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VI. PHOTOELECTRON SPECTROSCOPY

A. Basic Principles

Photoelectron spectroscopy (PES) provides a powerful probe of the
energy level diagram of a metal complex, down to binding energies
on the order of 1000 eV (Figure VI-1).! This method compiements
the methods discussed in preceding sections in that rather than meas-
uring the energy and number of photons absorbed due to excitation
of electrons into unoccupied bound states or the continuum, PES
measures the kinetic energy (E,) and number of electrons ejected
upon photoexcitation into the continuum (referred to as photo-
emission). For a photon of fixed energy hv, the kinetic energy of the
ejected electron is given by the Einstein relation,

E, = hv — E, (VI-1)

Most research in PES is directed toward determining the binding
energies (Ep) of electrons in the energy levels of a metal complex.
Usually, the photon sources available for PES have fixed values of
hv and thus photoelectron spectroscopy is subdivided into two fields,
XPS (x-ray photoelectron spectroscopy) and UPS (ultraviolet pho-
toelectron spectroscopy), based on the type and thus energy regime
of the source used. (With the availability of continuously tunable
synchrotron radiation, this distinction is becoming less clear.)
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FIGURE VI-1 Energy level diagram and PES spectra of D,,~CuCl,~: (a) Lower lying
core and valence levels filled to the half-occupied b, level. p,,, 5., indicates spin orbit
splitting of the core level (I = 1; j = ¥, '2). (b) XPS spectrum using 1253.6 eV
source. As indicated to the right in (a), higher kinetic energy = lower binding energy.
(c) UPS spectrum using 48.4 eV source.

«—— BINDING ENERGY (eV)

In x-ray photoelectron spectroscopy? (XPS) an x-ray anode pro-
ducing photons of 1253.6 eV (MgKa) or 1486.7 eV (AlKa) is em-
ployed. These photons are of high enough energy to ionize core
electrons into the continuum. In CuCl,=, the core levels accessible
with these photon energies include Cu 2s (1099 eV), Cu 2py,3, (933,
953 eV), Cu 3s (123 eV), Cu 3py3 (77 eV), Cl 25 (270 eV), Cl
2p 1 (200, 202 eV) (Figure VI-1b). Core level photoelectron peaks
are generally observed to shift to deeper binding energy with in-
creasing oxidation state of the atom. This is known in XPS as a
chemical shift and can be used to determine the oxidation state or
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charge density on an atom in a molecule.” Considering the example
of the 3s core level in CuCl,= (Figure VI-2), reduction from Cu(II)
to Cu(l) produces a shift of ~1.5 eV to lower binding energy for
the photoelectron peak.}

The binding energy of the core peak is also sensitive to the presence
of unpaired electrons in the valence orbitals. Ejection of a photo-
electron from the Cu 3s level leaves one unpaired electron (s = 13)
which can couple with the unpaired electron (s = %) in the half-
occupied d,»_,. orbital. These spins interact through electron repul-
sion to produce a singlet and a triplet state which are split by an
amount given by the Van Vleck expression for photoemission from
a filled s level,

25 + 1

AE =51

K (D (VI-2)

where S is the spin of the ground state, / is the orbital angular
momentum of the valence shell and K(s,/) is the exchange integral.*

sateliite

v A
135 130 125 120

BE.
‘_—_

FIGURE VI-2 XPS spectrum of Cu 3s core level in D,,~Cu(II)Cl,~: Dashed line for
Cu(I)Cl2- estimated from Ref. 3a.
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Thus, this multiplet sphitting of the 3s level (which is observed® as
an unresolved broadening of the peak by ~1 eV, Figure VI-2) gives
a direct quantitative measure of the exchange interaction of a 3d
electron with the 3s core. It should be emphasized that this interaction
is also responsible for the spin polarization of core electrons which
produces the isotropic contribution to hyperfine splitting of the EPR
spectrum (see Section VII).

Finally, the XPS spectrum can also provide information which
relates to the charge—transfer transitions discussed in Section IV. In
CuCl,~, an additional peak is observed in the Cu 3s spectrum at ~7
eV to deeper binding energy than the main peak” (Figure VI-2). This
is a satellite or shake-up peak’® which corresponds to simultaneous
3s photoemission and excitation of a valence electron from the CI 3p
levels into the half occupied d,._,. orbital. While this is formally a
two-electron transition and the electric dipole moment operator can
induce only one-electron transitions, the transition becomes allowed
through configurational interaction (CI) with the one-electron 3s
photoemission peak. Thus the satellite feature is a charge-transfer
transition of the ionized complex with the appropriate symmetry for
CI mixing with the main peak. As the symmetry of this shake-up
transition will in general be different from that allowed in electronic
absorption spectroscopy, satellite structure provides a complemen-
tary low resolution probe of metal-ligand bonding.

Electrons in valence orbitals can also be studied using XPS (see
high KE part of spectrum in Figure VI-1b), however, this can be
accomplished at higher resolution (Figure VI-1c) using ultraviolet
photoelectron spectroscopy® (UPS). In UPS, photons produced by a
dc (or microwave) discharge source generally have energies below 50
eV, the most common being the Hel line at 21.2 eV and the He 1l
line at 40.8 eV. These photon energies are capable of ionizing electrons
from the valence Cu 34 and Cl 3p (and Cl 3s) levels, thus the
separation between photoelectron peaks will, in principle, probe the
same bonding interactions which were studied by electronic absorp-
tion spectroscopy in the ligand-field and charge-transfer regions as
discussed in Section III and IV. Figure VI-3 compares’ parallel UPS
and optical spectral regions for the D,,~CuCl,~ in Cs,CuCl,. Clearly,
electronic absorption spectroscopy provides much more detail in
probing the splittings of the metal and ligand orbitals due to bonding.
However, the UPS spectrum provides complementary information in
that the widths of the entire Cl 3p and Cu 3d bands are observed
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since selection rules allow ionization from all CuCl,= molecular or-
bitals. In addition, if one is interested in probing the bonding of
Cu(DCl,*~, the d'° closed shell precludes the possibility of low energy
electronic absorption transitions. However, the UPS spectrum of the
Cu(DCl,>~ complex will again provide the relative energy level or-
dering of the Cu 34 and Cl 3p levels (vide infra). Thus, x-ray ab-
sorption spectroscopy (Section V) and PES are the main spectroscopic
probes of bonding interactions in closed-shell systems.

Finally, it should be emphasized that applying different spectro-
scopic techniques to evaluate a one-electron energy level diagram,
such as the one pictured in Figure VI-1, is quite approximate. This
approach ignores differences in electron-electron repulsion and orbital
relaxation (the latter leading to deviations from Koopmans’ Theorem
in a Hartree-Fock SCF molecular orbital description) that are in-
volved in each type of spectroscopy and which depend on the lo-
calization properties of the orbitals involved in the transition.* Thus
the effective energy level diagrams derived from UPS or optical ab-
sorption spectroscopy will not necessarily be the same. Figure VI-4
compares transition state SCF-Xa-SW calculations (which take these
factors into account) for the electronic absorption and UPS specta
of D,,~CuCl,=, where the ground state of the complex 2B,(5b,) and
of the ionized complex '4,(56,) have been aligned.” While there is a
reasonable general correspondence among states, specific levels can
shift in relative energy by as much as 1.5 eV between these techniques.

Thus far the discussion has considered only the information derived
from binding energies in a photoelectron spectrum. However, the
intensity profile of a photoelectron peak as a function of input photon
energy and angular detection also provides electronic and geometric
structure information. The intensity of a photoelectron peak is de-
termined by the photoionization cross section o {E;) for ejection of
an electron with kinetic energy, E,, from the n/ subshell,

2
o (E) = 47r2aa(2)/3g(hv)[f‘l/,r \I/de:I (VI-3)

where aois the fine structure constant (=1/137), a, is the Bohr radius
(0.529 A), g is the number of degenerate subshells, and Av is the
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FIGURE VI-4 SCF-Xa-SW transition state calculations of the electronic absorption
and UPS spectra of D,,~CuCl,=. The ground state of the complex (28,(54,)) and the
ionized complex ('4,(5b,)) have been aligned.

input photon energy (in rydbergs).® The term in brackets which
governs the intensity is again the electric dipole transition moment
integral for a transition from the ground state (referred to as the
initial state ;) to the excited state (the final state, Y. In UPS, s,
includes both the ionized complex and the outgoing photoelectron.
Assuming no orbital relaxation, the integral in Eq. (VI-3) involves
only the wavefunction of the electron before (®,, bound orbital) and
after (®,, continuum function) ionization. Photoionization cross-sec-
tions are usually treated on an atomic level, where both ®; and P,
are described by spherical harmonics with separable radial functions
[initial orbital ¢, ,,.; photoelectron ¢ Eptm,)-

Considering first the angular parts of the wavefunction, the selec-
tion rules which derive from the electric dipole operator in Eq. (VI-
3) require that I' = [/ & 1. These are referred to as the channels of
photoionization where the / + 1 channel is usually the dominant
process. Hence, photoemission of an electron from a d orbital will
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produce an fstate continuum wavefunction. This in turn will produce
an angular distribution (d o /d(}) in the photoionization cross section
which can be detected through angle resolved photoelectron spec-
troscopy.'® The theoretical angular distribution for a photoelectron
emitted from a Cu 3d,. ., orbital by z polarized light with hv = 40
eV is shown!® in Figure VI-5. Knowledge of these characteristic
angular distributions (for example, in studies of chemisorbed small
molecules on single crystal surfaces) has provided geometric structure
information not available previously.'®!

In addition to angular variation, the phototonization cross-section
also changes significantly with input photon energy as determined
by the radial wavefunctions of the initial and final states.”!? As the
photon energy increases, the kinetic energy of the ejected electron
also increases. This causes the radial wavefunction of the continuum
state to change in a manner which can be qualitatively described by
its deBroglie wavelength (A,(A) = 12.3/V E,(eV)) as shown in Fig-
ure VI-6. Quantitatively, the radial wavefunction for &, must be
obtained by solving the radial Schridinger equation, which signifi-
cantly modifies the continuum wavef:nction (relative to a free elec-
tron) in the vicinity of the nucleus. There are two characteristic
features of photoionization cross sections. First, the cross-sections
do not simply decrease monotonically with increasing photon energy

FIGURE VI-5 Angular distribution of photoelectron emission from a Cu 3d,.. .
orbital: z polarized light with Av = 40 eV (taken from Ref. 10a). The three-dimensional
plot in one quadrant is shown, but the full four quadrant cross sections can be obtained
by reflection in the xz and yz planes.
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above the ionization threshold but in fact exhibit delayed maxima
which depend on the / value of the orbital from which the electron
is ejected.”!? As the / value of the orbital increases, the delayed
maximum in photoelectron intensity shifts to higher energy above
threshold and its magnitude decreases. This is caused by a repulsive
centrifugal potential in the radial Schrodinger equation which de-
pends on /' ( = / + 1) for the continuum state. This tends to keep
the radial part of the continuum wavefunction very small in the
vicinity of the initial orbital wavefunction, resulting in limited overlap
and thus low photoelectron intensity. As the E; of the photoelectron
increases, the continuum wavefunction penetrates this centrifugal
barrier resulting in better overlap with the initial orbital wavefunction
and thus greater intensity. The energy dependence of the photoion-
ization cross-section of Cu 3d and Cl 3p orbitals'® are given in Figure
VI-7. The magnitude of the Cl 3p(/ = 1) photoionization cross-
section is high near threshold, while that of Cu 3d(/ = 2) has a
delayed maximum of lower magnitude at ~50 eV above threshold.

The second important feature is illustrated in the photoionization
cross-section of Cl 3p in Figure VI-7. The intensity drops rapidly to

501
1
o 304
{(Mb) 1
10 4
]

10 100 1000

PHOTON ENERGY(eV)

FIGURE VI-7 Energy dependence of atomic photoionization cross sections of Cu 3d
and Cl 3p orbitals: Dashed lines indicate the He I, He Il and Mg Ka sources. Insert
gives high photon energy region at higher sensitivity. 1 mb = 10-'® ¢cm? (adapted
from Ref. 13).
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a value close to zero at ~50 eV and then increases with higher
photon energies. This is known as a Cooper minimum® and is due
to the node in the 3p radial wavefunction. This minimum will be
present in the photoionization cross-sections of all orbitals which
contain radial nodes (number of radial nodes = n — / — 1). As the
E, of the electron increases, its wavelength decreases and thus its
overlap with the @, changes. For ClI 3p at ~50 eV the overlap of
the continuum radial wavefunction with the 3p orbital (Figure VI-
6) is such that there is effective cancellation of contributions of
opposite sign to the electric dipole transition moment expression in
Eq. (VI-3). With further increases in Av the wavelength of the radial
wavefunction of the electron decreases and cancellation no longer
occurs. For orbitals without radial nodes, the integral cannot change
sign and thus will not exhibit this effect.

B. The Experiment

Several points concerning photoelectron spectroscopy on solids
should be mentioned. First, in contrast to photons which can pen-
etrate thousands of angstroms into a crystal, the average escape depth
of an electron is quite small and depends on its kinetic energy'* as
shown in Figure VI-8. Thus, for kinetic energies between 10 and
1000 eV this technique is very surface sensitive and provides a pow-
erful method for the study of the coordination chemistry of clean
surfaces. Alternatively, if one is interested in using PES to study bulk
properties of a solid material (in particular its electronic structure)
one must be extremely careful to preclude the possibility of surface
impurities or deviations in composition compared to that of the bulk.
Another experimental detail worth noting is that photoelectron spec-
troscopy on insulating materials can often be complicated due to
charging effects. Charging occurs because the photoelectric current
leaving the surface creates a positive charge that cannot be readily
neutralized by the bulk material. Thus PES peaks appear at deeper
binding energy and are often broadened making binding energy de-
termination difficult. To overcome this charging, a low energy flood
of electrons is directed at the insulating surface. Binding energies
must then be determined by careful referencing.

The variable photon energy photoelectron spectra of the valence
level region of Cu(I) and Cu(Il) chlorides's are given in Figure VI-
9. For Cu(I)Cl,3- in CuCl two peaks are observed, separated by ~3.5
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FIGURE VI-8 Average escape depth of an electron as a function of its kinetic energy.
(Adapted from Ref. 14.)

eV. The peak to deeper binding energy is most intense in the hv =
21.2 eV UPS spectrum. As the photon energy increases, this peak
decreases in intensity relative to the peak at lower binding energy,
reaching a minimum in the Av = 48.4 eV spectrum and then in-
creasing slowly with higher photon energy. This is just the behavior
predicted from the photoionization cross sections for Cu 3d and Cl
3p given in Figure VI-7 and allows a definitive spectral assignment
as indicated in Figure VI-9. It should be noted that UPS does not
produce resolvable photoelectron peaks from individual Cu 3d (or
Cl 3p) levels, but instead a composite band consisting of photo-
emission from all the 3d (or 3p) levels is observed.

For D,,~Cu(II)Cl,~ in Cs,CuCl,, two composite peaks again ap-
pear in the UPS spectrum. The higher binding energy peak shows
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qualitatively the same relative photon energy dependence of its pho-
toionization cross section as is observed in Cu(1)Cl,>~. However, for
Cu(INCl,= the Cu 3d and Cl 3p bands overlap significantly and the
relative intensity changes with photon energy are much less pro-
nounced. This requires significant mixing of the Cu 3d with the Cl
3p orbitals in the molecular wavefunctions of CuCl,~.

C. Comparison of Experiment and Theory

The atomic photoionization cross-sections given in Figure VI-7 can
be used in conjunction with the UPS spectra in Figure VI-9 to
estimate the covalent mixing of the 34 orbitals on the Cu with the
3p orbitals on the chlorides, averaged over the d orbitals.’® The
experimentally determined values for this mixing are given in Table
VI-1. For Cu(ICl,= the d levels are estimated to have ~65% d
character with ~35% delocalization onto the chloride ligands, con-
sistent with the higher resolution results obtained for the d,._ . orbital
from EPR spectroscopy (Section II). In Cu(I)Cl>~ the d levels have
85% Cu d orbital character.'>'® Apparently, the smaller energy dif-
ference between the Cu 3d and ClI 3p bands in Cu(II)Ci,= (Figure
VI-9) leads to a greater mixing among orbitals, as might be expected
from one electron molecular orbital theory.

These results can be compared to those obtained from SCF-Xa-
SW calculations which are also given in Table VI-1. For Cu(I)Cl,*—,
the 3d and 3p bands are calculated to the split by ~3.5 eV, leading
to an average mixing of ~15% Cl 3p character into the Cu 3d levels,
in good agreement with the UPS experiment. For Cu(1I)Cl,=, the
separation between the Cu 3d and Cl 3p levels is calculated to be
small (2 eV), producing 50% mixing of the orbitals, which is 15%
greater than that obtained from experiment. Thus, these SCF-Xa-
SW calculations produce a reasonable description of the bonding in
copper chloride complexes but with some overestimate of the cov-
alency in the case of cupric chloride.
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