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high degree of carbanion character in the reaction of
CH,[B(OCHj)sJe, then HC[B(OCHs):Js and C[B-
(OCHj)s]s, which are normally much better carbanion
sources, 4 ought to be many times more reactive
than observed.

The three-center bonded transition-state model 29
discussed earlier appears satisfactory for interpretation
of these new results. The vacant p orbital of the neigh-
boring boron could further delocalize the electron pair
from the three-center bond in transition state 41.
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Simple molecular orbital calculations suggest significant
stabilization from such delocalization. Ligand bridging
(Hg-Cl-B) may also contribute. The neighboring
mercury in ClHgCH,B(OCHj;), could provide analogous
though weaker stabilization, but the phenyl in CeH-
CH,B(OCHs); could not. Transition state 41 does not
require moving the neighboring (CH;0).B group from
its initial position, but does freeze out its rotation. In
accord with this requirement, a brief study of tempera~
ture dependence has indicated that AS* is about 10 eu
more negative for CH,[B(OCH;):]. than for CH;B-
(OCHs)s.

The somewhat lowered reactivity of C[B(OCH;):)
(compared with HC{B(OCHjs),]s) toward mercury (II) is
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consistent with the concerted displacement mechanism
and is attributed to steric hindrance. All four boron
atoms are replaced by mercuric acetate in refluxing
ethanol.4® Tetrakis(acetoxymercuri)methane (42) is

C[B(OCH;)]s + Hg(OCOCH;), —> C(HgOCOCH;),
42

soluble in aqueous acetic acid. It yields a white
hydroxide precipitate, which clearly distinguishes it
from mercurous or mercuric salts, and with stannous
chloride it forms white C(HgCl),, which is not reduced.
The bromide C(HgBr),s reacts with bromine vapor to
form carbon tetrabromide.

There is enough room around the central carbon to
pack four mercury atoms. A carbon-mercury distance
of 2.07 A% leaves 3.4 A between mercury atoms, which
exceeds the van der Waals distance by 0.1-0.3 A.%
This does not leave much space for squeezing out the
last boron simultaneously with the attack of the last
mercury. The transition-state model we have proposed
(41), with electron delocalization to neighboring mer-
cury, would permit the necessary close packing and
narrow B—C-Hg bond angle.

Most salts of C(Hgt), are extremely insoluble. The
nitrate precipitates slowly but does not redissolve in
concentrated nitric acid, as if it were an oxygen-bridged
cationic polymer. The yellow iodide, C(Hgl),, shows
some solubility in sodium iodide solutions in water or
aprotic solvents. By undermining the previous record
established in 1881 with HC(HgI);,% the 0.99, ecarbon
content of C(Hgl), sets a new low for organic chemistry.
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As far as most chemists are concerned, atomic core
electrons are as inaccessible and inert as the nucleus,
neither contributing to nor being affected by chemical
bonding. However the recent development of X-ray
photoelectron spectroscopy is rapidly changing this
view, and these ‘“forgotten electrons’” are playing an
important and growing role in chemistry. ‘

X-Ray photoelectron spectroscopy (also called
“ESCA’ and “XPS8”) is the study of the energy distri-

bution of the electrons emitted from X-ray-irradiated
compounds. In principle all electrons, from the core to
the valence levels, can be studied. In this respect the
technique differs from ultraviolet photoelectron spec-
troscopy, in which only the valence electrons can be
studied.! In this Account we describe this new tech-
nique and discuss some of its chemical applications.

(1) A. D. Baker, Accounts Chem, Res., 3, 17 (1970),
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Although the principles of X-ray photoelectron
spectroscopy have long been known and although some
early attempts were made to apply the technique in
chemistry, it remained for nuclear spectroscopists to
provide devices of sufficient resolving power for the sue-
cessful chemical application of the technique. By em-
ploying a high-resolution iron-free magnetic 8 spec-
trometer in which an X-ray tube had been installed,
Siegbahn and his associates in Uppsala produced in 1957
the first high-quality X-ray-induced photoelectron
spectra.?

The relevance of photoelectron spectroscopy to
chemical structure became evident with the discovery
by the Uppsala group of shifts in the K-shell photolines
of different compounds of the same element.? As the
result of extensive studies of these binding energy shifts
and related phenomena by a number of workers, photo-
electron spectroscopy has developed into a research tool
of wide application in chemistry and solid-state physics.
A detailed description of the method is given in a book
by Siegbahn, et al.*

Experimental Technigue

The photoelectric interaction between monoenergetic
X-rays and a solid or gaseous sample causes electrons to
be ejected with discrete kinetic energies. The observ-
able quantities in photoelectron spectroscopy are thus
the kinetic energies corresponding to discrete electron
“lines.”” Electrons that suffer energy losses in travers-
ing the sample are seen in the spectral background.

Energy conservation for the photoemission process
can be expressed by

By, = Ex + E, + Ex(i)

where E,, is the X-ray energy, Ey is the photoelectron
kinetic energy, , is a small correction for solid effects
(work function, ete.), and Eg(s) is the electron binding
energy of the 7th level. An electron energy analyzer is
used to scan the kinetic energy spectrum and to record
the Ex values of the discrete photolines. The value of
E, is either known or is assumed to be constant for a
given system. Thus binding energies En(7) can be
determined by use of the energy conservation equation.
An X-ray photoelectron spectrometer is shown, in
plan view, in Figure 1. Its essential components are:
(1) a specially constructed X-ray tube with a mag-
nesium anode that produces a beam of the Mg Ka X-
rays (1253.6 eV); (2) an apparatus for exposing solid or
gaseous samples to the X-ray beam under a variety of
conditions (cooled, heated, etc.); (3) a double-focusing
magnetic spectrometer constructed from two precision-
wound iron-free solenoids (its energy resolution can be

(2) E. Sokolowski, C. Nordling, and K. Siegbahn, Arkww Fysik,
12, 301 (1957).

(3) 8. Hagstrém, C. Nordling, and K. Sieghahn, Z. Phystk, 178,
439 (1964).

(4) K. Sieghahn, C. Nordling, A. Fahlman, R. Nordberg, K.
Hamrin, J. Hedman, G. Johansson, T. Bergmark, S.~-E. Karlsson,
I. Lindgren, and B, Lindberg, “ESCA; Atomic, Molecular and Solid
State Structure by Means of Electron Spectroscopy,’”’ Almqvist and
Wiksells, Uppsala, 1967.
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Figure 1. Plan view of Berkeley iron-free spectrometer as
adapted for X-ray photoelectron spectroscopy.

as good as 0.06%); (4) an open-window electron multi-
plier detector (such as the Bendix Channeltron) for
counting the focused electrons; (5) a flexibly program-
mable current-control and data-recording system con-
sisting of a small computer and associated electronics
with which the spectrum can be scanned automatically.

With this equipment, photoelectron line widths of
about 1.5 eV are obtained for solid sources, and 1.0 eV
for gas sources, in the kinetic energy region of interest.
With magnesium radiation, it is convenient to study K
levels of elements up to about Z = 10, L levels to about
Z = 27, M levels to about Z = 57, and N levels through
the transuranium elements.

Electron energy analyzers based on electrostatic
focusing may also be used in photoelectron spectros-
copy, and several spectrometers of this type have been
constructed.®>® A new magnetic spectrometer design
that allows the possibility of ultra-high vacuum opera-
tion has also been proposed.®

Chemical Shift

The power of the X-ray photoelectron method lies in
the fact that the measured quantity, the electron bind-
ing energy of an atom, is a function of the chemical en-
vironment of the atom. A good illustration of the
chemical structure dependence of binding energy in an
organic compound is seen in the spectrum of the carbon
1s levels in ethyl trifluoroacetate (Figure 2), recorded by
Siegbahn and coworkers.* In this molecule there are
four structurally distinguishable carbon atoms, cor-
responding to the four resolved lines that appear in the
spectrum. These large shifts in the carbon 1s level, due
to different environments, indicate that many interest-
ing studies of carbon-containing molecules should be
possible. An example of chemical shifts in an inorganic
compound is seen in the nitrogen 1s spectrum of trans-
dinitrobis(ethylenediamine)cobalt(III) nitrate, [Co-

(5) Electrostatic spectrometers for X-ray photoelectron spectros-
copy are being manufactured commercially by Hewlett-Packard
Co., MacPherson Co., and Varian Associates, among others.

(6) C.S. Fadley, C. E. Miner, and J. M. Hollander, Appl. Phys.
Lett., 15, 223 (1969).



June 1970

€/60s

F o H H

| i |
F—C—C—O—f—C-H

1 I

F H H

o

o

o
I

NET COUNTING RATE

ob- CARBON 1s Bat

1 1
190 18s eV
KINETIC ENERGY
11

1 i
eV 295 2590 289
BINBING ENERGY

Figure 2. Carbon 1s photoelectron spectrum of ethyl trifluoro-
acetate (seeref 4).

(NH,CH.CH,NH,);(INO,); INO;, shown in Figure 3.7
This substance contains three types of nitrogen atoms,
in an abundance ratio of 4:2:1, and three peaks with
approximately this intensity ratio are seen in the spec-
trum.

It was early realized that the core electron binding en-
ergy of an atom should be related to the oxidationstate
or effective charge of the atom.** One would expect
that the energy for removing an electron from an atom
would increase with increasing positive charge or de-
creasing negative charge. Indeed, when binding en-
ergies for a given element are plotted against estimated
atomic charge, this type of correlation is observed. In
making plots of this type, several methods have been
used to estimate atomic charges: (1) the Pauling
method, based on the fractional ionic character of
bonds,*® (2) the extended Hiickel molecular orbital
method,” and (3) the CNDO molecular orbital
method.”® A plot of nitrogen 1s binding energies for a
wide variety of nitrogen compounds against atomic
charges estimated by the extended Hiickel method is
given in Figure 4.

The use of X-ray photoelectron spectroscopy in
structure determination is illustrated by the nitrogen 1s
spectrum of Angeli’s salt (Na,N,O;), shown in Figure 5.
Three plausible structures previously proposed for the
anion of this salt are I-III. The spectrum, which shows

(7) D. N. Hendrickson, J. M. Hollander, and W. L. Jolly, Inorg.
Chem., 8, 2642 (1969).

(8) L. Pauling, ‘“The Nature of the Chemical Bond,” 3rd ed,
Cornell University Press, Ithaca, N. Y., 1960.

(9) J. M. Hollander, D. N. Hendrickson, and W. L. Jolly, J
Chem. Phys., 49, 3315 (1968).
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Figure 3. Nitrogen ls photoelectron spectrum of irans-dini-
trobis(ethylenediamine)cobalt(IIT) nitrate.
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the presence of structurally different nitrogen atoms,
rules out the symmetrical structure I. Molecular
orbital calculations,” combined with plots such as
Figure 4, show that the observed binding energies are
consistent only with structure I1.

The application of X-ray photoelectron spectroscopy
to the study of chemical binding is illustrated by the
study of the nitrogen ls spectra of some transition
metal nitrosyl complexes.” The binding energies for
the compound Na,[Fe(CN);NO]-2H,O, which is be-
lieved to be an Fe(1I) complex of NO*, are 398.2 eV (for
CN-) and 403.3. eV (for the NO group). The cor-
responding binding energies for K;[Cr(CN);NO]-H,0
(which has been interpreted as a Cr(I) complex of
NO+*) are 398.4 and 400.7 eV, respectively. It is clear
that the charge on the CN —ions is about the same in the
two compounds, but that the charge on the NO group
is much lower in the chromium complex (lower binding
energy). A possible explanation of this result is that
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Figure 5. Nitrogen 1s spectrum of Angeli’s salt, NasN,Os.

the chromium complex is actually a Cr(III) complex of
NO-. Support for this interpretation is found in the
fact that the chromium 3p binding energies of K;[Cr-
(CN);NO]-H;0 and K;[Cr(CN),] are identical.®
Although correlations of binding energy with atomic
charge, as discussed above, can be useful in structure
determinations and in studies of chemical bonding, it is

(10) D. N. Hendrickson, J. M. Hollander, and W. L. Jolly,
Inorg. Chem., 9, 612 (1970).
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important to realize that such correlations are only
approximate. There is no obvious reason for expecting
a close one-to-one correspondence between binding en-
ergy and atomic charge, no matter how accurately the
latter quantity is estimated. Three directions are
being followed to improve the situation. The first is
the study of simple gaseous molecules that are sus-
ceptible to rigorous theoretical calculations of binding
energy. The second is the use of only thermodynamic
data to establish correlations. The third is the com-
pletely empirical correlation of binding energies with
structural features of molecules. The latter two ap-
proaches are especially justified in the case of compli-
cated molecules and solids.

In connection with the question of correlating binding
energies with theory, it is useful to consider the dy-
namics of the photoemission process. The first step in
the process is the creation of a hole, say in the K shell,
by the interaction of the X-ray with the atomic elec-
trons. The filling of the K hole by electronic transi-
tions from outer orbitals takes a long time compared
with the time required for the photoelectron to leave the
atom. Therefore it is valid to consider the final state as
containing a K hole. (Were this not so, a single discrete
line corresponding to the K level would not in fact be
observed in the photoelectron spectrum.) The elec-
trons in other shells can respond quickly to the positive
K hole by shrinking their orbits adiabatically, a process
that is fast because no change in quantum state is in-
volved. The additional Coulomb repulsion of the
shrunken orbitals causes the kinetic energy of the out-
going electron to be greater than if the orbitals were
“frozen’” (i.e., Ep is lower). That the contribution
of electron reorganization to the binding energy is sig-
nificant has been demonstrated by the theoretical free-
atom calculations of Bagus,!! which are in much better
agreement with experiment when an adiabatic (‘“relaxed
orbitals”) approximation is used as compared with a
“frozen orbitals” approximation.

A natural question is whether electronic reorganiza-
tion effects in entire molecules are important when
chemical shifts for compounds of a single element are
considered. Such effects would manifest themselves as
structure-dependent deviations of experimental binding
energy shifts from the corresponding ‘“frozen orbital”
theoretical values. Basch and Snyder!? have made
SCF MO calculations of binding energies for a number of
small molecules with use of the “frozen orbital” ap-
proximation. Their results are given as shifts, so that
there is cancellation of purely atomic relaxation effects;
that is, the carbon 1s binding energy in various com-
pounds is compared with that in CH,, etec. Davis, ef
al.,*®* have reported experimental binding energies for
some of these molecules, and Figure 6 shows their data
(also as shifts) plotted against the theoretical values of

(11) P. 8. Bagus, Phys. Rev., 139, A619 (1965).

(12) H. Basch and L. C. Snyder, Chem. Phys. Lett., 3, 333 (1969).

(13) D. W, Davis, J. M. Hollander, D. A. Shirley, and T. D.
Thomas, Lawrence Radiation Laboratory Report UCRL-19515,
Dec 1969.



June 1970
1 1 i {
>‘7’Cf=4.
ol -
]
2 *—o :\ /
. o 02 CHF,
T 5 ° I
[~ % A
b3 (]
2 x—E——ANgo
w
< A
ok oooo a CH3F N
...
| 1 ! i
0 5 10 15 20

AE (sudden} , eV

Figure 6. Experimental chemical shifts of carbon, nitrogen, and
oxygen 1s levels plotted against theoretical values (AEsuagen) (se0
ref 12).

Basch and Snyder. Although a small, almost constant,
deviation is noted, the agreement is remarkably good
and indicates that structure-dependent reorganization
effects in the molecules represented here are small or of
the same magnitude in the various molecules.
Inasmuch as the present state of calculational work
on binding energies in molecules is rudimentary, it is
desirable to develop semiempirical methods for predict-
ing binding energy shifts. One such method, utilizing
thermodynamic data, is based on the approximation
that, when a core electron is removed from an atom in a
molecule or ion, the valence electrons relax as if the
nuclear charge of the atom had increased by one unit.!*
Thus, atomic cores that have the same charge may be con-
sidered to be chemically equivalent. The significance of
this approximation can be seen by considering the bind-
ing energies of some gaseous nitrogen compounds. The
1s binding energy of molecular nitrogen is the energy of
the process shown by eq 1. (The asterisk indicates a

Ny —» NN*+ + e~ (1)

1s electron vacancy in one of the nitrogen atoms.) Now
consider reaction 2, in which the electron-deficient core
of the N* atom is replaced by the normal core of an
oxygen atom, and for which, according to the above ap-
proximation, AF is zero.”® By adding reactions 1 and

NN#*+t + 08t —3= NO* 4 Nast (2)

2, we obtain reaction 3, for which AE should be ap-
proximately the same as that for reaction 1, 7.e., equal to
the binding energy.’® We can write similar reactions

N + Ot —3 NO+ - N#b+ 4 ¢~ 3)

for the binding energies of other nitrogen compounds;
thus for ammonia we have eq 4. The difference in the

NH; + 08+ ——> OH;* 4 Na#é+ 4 e~ 4)

(14) W. L. Jolly and D. N, Hendrickson, J. Amer. Chem. Soc., in
press.

(15) This AE is probably not exactly zero, and in fact it is un-
necessary to assume that it is zero. It is merely necessary to assume
that AE is constant for all such reactions so that it will cancel out
when energy differences (Ep shifts) are calculated,

(16) As indicated in footnote 15, the energies of reactions 3 and 4
may differ from the binding energies of N2 and NHj;, respectively,
by a constant which cancels out when the difference in these energies
is calculated.
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energies of reactions 3 and 4 is the energy of reaction 5
and should equal the shift in binding energies for N, and
NH,.®

N: + OH;* —> NO+ 4 NH, (5)

By similar arguments it can be shown that the nitro-
gen ls binding energy shifts (relative to NHg) for
CH;NH, and HCN should be equal to the energies of
reactions 6 and 7. Indeed similar chemical reactions
CHaNHg -+ OH3+ — CH30H2+ <+ NH; (6)

HCN 4 OH;* —> HCO* 4 NH, )

can be written for many other nitrogen compounds. In
Table I we have listed the experimental relative binding

Table I
Relative Core Electron Binding Energies®
Relative Chemical
binding reactn
Atomic energy, energy,
level Compd eV Ref eV Ref
N is (CH;),NH —-0.7 b -0.7 d, e
N 1s CH;NH; -0.3 b —-0.4 d, f
N 1s NHa 0 0
N is HCN 1.2 b 095 d, g
N 1s NNO 3.2 b, 13 2.6 d, h
N is N. 4.35 13 3.5 d, h
N 1s NO 5.5 b 4.4 d, h
NIS N2F4 6.8 b 6.3 d, h,i
N 1s NO, 7.3 b 6.8 d, h
Cls CH4 0 0
Cls CO 5.4 13 4.1 h,j
Cils CO; 6.8 13 6.9 h, 7
C s CF, 11,0 13 12.3 4,k
Xe 3dsy, Xe 0 0
Xe 3ds;, XeF, 2.95 ¢ 2.7 ILm
Xe 3dsy,  XeF, 55 ¢ 54 ILm
Xe 3dsy, XeOF, 7.0 ¢ 6.3 I,m
Xe 3ds/,  XeFy 7.9 c 7.8 ILm

o Experimental values and values predicted from the “Prin®
ciple of Equivalent Cores.” ? P. Finn, R. Pearson, J. M, Hol-
lander, and W. L. Jolly, unpublished data. °¢S.-E. Karlsson,
K. Siegbahn, and N, Bartlett, Lawrence Radiation Laboratory
Report UCRL-18502, Sept 1969, ¢ For OH;*, see M. A. Haney
and J. L. Franklin, J. Chem. Phys., 50, 2028 (1969); V. L.
Tal’roze, Pure Appl. Chem., 5, 455 (1962); J. L. Beauchamp and
8. E. Buttrill, J. Chem. Phys., 48, 1783 (1968). ¢ The proton
affinity of (CH;):O was estimated to be 190 keal/mol on the
basis of data given by M. 8. B. Munson, J. Amer. Chem. Soc.,
87, 2332 (1965). / For CH,OH,* see Tal'roze, footnote d.
¢ For HCO*, see H. Pritchard and A. G. Harrison, J. Chem.
Phys., 48, 2827 (1968). * For NO*, NO;*, O.*, OF,*, and O;*,
see National Standard Reference Data System, National Bureau
of Standards, Washington, D. C., NSRDS-NBS 26, June 1969.
i Calculated for the reaction NF. + OH;* — OF,* + NH,.
In view of the low dissociation energy of N.:F,, this approxima-
tion is reasonable. ¢ For NH.*, see 8. I. Vetchinkin, E. A.
Pshenicov, and N. D. Sokolov, Zh. Fiz. Khim., 33, 1269 (1959);
D. A. Johnson, “Some Thermodynamic Aspects of Inorganic
Chemistry,” Cambridge University Press, London, 1968; foot-
note 3 in D. Holtz and J. L. Beauchamp, J. Amer. Chem. Soc.,
91, 5913 (1969); and Haney and Franklin, footnote d. * For
NF.*, AH:° =~ 230 keal/mol (J. N. Wilson, private communica~
tion). ! Calculated with assumption that AH® for a species
such as CsFy* is the same as that for Cs* 4 2F. Thus the
energies are simply the atomization energies of the xenon com-
pounds.” = H, H. Claassen, “The Noble Gases,” D. C. Heath
and Co., Boston, Mass., 1966, pp 50-59.
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energies and the energies of the corresponding chemical
reactions for all the gaseous nitrogen compounds for
which data are available. Similar data are tabulated
for carbon 1s binding energies (relative to CH,) and
xenon 3d binding energies (relative to Xe). Reactions
8 and 9 are examples of the chemical reactions for two of
these compounds (i.e., CO and XeFy).

CO 4+ NH;* —>» NO* + CH, (8)
XeF; + Cst —>» CsFet 4+ Xe 9)

The data of Table I indicate that by use of the above
“principle of equivalent cores” it is possible to predict
relative core electron binding energies to =1 eV or
better.

In the case of solid compounds, it is more difficult to
write a chemical reaction having an energy equal to a
given difference in binding energy, and more approxima-
tions must be made. However the method has been
successfully applied to the correlation of binding en-
ergies for solid compounds of nitrogen, boron, carbon,
and iodine.

The principal difficulty with the application of the
“principle of equivalent cores” is that the necessary
thermodynamic data are often lacking. Therefore
there is a need for a good general method for estimating
differences in the heats of formation for pairs of iso-
electronic species. A very crude method of this type,
based on Pauling’s concept of electronegativities, has
been devised and successfully applied to the calculation
of relative carbon 1s binding energies for a wide variety
of organic compounds.¥

Tt has also been shown that the core electron binding
energy for an atom in a molecule is calculable as the sum
of parameters, p,, characteristic of the atoms or groups
directly bonded to the atom from which the electron is
ejected: En = Zp;. These parameters can be eval-
uated empirically from experimental binding energies
and used to predict unknown binding energies. "

Level Splittings

An interesting application of photoelectron spectros-
copy is the study of splittings of atomic levels that are
normally degenerate. The novel feature of these split-
tings is that they occur in inner core atomic levels that
are not accessible to study by classical techniques. The
ejection of a photoelectron from a filled shell creates a
hole in that shell, and the splittings can be thought of as
arising from the interaction of the final-state electron
hole with the electronic environment of the atom.

Two types of splitting have been observed, which may
be characterized as (1) electrostatic splitting and (2)
magnetic, or exchange, splitting.

Electrostatic Splitting. A study of heavy-element
photoemission spectra has revealed a complex structure
of photolines from 5ps,, core levels.’®  Figure 7 shows
some of the results for uranium and thorium, where

(17) W. L. Jolly, J. Amer. Chem. Soc., in press.
(18) T. Novakov and J. M. Hollander, Phys. Rev. Lett., 21, 1133
(1969).
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structure of the 5ps, lines is evident, in contrast to the
situation in d and f levels. The splitting energy ranged
from 3 to 10 eV in various compounds. These split-
tings were interpreted as arising from the differential
interaction of the internal electrostatic field with the
M = ='/;and =3/, substates of the 5ps, electron.

Splittings of the 5p., level have also been found in
linear gold(I) compounds. The splitting is about 1.8
eV for KAu(CN);, and about half that amount for
AuCN. The Au-C bond in these molecules has been
characterized in terms of s~p hybridization involving the
6s, 6p and 2s, 2p orbitals of the Au and C atoms,
respectively.

Theoretical calculations of the splitting made by
Apai, et al.,*® for the case of Au(CN),~ indicate that the
splittings cannot be fully explained by the Coulomb
interaction of the 5p electron only with the 6p electrons
of the gold atom, but that the electrons of the ligand
must be considered as well.

Exchange Splitting. A splitting in core levels of
transition-element compounds studied by photoelec-
tron spectroscopy has been predicted by Watson and
Freeman.? The splitting comes about because of the
fact that, in a system with unpaired valence electrons,
the exchange interaction affects core electrons with
spin up (o) and spin down (8) differently. Un-
restricted Hartree-Fock calculations on free atoms*
indicate that splittings of up to 12 eV can be expected.
The free atom model predicts also that the relative
intensities of the two lines are simply the statistical
weights of the two final states, Taking the example of
the emission of a core s electron from the Mn?™ ion,
which has five unpaired d electrons, the final-state spin
(J).can be 5/, &= 1/,, and the intensities of the two lines
would be expected to be in the ratio 2J + 1, or 7:5.

Recently Fadley, et al.,?2 have reported an experi-
mental confirmation of the predicted exchange splitting
in the 3s levels of the transition group compounds Mnks,
MnO, and FeF;. A portion of one of their spectra is
shown in Figure 8. The observed splitting (~6 eV) is
about one-half that predicted on the free atom model.
In the case of MnT; good agreement is obtained if the
model is extended to take into account the fluorine coor-
dination in the MnFe*~ cluster. The observed relative
intensities also differ somewhat from the free-atom pre-
dictions.

Exchange splittings have also been seen in gaseous
molecules, by Hedman, et al.,?® in Uppsala. The 1s
level of the O, molecule, which has two unpaired elec-
trons, is split, and a similar result is obtained for the N
1s level in NO, with one unpaired electron. The N,
molecule, which has no unpaired electrons, shows no

(19) G. Apai, J. M. Hollander, T. Novakov, F. Schaeffer, and
D. A. Shirley, unpublished results.

(20) R. E. Watson and A. J. Freeman, ‘“‘Hyperfine Interactions,”
A, J. Freeman and R. B. Frankel, Ed., Academic Press, New York,
N.Y, 1967, p 59.

(21) P. 8. Bagus and B. Liu, Phys. Rev., 148, 79 (1966).

(22) C. 8. Fadley, D. A, Shirley, A, J. Freeman, P. S. Bagus, and
J. V. Mallow, Phys. Rev. Lett., 23, 1397 (1969).

(23) J. Hedman, P.-F. Hedén, C. Nordling, and K. Siegbahn,
private communication.
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Figure 7. Photoelectron spectra of 4f, 5p, levels in Th, U, and UO;, showing splitting in 5ps/, level.

splitting. The observed relative intensities are in
agreement with simple statistical weight predictions.

Electronic Structure of Metals

Studies of the low binding energy region of the X-ray
photoelectronspectrum of metalscan inprinciple provide
a direct means of determining N(E), the density of
states near the Fermi level. This subject has also been
investigated extensively with ultraviolet photoelectron
spectroscopy,?* soft X-ray spectroscopy,® and ion-
neutralization spectroscopy.®

Fadley and Shirley?” have studied the spectra of
metallic iron, cobalt, nickel, copper, and platinum, and
Figure 9 shows some of their results. It can be seen
from the figure that discrepancies exist between the
X-ray and uv photoelectron results, and that the X-ray
results correspond more closely to the theoretically
calculated electron distributions. A problem with uv
photoelectron spectroscopy may be that the 21-eV

(24) C. N. Berglund and W. E. Spicer, Phys. Rev., 136, A1030,
A1044 (1964).

(25) J. R. Cuthill, A, J. McAlister, M. L. Williams, and R. E.
Watson, bid., 164, 1006 (1967).

(26) H. D. Hagstrum, tbid., 150, 495 (1966);
and G. E. Becker, 1bid., 159, 572 (1967).

(27) C. 8. Fadley and D. A. Shirley, Phys. Rev. Leit., 21, 980
(1968).

H. D, Hagstrum

radiation which has been used is not of sufficient energy
to eject the photoelectrons far enough into the contin-
uum so that the final states are free from the effects of
discrete levels lying just above the Fermi level and/or
from plasmon oscillations.

In order to produce clean metallic surfaces for the
study of N(E), Fadley and Shirley? have used a tech-
nique of heating the sample in the presence of a low
pressure of hydrogen. The surface cleanliness was
monitored by following the oxygen 1s line as well as a
core-level line of the metal. At higher temperatures the
intensity of the oxygen line decreases and the iron 3p
line narrows to a width characteristic of the metal.

Catalysis

Because of the sensitivity of the photoelectron
method to surface conditions in solids, it is likely that
useful applications will be found in the study of cataly-
sis. Identification of oxidation states present in an
activated catalyst may allow correlations with catalytic
activity and possibly optimization of catalyst per-
formance.

The thickness of surface layer that is accessible to
study depends on variable factors such as photoelectron
kinetic energy and atomic number of the material. In
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Figure 8. Portion of photoelectron spectrum of Mn and Fe
compounds, showing exchange splitting in 3s level (see ref 22).

one case involving a photoelectron kinetic energy of
~670 eV and a carbon-containing material (iodostearic
acid) it was found* that the average depth of electron
emission is less than 100 A. For lower kinetic energies
or high atomic number materials, the depth will be much
less. The sensitivity of photoemission to depth may
make possible studies of particle size because particles
whose sizes are equal to or smaller than the penetration
depth will be heavily weighted, giving an enhancement
of lines from the small particles.

Figure 10 shows some portions of the photoelectron
spectrum taken of a catalytic material, FeV,04 which
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Figure 9. Spectra showing densities of states near the Fermi
level in several metals, from X-ray (XPS) and uv (UPS) photo-
electron spectroscopy (see ref 27).
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Figure 10. X-Ray photoelectron spectrum of FeV,0, catalyst
(see ref 28), Mgradiation: (@) sample after use for dehydrogena-
tion of cyclohexene at 425°; (M) fresh sample.

was used for the dehydrogenation of cyclohexane,® It
is seen that following the chemical reaction the oxygen
lines of the catalyst shifted toward lower binding energy
(more negative), the vanadium lines shifted toward
higher binding energy (more positive), and the Fe 3p
line showed no shift. While these results are not yet
well understood, it appears that there has been some
electron transfer from vanadium to oxygen in the reac-

tion.
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