectra has not been resolved in this work. The assignments propo§ed 
here are tentative;‘a definitive assignment réquires corroborative data
fromva chéracterized series of substituted purines.

An anomalous N 1s peak at high biﬁding ehergy is clearly evident
in the AMP samples lyophilized from pH 5 and 11. - More detaiis on this
peak have béen given in Chapt. 4. |

The N 1s signal was unusually stable during 23 hours of exposure
to the unfavorable environment of the x-ray tube. .

.Finally, the substitution of Na' in Na,H,ATP with Na>" is accom-

panied by‘almost no change in the N 1s and P 2p spectra, except for some
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slight broadening. There are reésons to expect a small P 2p shift, but
the same is not true of N Is. It.is suggested that the pfinciples which
govern the substitution of lanthanides for éaléium in_proteins can Be
extended to the sqbstifution of Nd3+‘for Né+ in,the NaZHZATP'system.

In these spectra, . there is no évidence contréry to this interpretation.
However, the data cannét distinguish whether one Na' has been replaced

3 and two C1° counterions, or whether both Na' have been re-

by one Nd
piaced by Nd3+. In this latter case, a conformational change is likely.
The relevant metal BE's are sumarized in Table VI. Their spectra

~are generally broad and difficult to interpret.
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Table VI. Observed metal binding energies for complexes of ATP. See
Figure 1 for abbreviations and structures. '

Compound Level Binding Energy (eV)
Nd(ATP)C1 Nd 4p1/2 24Q + 1
Nd(ATP)C1  Nd 4p3/2 229.4 + 0.6
o " 228.9 + 0.6
- Nd(ATP)C1 Nd 4d o~ 122
Eu(ATP)C1 Eu 4ps 262 + 1
Eu(ATP)C1  Eu 4dg ), 142.3 + 0.2
Eu(ATP)C1 Eu 4d ,, 136.3 + 0.4

v
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VII. CONCLUSIONS

Some of the technical difficulties that faced XPS studies of bio-
logical systems have been mitigated, or at least, they are more clearly
characterized. An internal carbon 1ls reference system has been developed
which gives highly reproducible results in protein samples.

The radiation dose absorbed by the sample was calculated to be large,

6 rad/sec. It was reported (Chapt. IV) that solid amino acid samples

10
saturate with free radicals when 106 rads have been absorbed; therefore,
the saturation time in the Berkeley spectrometer is a second. At
this dose rate, radiation damage was found to be a problem. Iron and
sulfur spectra (Chapt. V) both showed photoreduction in the photons,
electrons, and heat emitted by the x-ray tube. However, several hours
were required to reduce 50% of the observed atoms. This half-life is
long compared to the one second saturation time. Protein carbon ls and
nitrogen 1s spectra generally preserved their shape throughout extended
experiments; the nitrogen 1ls spectrum of ATP was essentially unchanged
after 23 hours of exposure to the x-ray tube.

Given that the x-ray sources in the best commercial instruments

2. 103 times less intense than that of the Berkeley spectro-

are 10
meter; and given the long half-life of XPS signals, it seems possible
that radiation effects can be minimized by adding the data from several

samples that have been exposed for a short time.
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It has been possible to make a biologically significant interpre-
tation of the data in this dissertation only in the case where a large
BE shift was observed. In the cytochrome studies (Chapt. V) a systematic
4 eV difference was found between the Fe 3p BE's of high andblow spin
heme complexes. This shift could be interpreted in terms of charge
redistribution in the "hole'' state following photoejection. Apparently,
iron atoms in the porphyrin plane (low spin) couid delocalize the '"hole"
state charge more effectively than iron atoms out of the porphyrin plane.
Therefore, this 4 eV shift could be attributed to the effect of the final
state on BE.

In contrast, initial state effects, such as the oxidation state of
the parent atom, did not seem to cause large shifts. The extent to which
these smaller shifts will yield information in the future depends on
improved spectrometer resolution and the accumulation of a pool of data

on characterized systems.
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