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Abstract

Use of variable photon energy with polarization available from synchrotron radiation has revolutionized the use of photoelectron spec-
troscopy (PES) in the study of transition metal complexes. The intensity dependence of PES peaks allows their definite assignment,
guantitation of the covalent mixing of the metal and ligand valence orbitals over the entire valence band, and an experimental determinatior
of electronic relaxation. The last effect is the change in electronic structure with ionization, which is found to be large for transition metal
complexes. Variable energy PES (VEPES) provides a powerful method to study bonding and its change with ionization and this provides
fundamental insight into redox processes in inorganic and bioinorganic chemistry.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Photoelectron spectroscopy; Variable photon energy; Electronic structure; Electronic relaxation

1. Introduction laboratory VUV and X-ray sources. Synchrotron-based PES
thus give significant benefits by enabling variable photon
Modern photoelectron spectroscopy (PES) has been rec-energy experiments, which can allow unambiguous assign-
ognized for over three decades as a powerful spectroscopianent of the photoionization spectra.
method to elucidate the character of both inner-shell (core) When the electron is ionized there can be a large change
and outer-shell (valence) electrons in molecular species. Thein electron repulsion in the resultant ion. Its remaining elec-
photoelectric effect was discovered in 1887 by Heinrich R. tron density then redistributes to compensate for the hole
Hertz, who showed that ultraviolet light changes the voltage produced. This is electronic relaxation. The change in wave
at which various metal electrodes spark. Then, in 1905 Al- function of the relaxed final states relative to the initial state
bert Einstein, building on Max Plank’s concept that light is leads to intensity in more than one final state. This gives
guantized explained the photoelectric effect. It was postu- rise to satellite structure in the spectrum, which can then be
lated that the energy required for ejection of a photoelectron used as a direct probe of the change in electronic structure
was directly related to the binding energy of that electron upon ionization.
(i.e. by conservation of energy). The spectroscopic utility  This review first provides a description of the experimen-
of this phenomenon was only developed much later (in the tal setup for synchrotron-based PES experime®¢siion 2
1960s), when it was noted that a photoelectron spectrumas well as the methodological basis for detailed analysis of
could be generated by using high-energy photons and ac-core and valence PES spectra for transition metal complexes
curately measuring the kinetic energy of the photo gener- (Section 3. The evaluation of electronic structure through
ated electrons. The energy and intensity of the peaks in thePES is describedSection 4 with special emphasis on elec-
kinetic energy spectrum provide direct information on the tronic relaxation, a phenomenon that plays a significant role
electronic structure of the species being studied. in defining the redox properties of transition metal com-
The kinetic energy of the photoelectroBy] is directly plexes. Recent applications from the literature are chosen
related to its initial state binding energiy) through the (Section 9 to illustrate the power of synchrotron-based PES
Einstein expression of the law of conservation of energy as in elucidating the electronic structure of systems of interest
given inEq. (1.1) in inorganic and bioinorganic chemistry. From this, it should
B — ho— E 11 become clear to the reader that synchrotron-based phot_o-
k =nvU b .1 electron spectroscopy can be a powerful probe of electronic

This basic relationship directly relates the energy of peaks Structure and its change with ionization, and thus provides a
observed in a photoelectron kinetic energy spectrum with the Unique perspective in defining and understanding the phys-
binding energy of electrons in the initial molecule and thus ic@l properties and reactivity of important systems in inor-
provides a theoretical frame to correlate the PES spectrumdanic and bioinorganic chemistry.
with the molecular energy levels. The intensity of the peaks
is determined from the electric dipole transition moment that
connects the initial and final states (including the ejected
photoelectron) and the incident photo(rql{g-|r|lp,~)2). Con-
ventional high intensity sources used for PES (i.e. ultra high 2. Experiment and instrumentation
vacuum discharge tubes and X-ray anodes) provide discrete
incident photon energies at high resolution but cannot be As described above, the photoelectric effect is key in pho-
used to probe the photon energy dependence of PES spectrdoelectron spectroscopy and the PES experiment involves the
These sources are therefore limited in their ability to extract measurement of the kinetic energy of the electron ejected
detailed information from the photoionization cross-section due to incident radiation. The ionization energy, intensity
(vide supra) of PES spectra. By contrast, synchrotron radi- as a function of photon energy and angular distribution of
ation sources are completely tunable over a large range ofthe emitted electrons are evaluated to obtain insight into the
photon energies and surpass the intensity of conventionalelectronic structure of molecules.
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2.1. Synchrotron radiation for photoelectron Q i
t y P Low Grazing /9(1 AN Fﬂqcussmg
Spectroscopy Monochromator 7,7 "~ N\ Exit rror
/// // \\\\\\Bea
Traditionally, the two most common sources of radiation g‘zgg‘cmr ------- P ¥
used in photoelectron spectroscopy have been vacuum ul- . Sy
. . . . rom 1
traviolet radiation (ultraviolet photoelectron spectroscopy, Spear M1() “M4(0)g 0 51(0)
UPS) and X-rays (X-ray photoelectron spectroscopy, XPS) 1 1

[1-6]. VUV radiation is primarily for the valence electrons
and is characterized by high resolutior(Q.01 eV), which
even resolve vibrational structures in the PES specf{ijm
The source is usually the He(l) resonance [#ieat 21.2 eV tween the beam line and the ring in the event of equipment
or the He(ll) line[8] at 40.8eV. They are generated by the failure or experimental error at the beamline or for beam
discharge through helium gas. With X-rays it is possible to line maintenance. Monochromators and reflection mirrors
study both core and valence electrons, although the resolu-are set up in the beam line according to the purpose and
tion for X-rays is low (0.5 eV). The two most widely used ~ characteristics of the radiation to be used in an experiment.
sources are Mg K and Al Ka radiation generated in an Specialized monochromators are available for each of the
X-ray anode with energies of 1253.6 and 1486.6 eV, respec-VUV and X-ray regions of the spectrum. Monochromators
tively. These traditional sources provide high intensity but forthe UV region use gratings. Normal incidence monochro-
only at certain characteristic energies. mators[11] are used for lower photon energies and grazing

The evolution of synchrotron-based sources has bridgedincidenceg12,13]for higher energies. The grazing-incidence
the gap between the low-energy (VUV) and high-energy grating type “grasshopper” monochromator designed by F.C.
(X-ray) regions and provided new opportunities for Brown and collaborators at the Stanford Synchrotron Radi-
high-energy spectroscopy. Synchrotron radiation is the ation Laboratory12,14]is shown inFig. 1 It uses a com-
continuum of radiation{600 to~4 A) produced by accel-  bination of a spherical platinum coated quartz mirror (M),
erating free electrons in a magnetic field. Synchrotron radi- an entrance slit (S1), a gold grating (G) and an exit slit (S2)
ation has a number of characteristic properties that make itto provide monochromatic radiation from 32 to 1200eV.
quite a unique tool for PES experimeri€s10] over earlier Monochromators for the X-ray region use diffraction from
sources such as gas discharges or X-ray anodes. Tunabilcrystals like Si, Ge, graphite, alumina, quartz etc. These
ity and broad spectral range allow a continuous spectrum crystals have rapid tunability over a broad spectral range,
from the infrared to the X-ray region. Its high intensity high transmission, narrow bandwidth and almost constant
due to the high current accumulated in the storage rings €Xit beam position and direction.
is extremely important for various applications. The high ~ Mirrors are used for deflecting, focusing and filtering the
brilliance—because of the small cross-section of the elec- beam: (i) beam splitting mirrors split/deflect part of the tan-
tron beam, the high degree of collimation of the radiation, gential radiation so that several experimental stations can
and the high polarization (both linear and circular) have a share asingle beam line. (ii) Spherical or toroidal mirrors are
variety of applications. used in focusing the beam at a definite location of interest.

Tunability of the source enables the user to select a wave-(iii) Mirrors with sharp reflectivity cutoff are used to filter
length most appropriate for the experiment and has made itout certain photon energy. The reflectivity is determined by
possible to optimize the photoionization cross-section and the angle of incidence, the photon energy, the mirror mate-
the electron escape depth. It has also added new dimensiongal and smoothness. Typically, mirrors should be ultra high
to the traditional PES technique, in particular—variable en- vacuum, high temperature and high radiation level compati-
ergy photoelectron spectroscopy (VEPES), constant initial ble and stable for years. Substrates for mirrors are typically
state (CIS) and constant final state (CFS) spectroscopy. TheBe, Cu, fused Si@ SiC, glass, etc. and the coating is usu-
high degree of polarization is extremely useful for angle re- ally Au or Pt although uncoated mirrors are also used. An
solved photoemission (ARPES) applications where both the issue for high-energy beam lines is that of thermal loading,
kinetic energy and the momentum distributions of the pho- Which is minimized by using cooled metal mirrors.
toelectrons can be measured.

The description of a synchrotron radiation source has been2.2. Experimental setup
presented in the Preface of this issue. Here, we describe how
the synchrotron is used as a radiation source for PES exper2.2.1. The chamber
iments. Photon beam ports are provided along the ring to The most important feature of the sample chamber used
utilize the synchrotron radiation. The radiation generated is for photoemission work is the ability to maintain ultra high
taken from the ports and delivered to the experimental sta-vacuum (UHV), which is defined as base pressgfe x
tions through a beamline. A beamline typically has a set of 10~°Pa. UHV is required because the chamber is directly
valves (manual valve, fast-closing valve, gate valve, pneu- open to the beam line and the ring during an experiment. Fur-
matic valve, and beam shutters) to isolate the vacuum be-thermore, maintaining UHV conditions increases the mean

Fig. 1. Grasshopper monochromator.
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free path of electrons, ions and photons, removes adsorbed (EéeMc;?n Energy Analyzer
gases from the sample, prevents sample and detector con—hV\ >~
tamination, and prevents electrical arcing. For obtaining and

maintaining UHV it is necessary to have a chamber that
can be sealed properly and have pumps, which operate effi-
ciently at very low pressures. Before use, vacuum chambers
are generally heated to375K (‘baked’) under mechani- View
cal and turbo pumping for 24—48 h to desorp gases inside Pport
the chamber. To survive this process, vacuum chambers are
typically made of stainless steel with strong glass ports and

Flood Gun ~.7

Prep. \ Linear Motion
Chamber | Feed Through

ceramic parts for insulation. All joints are precision welded Sample Carousel Sputter Gun

and flanges are sealed with metal (usually copper) gaskets

that seal the joint under mechanical stress (by bolting the Fig. 2. Schematic of a PES beamline setup.

flanges together). A new gasket is needed every time the o ] ] )

seal is broken and resealed. type [15,16}—cylindrical or spherical grids on which the

There are three major classes of UHV pumps. lon pumps potential is varied such that only electrons having energies
work on the principle of gas molecule ionization and trap- greater_ than the retarding potential rez?\ch the _detector. The
ping. The ionization is the result of high-energy electrons Other kind of analyzer commonly used in PES is the deflec-
traveling between a Ti cathode and a stainless steel anodelion analyzer{17], which uses electric or magnetic fields to
Magnets are appropriately placed in order to maximize the focus electrons according to their kinetic energies. Two ba-
electron paths. lonized gases are accelerated toward the cattiC designs are discussed herein: the hemispherical analyzer
ode and they collide, implanting or chemically reacting with (Fig9- 3A) and the cylindrical mirror analyzeFig. 3B). _
the Ti cathode. Diffusion pumps work on the principle of The hemispherical analyzer consists of two concentric

momentum transfer between a stream of moving vapor andmetallic spheres with an entrance slit and retarding grid at
residual gases in the vacuum chamber. The vapor is con-°N€ end and an exit slit and electron multiplier at the other.

densed and reheated, and this is cyclically repeated. Sili- There are two modes of operation—the constant analyzer
cones or polypheny! ethers having low vapor pressure are€N€rgy and the constant retard ratio modeAW is the
generally used in diffusion pumps. Cryopumps, as the name voltage difference betvv_een the two spheres, the energy that
suggest, condense and trap gases at very low temperature&n €lectron must have in order to pass through the analyzer
These pumps use closed He circuits to cool the pumping without CO||IdIng.WIth it or the exit sllt_ is called the pass
core to 30-50 K. The pumping core contains a cryosorbant €N€rgy (PE). It is related to the applied voltage as given

material (typically charcoal or zeolite) to trap the gases. N EQ. (2.1) whereH is a geometric factor related to the
Additionally, UHV systems require sample entry locks Seéparation of the hemispheres.

with rough pumps that provide away to insert/remove sam- pe_ g AV (2.1)

ples from the UHV chamber without severely disrupting

the controlled atmosphere (in a manner analogous to an- (A) © Outer Hemisphere

techamber systems for controlled-atmosphere glove boxes).
The most commonly used rough pumps are conventional
mechanical pumps and turbo-molecular pumps, which op-
erate via a high-speed turbine. To further remove any reac-
tive gases, UHV chambers are often equipped with titanium
sublimation pumps (TSP). Sublimated Ti from a hot Ti-W
filament is extremely reactive with water vaporp,GCO,

H> and other reactive gases. The pressure in the chamber
is lowered through formation of very stable titanium com-

pounds. A schematic of an experimental chamber with some Sample Detector
of the basic components is shownhig. 2 Another impor- _
. . (B) Magnetic Shields
tant component of the PES set up is the sample manipulator. Radiation | 8;"‘;:16[ 'Cn;lﬁ: or
It enables us to orient the sample at the desired angle with Y =
respect to the incident radiation and the detector. / b ,,,"’::7{ N
-y A
2.2.2. Energy analyzer Retarding NGZZEZ2~ “E===}=:f:'7_
The energy analyzer is the most important component of Grids Firet Second
the experimental setup. This is where the photoelectrons are Stage Stage

separated according to their kinetic energies. The early an-rig. 3. (A) Hemispherical analyzer, (B) double-pass cylindrical mirror
alyzers used for PES experiments were the retarding field analyzer.
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Sample Electron Final State Analyzer High Seconda
Incoming gn © ry
A A Electron Emissive Surface
Analyzer
Pass Energy Cascading
Electrons
Kinetic C\?alﬁ/ier fi P
Energy _or_unc ion reamp l ”
s
E Charge ;
< Retard Collector
9] Potential
£
o
“Femi /T Fig. 5. Schematic of channeltron.
Level
Binding 2.2.3. Detector
Energy After passing though the analyzer the electrons reach the
detector. Electron multiplierfd 8] (Fig. 5) are used to detect
R the electron fluxes. Commonly, an electron channel multi-
nitial State plier (channeltron) is used to detect the electrons and stan-

Fig. 4. Energy diagram.

dard techniques are used for pulse counting. A channeltron
is a horn-shaped continuous dynode structure that is coated

on the inside with an electron emissive material. A voltage

In some applications it is desirable to have a single PE of ~2kV is applied across the tube and a charged parti-
for all electrons coming from the sample. In order to do cle striking the channeltron creates secondary electrons that
this, the retarding grid is used. The voltage on the grid is have an avalanche effect to create more secondary electrons
adeStEd to accelerate or decelerate the E|eCtr0nS, which onend f|na||y a current pu|se' The gain is typma”ygm]d it
wants to pass through the analyzer. The kinetic energy of decreases with age and continuous high voltage (>3.2kV)
an electron passing through the analyzer can be written aspr significant pressure rise in the chamber. The signal pro-
given inEq. (2.2) whereR s the voltage on the grid ar duced by the multiplier is directed to the counting equip-
is the work function of the spectrometdfy(is with respect ment, where pulses are counted digitally.
to the Fermi level of the sampl€jg. 4). As the PE remains
constant this mode is the constant analyzer mode. In certain2 2 4. Electron flood gun
applications (e.g., Auger data collection) the constant retard  Many materials generate a strong surface potential when
mode is used. In this mOde, PE varies with kinetic energy. exposed to X-raysl This effect is more prominent with
The retard ratio is defined as (RER)/(PE). A scan inthis  monochromatic sources. The surface charge developed is
mode will have the energy resolution better at IBwand  due to the difference in the electron loss from the surface
count rate better at highy. though emission and electron gain by conduction. In order
Ex=R+PE+W to.maximize sensitivity and resolutiqn.of the PES spec.trum

this charge must be reduced to a minimum, and be uniform

The cylindrical mirror analyzer (CMA) has two coaxially in nature. A variable surface charge results in differences
arranged cylinders, where the inner cylinder is typically held in peak energy and reduces the energy resolution of the
at ground potential and the outer cylinder has a negative experiment. Surface charging is also influenced by surface
voltage which is ramped to scan the desired energy range.roughness and contamination. The conventional method
The CMA can also be operated in the two modes describedfor compensating for the positive charge build up involves
above. A double pass CMA, which contains two CMA seg- the use of a focused electron gun, which supplies a highly
ments in series, is commonly used for PES experiments. uniform flux of low-energy electrons to the surface.
On entering the first segment, photoelectrons are deflected
by a radial electric field between two coaxial cylinders and 2.2.5. Other features
brought to a focus and energy resolved. The photoelectrons The main vacuum chamber is usually connected to a
then enter the second segment, undergo the same deflectiorpre-chamber via a gate valve for sample preparation and
are refocused and then detected. This double focusing oftransfer. The gate valve is capable of holding high vacuum
electrons greatly improves energy resolution since the sec-conditions when open to atmospheric pressures on one side.
ond segment acts as a secondary photoelectron filter. TheThe sample is loaded in the pre-chamber, pumped down to
enhanced resolution is especially important when studying medium vacuum and then the gate valve is opened allow-
samples with rough surfaces and gas phase spectroscoping the sample to be inserted into the UHV chamber. UHV
where the sample has a finite volume. conditions are quickly restored in the main chamber. There

(2.2)
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exist a wide range of transfer mechanisms to get the sample
from the pre-chamber into the main chamber.

In many cases, a gas manifold consisting of a reservoir,
suitable pressure regulators, gauges and valves, are used to
introduce gases into the vacuum chamber under controlled
conditions. The sample holder in the main chamber is also
often equipped with heating and cooling mechanisms to reg-
ulate sample temperatures. The ion gun is another useful
accessory, which provides the ability to ion sputter the sam-
ple for cleaning. lon guns work by ionizing a gas and then

accelerating and focusing the beam of ions onto the sample. 135 . 15'5_0 125 120
Binding Energy (eV)

——D,,Cu(IhClL*
----cu(cl’ ;

2.3. Sample requirements Fig. 6. PES spectra of Cu 3s core level Bpg [Cu(l)Cl4]%~ and
[Cu()Cl4]3~ (taken from referencgl9]).

Solid-state PES is very surface sensitive because of the
limited mean-free path of the electrons (of the order of 10 A). o N .
Thus, sample preparation (both outside and within the UHV tiig _chamber. R.ela_tlve.intensmes represent.the re:lanve prpba-
chamber) is very important for a PES experiment. A ‘clean’ bilities of photoionization and are reported in arbitrary units.
sample is required to obtain high quality PES data. In gen- PES data are normally reported in terms of the binding en-
eral, the sample, its holder and the substance that secures th@9Y (€.9.Fig. 6) of the photoelectrons, as calculated from
sample to the holder should be UHV compatible. The prepa- Ed. (1.1) This approach yields reasonable relative binding
ration of the sample depends on the history of the sample, €N€rgies; apsolute_ bindin.g energies are obtained through di-
the kind of surface analysis that will be done and the vac- "ect calibration using an internal reference standard.
uum level in the chamber. All materials that are introduced o
into the chamber needs to be handled with clean and de-2-4-1. Constant initial state (CIS) spectroscopy
magnetized tools. Samples are attached to the holder either N constant initial state spectroscopy the energy distri-
mechanically using screws, metal clips or by UHV com- bution of _elle.ctrons originating from a spec_ifie_d level (i.e.
patible cement, silver epoxy or methanol ‘dag’ (a colloidal constant initial state) is recorded as the |riC|dent photon
suspension of graphite particles in methanol). Solid samples€nergy is scanned. As the photon energy is scanned, the
must be grounded to neutralize surface charges. Usually, in€nergy difference between the incident photon and the elec-
the case of solids, it is cleaved under vacuum immediately tron analyzer is kept fixed, implying that the initial state of
prior to the experiment, to expose a clean surface. Tech-the photoelectrons is fixed. and the final state_ is scanned.
niques like ion sputtering, annealing are also used to clean TUS, & CIS spectrum (e.gig. 12top) is @ mapping of the
the sample surface. These processes are used separately #pal states, i.e. the density of unoccupied states.
in combination to get atomically clean and ordered surfaces. _
For example, light ion sputtering can be done to clean sur- 2-4.2. Constant final state (CFS) spectroscopy
face contaminants followed by heating to re-crystallize the [N constant final state spectroscopy the energy distribution
ion-damaged surface. PES can also be done on gaseous sarfif the electrons from any initial level, which have been photo
ples, where the sample is generated in the gas cell. Differen-€Xcited to a specified final state is recorded as a function of
tial pumping is used to isolate the high pressure of the gasthe incident photon energy. The photon energy is scanned

cell from the beam line. and the electron analyzer is held at a fixed energy. The CFS
spectrum (e.g.Fig. 12 bottom) is a mapping of the initial
2.4. Nature of spectrum states, i.e. the density of occupied states.

PES is a photon in-electron out experiment, monochro-
matic photons are absorbed by the sample, and the exciteB. Spectroscopic methodology
electrons, which leave the surface, are analyzed with respect
to their kinetic energy. The typical PES spectrum is a con- In this section, we will review the methodology and
tinuous record of electron count, integrated over a time con- various techniques of variable-energy photoelectron spec-
stant (typically 1s), plotted as a function of electron kinetic troscopy mainly using copper chlorides as examples. As
energy and is normalized to the incident photon flux. This mentioned above variable-energy PES can be conveniently
is because the absolute counts are the result of a number oubdivided into two sub-fields according to the orbital en-
experimental variables—intensity of incident radiation, size ergy levels probed by the tunable-energy photons from the
and direction of the solid angle of collection, type of energy synchrotron radiation. The core level PES excites elec-
analyzer, surface charges on the sample, sensitivity of thetrons from the atomic core levels, e.g., Cu 2s, 2p, and ClI
electron detector, slit widths and residual magnetic fields in 2s, 2p for copper chlorides. Valence level PES probes the
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valence level electrons of the complexes, e.g., Cu 3d, Cltron ion can further relax to give a higher energy satellite,
3s, 3p. These two types of PES complement each otherwhich corresponds to a simultaneous core level photoemis-
and provide a full spectrum of electronic information about sion and metal-to-ligand charge transfer “shake-up” transi-

inorganic metal complexes. tion (Scheme Lright). While this is formally a two-electron
process and the electric dipole moment operator can in-
3.1. Core level PES duce only one-electron transitions, the satellite transition be-

comes allowed through the change in wavefuncfih21].

The high photon flux and high energy resolution of the Thus, the satellite feature is a charge transfer transition of
synchrotron radiation give high signal intensity and resolu- the one-electron ionized metal complex with the appropriate
tion in core level PES compared to those provided by con- symmetry for configuration interaction (CI) mixing with the
ventional X-ray sources (commonly termed XPS using Mg main peak (i.e. the same symmetry as the state corresponding
and Al X-ray anodes). The core electron binding energies to the main peak). As the symmetry of this shake-up transi-
of metal complexes determined by the PES experiment aretion (same as the initial structure) will generally be differ-
characteristic of the specific elements in the complexes, andent from that allowed in electronic absorption spectroscopy,

generally found to shift to deeper binding energies with in- satellite structure provides a complementary low-resolution
creasing oxidation state of the atom. This binding energy probe of metal-ligand bonding.

increase is known in core level PES as a chemical shift The final state of the satellite peak fifig. 6 has one un-
and can be used to determine the oxidation state or chargeaired electron in the Cu 3s level & 1/2) and one un-

density (i.e.Zesr, effective nuclear charge) on an atom in a paired electron (s= 1/2) in the half-occupied metal d-based
molecule[2]. Taking the 3s core level in [Cuglf~ as an  valence orbital $cheme 1right). These two electrons can
example Fig. 6), reduction from Cu(ll) to Cu(l) resultsina  couple and interact through electron repulsion to produce a
shift of ~1.5eV to lower binding energy for the main pho-  singlet ¢ D) and a triplet D), with a multiplet intensity ra-
toelectron peakl9,20} Note that binding energies must be  tio of ~1:3 (Fig. ). Their energy splitting is given by the
corrected for the effect of electronic relaxation, which leads van Vieck expressionHg. (3.1) for photoemission from a
to the presence of satellite peaks as described below. In thefjled s level, whereSis the spin of the ground stateis the
presence of satellite peaks, the binding energy is given as theprhital angular momentum of the valence shell &gsl, 1) is
intensity weighted ionization energy in the sudden approx- the exchange integr§®2,23] Thus, this multiplet splitting
imation (vide infra). Note that the intensity of the satellite of the 3s level satellite gives a direct quantitative measure of
peak is exhibited by and characteristic of the Cu(ll) state. the exchange interaction of a 3d electron with the 3s core.
This shifts the intensity weighted average binding energy This interaction is also responsible for the spin polarization
higher relative to the main peak for the Cu(ll) complex.  of core electrons which produces the isotropic contribution
A common feature in the core level photoelectron spec- to hyperfine splitting (indirect Fermi contact) in the EPR
trum of open shell metal complexes is the additional satellite spectrum of copper Comp|exm]_ For the final state of the
peaks accompanying the main photoelectron peak, which ismain 3s photoelectron peak fig. 6, the multiplet coupling
observed in the Cu 3s PES spectrum of [Cu(li]él at is between a Cu 3s electron and a ligand valence electron
~7 eV to deeper binding energfig. 6). In the photoemis-  (j.e. over two different atom&cheme 1middle). This mul-
sion process of the Cu(ll) complexes, an electron is ionized tiplet splitting is small compared to that of the satellite and

from a core level. The core hole leads to an increased ef-only contributes to the unresolved broadening of the main
fective nuclear charge. In order to compensate this, the ini- peak.

tial metal-based half-occupied valence orbitals become more

ligand-like while the initially filled valence ligand orbitals E_ 25 +1
become more metal-centereSicheme 1middle). This cor- 20+1
responds to the main peakhiig. 6. The resultant N-1 elec-

{4metal Fligand %ligand

K(s. 1) (3.1)

3.2. Valence level PES

Valence level electrons can also be probed using high en-

alence

- ergy photons as used in the core level PES, however, this
g %“gand %mefﬂl 4"“‘13' can be accomplished at higher resolution using much lower
energy photons in the vacuum ultraviolet region. This is tra-
core % L 4 ditionally performed using a dc (or microwave) discharge
niial shake-up source (e.g., He(l) and He(ll) lines), and termed uItrgvp—

state main satellite let photoelectron spectroscopy (UPS). Synchrotron radiation

) o o _ ~provides high intensity, high resolution and tunable energy
Scheme 1. Schematic description of core ionization and satellite formation: photons from 20 to >300eV. Since the PES selection rules
left, initial state; middle, resultant lowest energy final state associated I ionization f I |. | bitals. the bindi
with the main PES peak after ionization of a core electron; right, excited allow 1onization from all molecular orbitals, the binding en-

final state associated with the satellite. ergies of valence level electrons (e.g., Cu 3d and CI 3p in
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copper chlorides) can provide a direct one-electron energy
level diagram of the metal complexes using Koopmans’ the-

orem[24]. (The breakdown of Koopmans’ theorem will be
discussed later.) This is particularly useful for metal com-
plexes such as Cu(l)@d~ where electronic absorption spec-
troscopy is limited due to the'fl configuration. Thus, PES
is a powerful spectroscopic technique for studying bonding
interactions in closed-shell systems.

3.2.1. Angular dependence
In addition to the binding energies of PES peaks, the in-

tensity profiles of a photoelectron peak as a function of an-

gular distribution detection and input photon energy also
provide geometric and electronic structure information. The

intensity of a photoelectron peak is determined by the pho-

toionization cross-section (Ex) for ejection of an electron
with kinetic energyEy, from thenl subshell,
47[20[61%

2
3g(hu) |:/ lIIirlI/f d‘L’i|

whereq is the fine structure constant (1/13%), the Bohr
radius (0.529 A)g the number of degenerate subshells, and
hv is the input photon energy (in Rydberg). The term in
brackets, which governs the intensity, is the electric dipole
transition moment integral for a transition from the ground
state (referred to as the initial statg) to the excited state
(the final stateys). In PES, ¥ includes both the ionized

oit(Ex) =

(3.2)

Fig. 7. Angular distribution of photoemission from a Cu,3d. orbital:

z polarized light withhv = 40eV. The three-dimensional plot in one
quadrant is shown, but the full four quadrant cross-section can be obtained
by reflection in thexz andyz planes (taken from referend5]).

tions of the initial and final statg81-33] As the photon
energy increases, the kinetic energy of the ejected elec-
tron also increases (KE hv—BE). This causes the radial
wavefunction of the continuum state to change in a manner,
which can be qualitatively described by the free electron’s
de Broglie wavelengthig(A) = 12.3//Ex(eV)) as shown

in Fig. 8 Quantitatively, the radial wavefunction fab ;

is obtained by solving the radial Schrddinger equation,
which significantly modifies the continuum wavefunction
(relative to a free electron) in the vicinity of the nucleus.
There are two characteristic features of photoionization
cross-sections. First, the cross-sections do not simply de-
crease monotonically with increasing photon energy above

complex and the outgoing photoelectron. Assuming no or- the ionization threshold but in fact exhibit delayed maxima

bital relaxation, the transition dipole moment integral in-
volves only the wavefunction of the electron beforg;,(
bound state) and afte®(s, continuum function) ionization.

which depend on thevalue of the orbital from which the
electron is ejected31-33] As thel value of the orbital
increases, the delayed maximum in photoelectron intensity

Photoionization cross-sections are normally treated on anshifts to higher energy above threshold and its magnitude

atomic level, where bottb; and® ; are described by spheri-
cal harmonics with separable radial functions (initial orbital
¢n.1,my; photoelectrondg, y my).

For the angular parts of the wavefunction, the selection
rules which derive from the electric dipole operator in
Eqg. (3.2)require that’ = [ + 1. These are referred to as
photoionization channels and tle- 1 channel is usually

decreases. This is caused by the repulsive centrifugal po-
tential in the radial Schrodinger equation, which depends
onl” (= 1+ 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. Bs

of the photoelectron increases, the continuum wavefunction

the dominant process. Hence, photoemission of an electronpenetrates this centrifugal barrier resulting in better overlap

from a d orbital will produce ari state continuum wave-
function. This in turn will produce an angular distribution
(do/d$2) in the photoionization cross-section which can be

with the initial orbital wavefunction and thus greater inten-
sity. The photon energy dependence of the photoionization
cross-section of Cu 3d and CI 3p orbitals are giveFion 9

detected through angle resolved photoelectron spectroscopy34]. The magnitude of the Cl 3@ & 1) photoionization

[25-27] The theoretical angular distribution for a photo-
electron emitted from a Cu 3¢l . orbital by z polarized
light with hv = 40eV is shown irFig. 7 [25] Knowledge
of these characteristic angular distribution (for example, in

cross-section is high near the threshold, while that of Cu
3d ( = 2) has a delayed maximum of lower magnitude at
~50eV above threshold.

A second important feature is illustrated in the photoion-

studies of chemisorbed small molecules on single crystal ization cross-section of Cl 3p iRig. 9. The intensity drops
surfaces) has provided important geometric structure insightrapidly to a value close to zero at50eV and then in-

[25-30}

3.2.2. Photon energy dependence
In addition to angular variation, the photoionization
cross-section irEq. (3.2)also changes significantly with

input photon energy as determined by the radial wavefunc-

creases with higher photon energies. This is known as a
Cooper minimunj31] and is due to the node in the 3p radial
wavefunction. This minimum is present in the photoioniza-
tion cross-sections of all orbitals which contain radial nodes
(number of radial nodes= n — | — 1). As Ex of the elec-

tron increases, its wavelength decreases and thus its overlap
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Fig. 8. Photon energy dependence of the photoionization cross-sections: Intensity of photoelectron peak varies depending upon input phdise energy
to the variation in the deBroglie wavelength of the outgoing photoelectron. These wavelengths are compared to the radial wavefunctions of Cu 3d and
Cl 3p orbitals (right).

with the @; changes. For Cl 3p at50 eV the overlap of the  trum and then increasing slowly with higher photon ener-
continuum radial wavefunction with the 3p orbité&ig. 8) gies. This is just the behavior predicted from the photoion-
is such that there is effective cancellation of contributions ization cross-sections for Cu 3d and Cl 3p giverFig. 9

of opposite sign to the electric dipole transition moment ex- and allows a definitive assignment as indicatedign 10
pression inEq. (3.2) With further increases ihv the wave- The variable-photon-energy photoelectron spectra of
length of the radial wavefunction of the electron decreases Cu(ll)Cl42~ are shown inFig. 10 right [35], and demon-

and cancellation no longer occurs. For orbitals without ra- strate that covalency can be determined from the photon
dial nodes, the integral cannot change sign and thus will not energy dependence of PES peak intensities. The reduced

exhibit this effect. energy difference between the TBp and Cu(ll) 3d va-
The variable-photon-energy photoelectron spectra of the lence levels leads to overlapping bands and more mixing of
valence level region of Cu(l)g}~ in CuCl is shown in levels. The intensity dependence with variation in photo en-

Fig. 1Q left, which illustrate the photon energy dependent ergy, however, clearly enables peak assignments. The peak
nature of the photoionization cross-sectigds]. Two main to deeper binding energy starts relatively intense, reach a
peaks are observed, separated by 3.5eV. The peak aV minimum at~50eV and increases again to higher photon
binding energy has the highest intensityhat= 26 eV and
decreases in intensity relative to the peak at binding energy

of ~2.5eV, reaching a minimum in thiev = 45eV spec- Cr3p CI'\3p 3U(ll) 3d
50 Cu(l) 3d
Cl3p 22eV|
40
26V 30eV
—~ 30 34eV|
g 8eV
Y 20l delayed maximum 45V
\ /\//\i .
Cooper minimum
10+
Cu3d 254 eV 54 6V]
0 8 6 4 2 0 8 6 4 2 0
10 1000 Binding Energy (eV)

100
Photon Energy (eV)
Fig. 10. Variable photon energy photoelectron spectra of the valence level

Fig. 9. Photon energy dependence of atomic photoionization cross-sectionsregion of Tq-Cu(l)Cls3~ in CuCl (left) andDg-Cu(l1)Cls2~ in C$CuCly
of Cu 3d and CI 3p orbitals (adapted from refereiig4]). (right) (adapted from referend85]).



238 E.I. Solomon et al./Coordination Chemistry Reviews 249 (2005) 229-253

Abs SCK

2 -
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energy. It can therefore assigned as Gp ionization; the
lower binding energy peak again being from Cu 3d pho- 740\
toionization. There is, however, an important difference
between Cu(ll) and Cu(l) chlorides which is clearly demon- .
strated by the Ci 3p Cooper minimum data at50 eV. For 726\
_Cu(II)CI42*, there is sti!l a substantial amqunt of iqtensity 2 15 10 5 0 5 10 5 g
inthe CI~ 3p peak. At thls phojton energy, this mtens[ty must Binding Energy (eV)

be due to Cu 3d photoionization which clearly requires that

there be a significant amount of mixing of Cu 3d character Fig. 11. Resonance photoemission spectra of Cu(iCin CuCl (left)
into the Cl band. Hence, this intensity is a direct experi- ?rr;‘rjncrzgzgr%c qég}fCuCIs (right) at the Cu 3p absorption edge (adapted
mental probe of covalency. These covalently mixed pho- '

toionization cross-sections can be quantitatively analyzed ) ) ) )
in correlation to the atomic cross-sectiofiég 9) through the satellite peak) can be determined. The CIS intensity pro-

73eV|

~N ~
w IS
2 2

the Gelius—Sieghahn model (sBection 4.2 [36,37] file of the CuCl satellite peak clearly shows the resonance
enhancement at the Cu 3p 4s absorption edgd-{g. 12
3.2.3. Resonance effects left) [35]. The latter is observed from the constant final state

An additional important feature involving the photon en- (CFS) spectrunj4(] also included inFig. 12 left. This is
ergy dependence of peak intensity is the resonance interacPasically an absorption experiment which in this energy re-
tion with a transition to a bound state. For Cu complexes, 9ion directly probes the Cu 3p> 4s transition, in correla-
changes in valence level PES peak intensity are observed ation to the CIS intensity profile. . o
the metal 3p absorption edge (the M edge). The PES reso- PES satellite peak non-resonance intensity in the valence
nance mechanism has been defined by Davis and is given ijevel is also due to final state relaxation. Several spectral
Scheme Zor a d0 (i.e. Cu(l)) complex38]. featu_res of Cu(INGJ>~ in Flg. 11, right, show that Iarge_ re-

At photon energies corresponding to the 3p 4s ab- laxation effects occur for this system and aIIow.qu.anutatlon
sorption edge, a metal 3p electron is excited to the metal 4s0f these effect§3S]. The peak at-8 eV deeper binding en-
orbital. This intermediate excited state then decays via an €r9y relative to the composite valence peaks at 3-5eV is a
Auger process whereby a 3d electron fills the 3p hole and a_sat_elhu_e band, which in an initial state mode_l corresp_onds to
second 3d electron is ejected. This Auger process involves!onization of an electron from _the ligand orblt_al and simulta-
a Super—Coster—Kronig transition (SCK) in which both the N€ous shake-up of a second ligand electron into the metal 3d

initial and final state holes reside in the same principal quan-

tum shell ¢ = 3) [39]. The SCK transition has a high prob- culcl, cu(ine”
ability due to the localized nature and large repulsion of d
electrons. The final state of this absorption plus Auger de- cIs cIs |\ cr 3p+cu(ll) 3d

satellite

cay process is the same as that of the valence level satellite
peak of a d° complex Scheme ®, which corresponds to

a direct 3d photo-ionization plus a 3¢ 4s shake-up tran- cis
sition. Thus, the resonance and satellite channels both in- satellite
volve the same final state at the metal-3d4s absorption
edge and lead to the resonance enhancement of the satellite

peak intensity. The valence resonance PES spectrdf d b

CuCl are shown irFig. 11, left [35]. As the photon energy

is scanned through the Cu 3p absorption edggé/(eV), the

satellite intensity is greatly enhanced. The resonance effect 65 70 75 8 85 9065 70 75 80 85 90
is most clear in the constant initial state (CIS) experiment, Photon Energy (eV)

where both the phOton energy and the electron kinetic en- Fig. 12. Constant initial state (CIS) intensity profiles and the constant

ergy are scanned while keeping the binding energy fixed SOfinal state (CFS) spectra of Cu(I)&t in CuCl (left) and of Cu(ll)C42
that the intensity profile of a specific PES peak (in this case, in KCuCls (right) (adapted from referendg5s)).
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Resonance: 3p53d° > 3p53d" N > 3p03dt
ger
Main PES (Initial State Model):  3p®3d° — > 3p%3d®

Satellite PES (Initial State Model): 3p®3d4° > 316341012

Scheme 3.

hole (Scheme 3where L, ligand hole). Since this is formally

a two-electron process, the fact that it has non-resonance

intensity requires that final state relaxation has occurred.

The extent of the relaxation process can be elucidated

through the intensity behavior of the satellite with input pho-

ton energy between 72 and 85 eV photon energy. The satel-

lite peak dramatically increases in intensity, maximizes at

~73.5eV and then decreases with higher input photon en-

ergy Fig. 11, right). The CIS profile of this peak is plotted in 720 710 700

Fig. 12 right, along with the CIS profile of the Cu 3d and ClI Binding Energy (eV)

3p valence band peaks. The CFS spectrum shows the Cu 3%9_ 13. Fe 2p), core ionization data for [N(CECHs)al2[Fe(Il)Cla]

— 3d and 4s absorption edges. Thus, the satellite is exhibit-and [N(CH.CHs)4][Fe(ll)Cl4]. Simulations including atomic multiplets

ing a resonance effect at the Cu 3p 3d absorption edge. (dashed line) and atomic multiplets with charge transfer states (solid lines)

Excitation at the Cu 3p absorption edge produces a are superimposed on the experimental data points in each[4Hse

3p°3d'0 excited state, which is able to undergo a very ef-

ficient Auger decay process (SCK decay) resulting in a data provide insights into the electronic structures of both

3p°3f final state Scheme B This is also the state reached the initial and final states of the system.

by direct ionization of the metal 3d level, which should be  The ability to extract both initial and final state infor-

resonance enhanced. The key point here is that the dominaniation from PES data is particularly interesting for sys-

resonance is in fact occurring in the satellite pefig (12 tems where redox processes are chemically meaningful. For

right). As shown inScheme 3the satellite formally corre-  redox-active species, PES is a direct probe of oxidation pro-

sponds to two holes on the ligand yet the intensity involves cesses and can thus be used to evaluate the effect of elec-

a two hole metal (i.e. a %l final state (initial state, 34 tronic structure on redox processes directly. It further allows

one hole in the metal ion). Therefore, extensive relaxation experimentalists to evaluate changes in electronic structure

has occurred on metal ionization. This is due to the changethat occur as a result of redox events, i.e. PES is a direct

in valence electron—electron repulsion which~$6.5eV probe of electronic relaxation upon ionization.

for copper chlorides and can have dominant effects on final  The ferrous and ferric tetrachloride redox couple has been

states, the nature of which can be defined by resonance PE®hosen as an illustrative example of the methods that are

as described above. Relaxation effects can thus be quanavailable to evaluate both electronic structure and electronic

titatively studied by the PES experiment and correlated to relaxation. The details of the available experimental data

density functional calculations, which are discussed below. are first presented and then evaluated using density func-
tional (DFT) methods. A method for evaluating electronic
relaxation directly from the experimental data is also devel-

Intensity

4. Electronic structure and electronic relaxation oped using a valence bond configuration interaction (VBCI)
from PES model, which is compared to results obtained from DFT
methods.

PES provides a unique perspective into the electronic
structure of transition metal complexes. However, the per- 4.1. Experimental interpretation of PES data for iron
turbation caused by the ionization process provides severaltetrachloride
challenges for the interpretation of PES data. It is often as-
sumed that the PES spectrum directly reflects the electronic4.1.1. Core level Fe 2p, PES data
(i.e. molecular orbital) structure of the molecular ground  Fe 2, core ionization data for [N(Ef][Fe(ll)Cl4]
state by invoking Koopmans’ theorem, which effectively and [N(Ety]2[Fe(I)Cls] are shown inFig. 13 [41] The
states that the electronic structure of the ionized state isferric species yields a single 2p ionization peak with
well-approximated by the electronic structure of the initial some additional intensity at higher binding energies caus-
(non-ionized) molecule. Others have concluded that PES re-ing asymmetry in the band shape. Even though this core
flects the final (oxidized) state of the molecule and yields ionization process (Fe 2p — o0) is quite simple, there
very little information about the initial (reduced) molecule. are many possible 28 final states due to the atomic
Reality, however, falls between these two extremes and PESmultiplet structure of the transition metal ion. This multiplet



240 E.I. Solomon et al./Coordination Chemistry Reviews 249 (2005) 229-253

structure distributes intensity over a large number of final — 1 T T

states and is at least partially responsible for the observed B'/C’
asymmetry at higher binding energies. Theoretical simula-

tions of atomic multiplet structure for ionization, corrected o B A
for the symmetry of the surrounding ligand field and for BR

nephelauxetic decreases in calculated ionic Slater integrals, 20 0 60

can be used to provide good agreement with the observed Photon Energy (e/)

ferric core ionization data. hy

The core ionization data for the ferrous complex are

CsSp
strikingly different from that which is observed for the v
related ferric species. In this case, the data show a strong ‘
second ionization peak at deeper binding energy that can-
40 ev

Intensity

not be simply described by the atomic multiplet structure
of the 293P final states (dashed line iig. 13 gives the
calculated multiplet shape of 2p ionization). It has been
recognized that these additional features in a core ioniza- 50 eV-
tion spectrum result due to contributions from additional
final states—specifically from “shake-up” transitions that
involve transfer of lower energy ligand-based electrons into
the metal 3d manifold, yielding 28d’L final states (where

L represents a hole in the ligand orbitals). These shake-up 20gVA T LN
satellite peaks are a spectroscopic manifestation of elec- 16 12 8 4 0

tronic relaxation; these transitions are formally forbidden Binding Energy (V)

two electron processes and can only have intensity if the rig. 14. variable photon energy PES (VEPES) data for Cs[Fe(U])Cl
electronic wavefunction changes as a result of the ionization The inset shows the relative photoionization cross sections for each of
process. A valence-bond configuration interaction (VBCI) the peaks in the spectra. From these cross sections, metal character is
model that allows for these additional charge transfer (CT) 'ocalized mostly in peak Cand to a less extent in peak-Bat deep

final states can be introduced as a perturbation to the atomic®nding energies. Data and analysis from referefac}
multiplet structure, which significantly improves the cor-
relation between the multiplet simulations for the ferrous peaks including satellites (labeled S) also appear. From the
species and the experimental data. The details of this VBCI cross-section behavior of these peaks (see ifrggt,l5 we

80 eV

model are provided belowSgction 4.3. observe that the two lowest-binding energy peaks (RAMO,
A) clearly contain significant 3d character whereas the
4.1.2. Valence PES data deeper binding-energy region (B, C) contains greater lig-

The valence region is significantly more complex due and character. (See A/B ratibig. 15 inset (dashed line)
to the greater number of possible ionization processes; allwhich shows delayed maximum in A relative to peak B).
atoms within a sample will contribute in this region. The The higher energy (i.e. lower binding energy) of the filled
loss of atom-specificity in the valence region can in part metal-based valence orbitals is in keeping with traditional
be overcome by exploiting the orbital-specific behavior of ideas of bonding in transition metal systems, where the
atomic orbital cross-sections as describe®eéction 3.2.2 metal 3d orbitals are above the ligand valence orbitals. A
thus allowing peak assignments. The variable photon energysuperficial comparison of these data with those of the ferric
valence PES data for both Cs[Fe(ll1)F&nd Cs[Fe(l1)Cl4] species Fig. 14 seems to indicate that the one-electron
are shown irFigs. 14 and 15respectively{42,43] in each oxidized site is very similar to the ferrous site, except for
case, the intensity of the valence photoionization peaks isthe absence of the RAMO peak, the lowest binding-energy
strongly dependent on the energy of the incident photons. peak. From this, one can qualitatively infer that this peak
The characteristic “delayed maximum” ofi-type atomic corresponds with ionization of the extra spin-down electron
orbitals at~50eV can be used to qualitatively evaluate in the high-spin Fe 3dmanifold to generate the S 5/2
which ionization peaks correspond with predominantly Fe Fe 3@ species in the final state. Without the benefit of
3d ionization and therefore Fe 3d-based molecular orbitals. variable photon-energy data, it would seem reasonable to
The CI 3p provides a complementary cross-section, hav- suggest that the electronic structure of the ferrous and fer-
ing a Cooper Minimum due to the node in the 3p radial ric sites are very similar, differing only in the presence of
wavefunction at~50 eV. the low energy additional electron peak in theé® 3gstem.

For the ferrous speciesrig. 15, the lowest binding The variable photon energy data for the ferric species (see
energy peak (labeled RAMO, the redox active molecular inset,Fig. 14 indicate a far more complex (and interesting)
orbital) is well separated from a manifold of three overlap- behavior. Peak Adoes not behave in a manner that is con-
ping peaks (labeled A, B, C). At even deeper energies, othersistent with metal 3d character. The lowest binding-energy
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Fig. 17. Resonance behavior of valence PES data for ferrous (above) and
ferric (below) complexes. The labeling corresponds with that given in

Fig. 15. VEPES data for GEFe(I)Cls]. The inset shows the cross-section T 19S- 14 and 15

behavior of the main peaks in the spectrum; the metal character is localized
mostly in the low binding-energy region (RAMO and A) rather than at
deeper binding energy. Data and analysis are given in refefdate interact with the deeper energy valence CI 3p orbitals (due

to its greater electronegativity) to form a set of predomi-
nantly Cl 3p-based bonding molecular orbitals (e &nah
Tq symmetry), with a complementary set of higher-energy
Fe 3d-based antibonding orbitals* (and ¢5). A set of
purely non-bonding Cl 3p orbitals should also be present
a ) . . .
at energies between the ligand bonding and metal bonding
orbitals. This “normal” transition metal bonding scheme is
perfectly adequate to describe the observed behavior for
[FeCl]?~.
According to the MO representation given kig. 16
it would seem reasonable to expect only small differences
between the ferrous and ferric species. The analysis of the
[FeCl]l~ PES data however, suggest that its highest en-
ergy orbitals have mostly Cl 3p character and that the Fe
3d orbitals are much lower in energy. This inversion of the

region (A) in fact carries mostly ligand character, whereas
the metal 3d character has shifted to regioha€ much
deeper binding energy. () in Fig. 14 inset shows a
positive delayed maximum). This dissimilarity reflects
dramatically different electronic structure in the Fe(lll) sys-
tem as compared to the Fe(ll) even though they only differ
by the presence of a single electron.

In the ferrous case, the cross section behavior demon-
strates that the highest-lying orbitals contain predominantly
metal character, as it should when applying the normal
molecular orbital description of transition metal complexes.
As shown inFig. 16 the valence Fe 3d orbitals should

// 24t @ (metal ionization) predicted molecular orbital ordering in the ferric species
TR indicates the failure of the model and the need for an “in-
Fe3d —~ verted bonding scheme” to describe the ferric PES data
[43]. The electronic origin of this inverted bonding descrip-
a, %% ——Cl13p tion is addresseo_l in detail iBection 4.2using electronic
gt inmsiien — structure calculations.

The differences in the observed behavior between the
St ferrous and ferric species further extends to their resonance
Fig. 16. Normal molecular orbital representation of first row transition behavior of the valence PES.d?‘ta at the Fe 3p. Iomz.atlon
metal complexes. The highest-lying filled orbitals have predominantly edge_ 6’52_56 eV) as shown fig. 17. As dejc’cnbed II"1
metal character and thus should correspond to metal ionization peaks inS€Ction 3.2.3 resonance enhancement provides a direct
the PES spectrum. probe of final state effects for a particular ionization pro-

v,
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cess. In the ferric species, Fe 3p-based resonance enhancé-2. Electronic structure calculations
ment is observed in the energy region of pedka€ well
as in deeper binding energy satellites (near the Cs peaks at The simplest model for correlating PES spectra with elec-
~12eV. See referendd4]) that generally have only weak tronic structure calculations to apply Koopmans' theorem;
intensity out of resonance. Qualitatively, this is interpreted the spectrum is assumed to reflect the molecular orbital de-
as resulting from only small changes in the electronic struc- scription of the initial (reduced) ground state. From this, it
ture upon valence ionization of the Fe>3species to the s possible to simulate PES spectra from ground state elec-
Fe 3d final state. The weak off-resonance intensity of the tronic structure descriptions provided by density functional
satellite features, as well as the correspondence betweerheory (DFT) calculations on transition metal sites of inter-
the metal 3d contributions to the initial state and in the final est. Peak energies are obtained from the molecular orbital
states between non-resonance and resonance cross-sectiopsergy splittings, although these must generally be corrected
provide direct experimental evidence that electronic re- for spin and orbital multiplet effects not explicitly included
laxation is quite small for valence ionization of the ferric in the single-determinant DFT molecular orbitals. Peak in-
species. The weak contributions from shake-up satellites intensities are calculated using the Gelius—Siegbahn model,
the Fe 2p,» ionization data Fig. 17) further support the  which treats that the ionization probability of an electron in
description that the electronic structure of the ferric species a particular molecular orbitaby (Ix) as a weighted sum of
is robust to ionization. The ferric species thus has an un- the ionization probabilities of its component atomic orbitals
usual inverted orbital scheme, which remains unchanged on(o ;).
oxidation. This assumption is appropriate if the incident photon en-
The ferrous species behaves very differently. The ergy is large (>150 eV) such that the outgoing photoelectron
metal-based RAMO and A ionization peaks are only slightly couples poorly with the final state or if one atomic orbital
enhanced over the Fe 3p edge, whereas the ligand-basedross-section dominates thus minimizing cross-terms be-
ionizations in region C show dramatic resonance enhance-tween different orbital contributions. In first row transition
ment. Importantly, the resonance enhancement profile par-metal complexes, this is always satisfied for core ionizations
allels the behavior of peak’an the ferric species, which  and can be obtained in valence PES experiments by using
is also resonance enhanced. From this, we conclude thathe characteristic photoionization cross-section behavior of
the metal character shifts to deeper binding energy on ion-the component atomic orbitals to maximize contributions
ization of the ferrous species. This is confirmed by the from specific atomic orbitals. For example, the delayed
intense satellite features at deeper binding energyEV), maximum in metal 3d orbital cross-sections yields a maxi-
which are quite prominent even out of resonanégy.(15 mum at relatively high photon energies40-50 eV) where
hv = 60eV, peak S). Therefore, the B¢ 3P ionization other cross-sections (s- and p-type atomic orbitals) are
process is accompanied by a significant rearrangement ofvery weak. For [FeG|2/1~, the combined effect of the
the molecular orbital structure that shifts metal character Fe 3d delayed maximum and the Cl 3p Cooper minimum
to deeper binding energy. Again, the core-level ionization at similar energies provides a good system for application
behavior corresponds nicely with the valence behavior—in of the Gelius—Sieghahn approach to simulate valence PES
this case, the large intensity of the shake-up satellite (seedata.
Fig. 13 confirms that the electronic structure of the Fe  Several density functionals are currently utilized with
3P state changes significantly upon oxidation. As clearly varying success depending on the nature of the systems
demonstrated by the experimental data, the electronic struc-being studied. On the whole, no particular functionals have
ture of [FeC}] changes from a normal bonding scheme in emerged as the most reliable for transition metal systems,
ferrous to the inverted scheme experimentally observed for especially within the context of simulating photoelectron
the ferric species. and other spectroscopic data. It is generally advisable
This section has been limited to the analysis of PES to include generalized gradient correction terms for both
data based solely upon the qualitative interpretation of exchange and correlation to supplement local density ap-
the available variable photon energy data. This approachproximations. Notably, hybrid functionals such as B3LYP
is extremely powerful and much insight can be derived (which contain some Hartree Fock exchange, which tends
from such analysis. In this case, the experimental core to lower the covalency) have become particularly popular
and valence data provide a qualitative bonding picture that in recent years. A most effective approach is to test several
differs substantially between the Fe(ll) and Fe(lll) tetra- functionals and hybrids with respect to their ability to ade-
chloride complexes. The data also indicate that the final quately simulate known spectroscopic data for the systems
states for Fe(ll) ionization are consistent with the elec- of interest. For example, we have found that the UV-Vis
tronic structure picture obtained for the Fe(lll) species. At electronic spectra for [Fegf complexes are well simulated
this point, it is extremely useful to quantitate the analysis by VWN-BP86 calculations using a tripieSlater basis set.
and utilize available theoretical tools to provide additional These calculations still somewhat overestimateontribu-
detail and further insights into the observed spectroscopictions to bonding, which must be taken into account during
behavior. any subsequent analysis of the computational results.
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T ' T ' ponent final states using the sudden approximdiéh The
y CIP frozen orbital final states can be expanded in terms of the
I sat . Cl 3 Fe | relaxed final states of the ioWg(N — 1) = X;(¥;|Wg >
¥;(N — 1)), where¥ g(N — 1) is the remainder wave func-

tion of the frozen orbital after one-electron ionization, and
W;(N — 1) are the ground and excited states of the relaxed
ion. The total intensity for thergx(N — 1) frozen orbital
Ggretaxed B A state is thus partitioned among all the possible final states
C

of the relaxed ion. Using this relaxed final state approach,
the variable photon energy PES simulatioRiy( 18 result

S
experiment in additional intensity at deeper binding energy, accounting
for the intense experimentally observed satellite features (S)
that result primarily from LMCT excitation in addition to
GSuarelaxed 155(;) elf ionization (i.e. 2-electron transitions).
e

30 el Importantly, the qualitative insights from the experimen-

- - L - tal data are well reproduced by proper analysis of ground
12 8 4 0 and excited state wavefunctions from DFT calculations
Binding Energy (eV) including electronic relaxation. The agreement provides in-
creased confidence in the ground state description obtained

Fig. 18. PES simulations obtained by applying the Gelius—Siegbahn model ot .
to initial state unrelaxed DFT wavefunctions (bottom, “8%2€g com- from DFT methods and allows for a more quantitative in

pared to the experimental PES spectrum fonRICh at hv = 50 eV vestigation of the electronic structure of such complexes.

(middle), which has been labeled asfifg. 15 A simulation of the same At this juncture, we can revisit the bonding description of

PES spectrum dtv = 50 eV is also shown using relaxed final state wave- the [FeCk]%~1~ redox couple to obtain further insight into

functions from DFT calculations as described in the text (top*8$). the inverted bonding description that clearly exists in the

T:\]lznd‘;g‘(;cznt;go:tzgzgorgefrgfaecrz oo 32:2;5'0”'2""“0” spectra are feric speciesFig. 19shows qualitative MO representations

9 pecta. i ’ of [FeCl]?—1~ obtained from spin-unrestricted DFT cal-
culations supported by the VEPES data. These calculations

Ground state spin-unrestricted DFT calculations of use two sets of MOs to describe the majority (spin-up) and
[FeCL]>~ have been used to quantitatively simulate the minority (spin-down) orbitals, an approach that allows for
variable photon energy PES specffig( 18 bottom), yield- spin polarization of the electronic structure due to the high
ing good overall agreement with the experimental data. The spin state of these complexes. As expected, the electronic
lowest binding energy peak corresponds to the ionization structure of the ferrous species is quite “normal”—the
of the single minority spin 3d electron; its photon energy Fe 3d-based orbitals (spin-up and spin-down) are higher
dependence shows a delayed maximum (as evidenced by @& energy than the Cl 3p-based orbitals. The electronic
large increase in intensity from 30 to 50 eV) that strongly
mimics that which is seen for the RAMO peak in the ex-
perimental spectrum (as shownhig. 15 inset). At deeper (A) (B)
binding energy, the majority spin Fe 3d electrons and the
valence CI 3p electrons both contribute to a broad enve-
lope of peaks that correspond to peaks A, B, and C in the o B Fe 3d
experimental spectrum. The theoretical spectrum indicates
that the lower binding energy peak A contains greater metal
character, whereas the deeper binding energy peaks B and C
contain mostly ligand character. Importantly, the unrelaxed
theoretical spectra obtained from the Gelius—Siegbahn ap-
proach (G8"eaxe9 do not show any intensity at deeper
binding energies and thus cannot account for peak S in
the experimental spectrum. The problem is that relaxation
of the electronic structure is not allowed to occur within
the context of Koopmans’ theorem, resulting in the lack of
shake-up satellite peaks in the theoretical spectrum.

A modification of the Gelius—Siegbahn approach is to
use relaxed ionized final state wavefunctions to obtain both
the energies an_d |r}ten§|t|es _Of the_lomzat'on peE_'@' (18 Fig. 19. Qualitative spin-unrestricted molecular orbital representations of
Ggelaxed The distribution of intensity over these final states (A) [FeClaJ*~ and (B) [FeCi]'~. The shaded regions represent filled
is obtained by projecting the initial state terms onto the com- molecular orbitals whereas unshaded regions are empty.
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structure of the ferric species is quite different. The high |d”+1L>, where L represents a valence hole in the ligand

spin S= 5/2 state of this 3Usystem causes a significant g hitas The resultant ground VBCI states; { and ;)
increase in tht_e spin pola_nzauon (spllttlng_ _between. the 4re defined by the matrix shown . (4.1a) The parame-
spin-up and spin-down orbitals), which stabilizes the filled o 51 ang A represent the interaction (or covalent mixing)
spin-up Fe 3d orbitals below the Cl 3p manifold. The high- 5 ameter (proportional to ligand-metal overlap) and the
est Iylng filled orbltals_ now mostly contam_CI 3p character, splitting of the unmixed metal and LMCT configurations,
leading to the experimentally observed inverted bonding respectively. The ground state covalency is determined by
schem.e.- . NV ) ) o? = cog 6;, which designates the metal character in the
A similar analysis of core ionization behavior using \yave function wherey; is defined fromEq. (4.1b) The
the Qelius—Siegbahn approach i; possible in theory, putenergy of the LMCT transitonW; = Ect) is also ob-
time-independent DFT methods yield rather poor descrip- (5ined from this treatment as givent. (4.1c) The VBCI
tions of the core hole resulting from ionization. An al- approach assumes that overlap between the injti)

ternative approach is the use of valence bond states 105nd |dn+lL> configurations is induced by the off-diagonal
construct many-electron initial and final states through o, T.

configuration interaction. The correlation of these states

to the simpler molecular orbital picture is more complex [0 T w," = cos; |d") — siné; |d" L)

but it allows a direct correlation between the initial and | 7 A] o — sing: |d") + cost; |d"+1L) (4.1a)
final states of the PES experiment and thus the explicit i ! !

evaluation of changes to the molecular wavefunction on 2T

ionization. tan(20) = —- (4.1b)
4.3. Valence bond configuration interaction W; = Ect = v A2 + 4T2 (4.1¢)

It is simplest to consider the influence of electronic relax- ~ The ionized final states(; and ¥;) are defined in an
ation within the context of the limiting valence bond states, analogous manner except that the relative energies of the
i.e. purely ionic component configurations that are allowed Metal-centereded”) and ligand-centere¢t:d"**L) config-
to mix through configuration interaction. Such an approach urations ¢ = core hole on metal) have changed due to the
is known as a valence bond configuration interaction (VBCI) differential effect of the 2p- 3d hole interaction potential
model, and it is developed in detail for core ionization and (Q) on each configuration. The core hole destabilizes the
the analysis of core PES data. The approach can be extendedcd”) configuration by an amour@ relative to |cd"+1L)
to valence PES data if atomic multiplet effects are explicitly Since there is additional hole-hole repulsion in that configu-

evaluated. ration; the energy splitting between the two configurations is
thereforeA — Q. In cases wher@ > A, the order of the two
4.3.1. Two state VBCI model for core ionization VB configurations inverts relative to that which is observed

A representation of the VBCI model for core ioniza- inthe ground state. The VBCI final states and all associated
tion is given in Fig. 20 the electronic structure of the final state parameters are defined akdp (4.2)with the or-
initial state is represented by configurational mixing be- der of the final states defined by the sign(df— Q). In this
tween the groundd”) configuration and a higher energy model, the core hole results in the addition@fin the ClI
ligand-to-metal charge transfer (LMCT) configuration matrix, which changes the relative contributions of the two
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Fig. 20. Representation of a two-state valence bond configuration interaction (VBCI) model for analysis of core ionization processes. Thetes#tyed i
for the ionization transition distributes amongst the two relaxed final states to generate the lower-energy main peak and higher-energyakatellite pe
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component states in the final staﬂ%(: sir? 0f # a?).

0 T Y =costsled") —sindy |ed L)
|: T A :| L ; n n+1 (4.23)
llff = sinfy lcd™) + costy |Cd L)
2T
Wr=1/(A— Q)% +412 (4.2¢)

For the wave functions chosen, a certain number of re-
strictions are needed to limit the solution set: for- 0 then
0° <6 <45, for (A—- Q) >0then0 <0y < 45, and
for (A — Q) < 0then 48 < 6y < 90°. Within this formal-
ism, thew," — J/;‘.L ionization is an allowed one-electron

process Wherec";\&l/l.NL - ¥ois a formally forbidden
two-electron transition known as a “shake-up transition”
since a second electron is internally excited in addition to
the metal-based core ionization. Intensity into thig final
state results from electronic relaxation (driven@) which

245

(Is/137). This intensity ratio can be used to determine the rela-
tionship between the Koopmans and true final states through
Eq. (4.5) obtained from sudden approximatif@2i].

I—S = tar12 (9;‘ — 91)
IM ’

(4.5)

The basic VBCI model presented above assumes that the
ionization process is well-described by a single one-electron
ionized final state and the presence of only one available
LMCT state. In reality, neither of these assumptions is gen-
eral. A multitude of possible metal-based final state configu-
rations are possible (except fof’dinal states) as determined
by the atomic multiplets that result from thed") configu-
ration. In most cases, this serves to distribute intensity over
a number of different final states that can all be perturbed
by the presence of appropriate LMCT states. In fact, signif-
icant debate has occurred over the best description of satel-
lite features in core PES spectra. Simulations that combine
both atomic multiplet and charge transfer contributions, as
developed by Thole and coworké#6,46], provide the most
effective method of evaluating these different contributions.

reorganizes electron density and creates a situation where

'~ is not formally orthogonal to the,* ground state.

The degree of electronic relaxation is thus related to the
intensity of the;" — w-transition, which can be described
within the VBCI modelf by generating a reference ionized

4.3.2. Core VBCI simulation of iron tetrachloride

The Fe 2p); ionization of the [FeGf]?~+1~ redox cou-
ple provides a useful illustration of the relative importance
of atomic multiplets and charge transfer contributions to

state where orthogonality between the initial and final state higher-energy satellite peaks. In the ferric species, there is
wave functions is enforced. This reference state, termed thesignificant asymmetry in the peak shape that is well de-
Koopmans state results from core ionization without elec- scribed by an intensity distribution elucidated from final state

tronic relaxation. The description of the wave functions is
frozen such that = 6; (and thusx? = o?), but the energy

atomic multiplets (se€ig. 13bottom); charge transfer con-
tributions to the spectrum are thus very small in this case.

of the Koopmans states are allowed to change based uporBy contrast, the large satellite feature in ferrous tetrachlo-

the amount oflcd”) character in each of the two wave func-
tions. The energy destabilization due @thus distributes

ride (Fig. 13top) cannot be completely simulated by atomic
multiplet calculations of the core ionization process (dot-

over the two-component Koopmans states as shown inted line); significant LMCT (and thus electronic relaxation)

Eq. (4.3)

Er=E" 2
KT h el (43)

E;=E +01—-a))

From this construction, electronic relaxation is defined
as the change between the ionizeg” and ¥~ (when
0 > A) wave functions. Changes in the wave functions

contributions to the ionization of the ferrous species must be
included to adequately simulate the experimental spectrum
(solid line).

The qualitative results for core ionization of [FeZI™ are
therefore very similar to that which has been obtained for
valence ionization—the final ionized states differ substan-
tially from the initial reduced states, indicating a large de-
gree of electronic relaxation on ionization. From the VBCI

due to electronic relaxation are quantified as the difference analysis, however, the amount of relaxation can be quan-

in the effective charge on the metal on going from the

tified through Aqg,;,. From the simulations irfrig. 13 top,

unrelaxed to the relaxed final states; this change in chargeAqﬂx ~0.8e, which demonstrates that the effect is extremely

due to electronic relaxationA(g,;,) is calculated as given
in Eq. (4.4)(specifically forQ > A). The energetic effect
of electronic relaxationH,;,) can also be calculated as the

large for this system. For ionization of the ferric species, an
upper limit of Aq,;, ~0.35e is obtained.

energy difference between the unrelaxed and relaxed finaly 3 3 Extension to valence ionization

states.

Agrx = (XE - a? = ozl-z - a? = co€h; — sir? 0y (4.4)
Experimentally, the degree of electronic relaxation is re-

flected by the relative intensity of the forbidden shake-up

transition relative to the main one-electron ionization peak

The basic VBCI model shown iRig. 18can also be ap-
plied to valence ionization with a single modification: the
2p—3d hole interaction potentia] must be replaced by the
3d—3d hole interaction potentidl}j. An additional concern,
however, is the applicability of the sudden approximation to
calculate the intensity distribution over the final states, but
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Fig. 21. AM + VBCI simulations of the valence PES spectrum (the
normalized ratio of intensities at two photon energies, 45 and 25eV, is
used) for [Fe]2~ compared to the experimental spectrum. The dashed
line is an AM simulation without electronic relaxation, whereas the solid
line gives a complete AM+ VBCI simulation (which includes electronic
relaxation). Each component of the complete AMVBCI simulation is
also shown as a bar graph. Modified from refereftH.
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iments on organometallic and transition metal molecules.
In this section, we will review two relatively new applica-
tions with selected examples. Bection 5.1.1he focus is

on the multi-atom resonance technique &wttion 5.1.2
reviews the study of vibrational fine structures in the pho-
toelectron spectra of small molecul&ection 5.2focuses

on Bioinorganic applications and provides an overview of
the application of PES in evaluating electronic structure
and electronic relaxation and defining their influence on the
redox properties of important electron transport proteins.

5.1. Inorganic applications

5.1.1. Multi-atom resonant photoemission (MARPE)
Multi-atom resonance is observed when the incident
photon energy is tuned to a core level absorption edge of
an atom neighboring the emitting atom (inter-atomic reso-
nance). Core photoemission peaks are enhanced when the
emitting level has a lower binding energy than the reso-
nant level. This was first studied by Fadley and co-workers

it has been shown in several systems that the sudden apf103-105]in the single crystals of inorganic transition metal

proximation still provides good results even at lower photon
energies.

However, the two state VBCI model above does not pro-
vide adequate simulations for valence ionization on its own
since the spectrum will be dominated by atomic multiplet
effects, which only play a limited role in the analysis of
the core spectra for ferrous tetrachloride. The application of
combined atomic multiplets AM and VBCI (AM- VBCI)

compounds (MnO, F£3 and La 7Sr5.3Mn0O3). The exper-
iments were done at the Advanced Light Source, Berkeley,
California.

The X-ray absorption spectrum of the Mn 2p region show-
ing the 2p/» absorption at a binding energy of 639 eV and
2py/2 absorption at 650 eV is shown kig. 22bottom. The
spectrum has been corrected (solid line) for non-linearity in
the detector response. The O 1s PES spectrum with inci-

methods is therefore necessary for adequate simulation ofdent angle §;,,) at 10 and electron exit along the normal

valence PES spectr&ig. 21 shows the AM+ VBCI sim-
ulations for [FeC}]?~ both without and with electronic re-
laxation. As observed with the DFT-derived spectra for the
same complex, the final state effects provide for signifi-

Oexit = 90° was recorded from 630 to 660 eV. The total O 1s
peak intensity is evaluated after subtracting the background
of inelastic scattered electrons and the intensity variation as
a function of photon energy is shownhig. 22 (top, excita-

cantly increased intensity at deeper binding energies due totion spectrum). The photoemission from the O 1s (binding

the large influence of electronic relaxation. From these sim-
ulations, Ag,;, can be calculated as was done for the core
ionization process and is found to b&.7e, i.e. it is smaller

energy of~530eV) level showed resonancel2% in en-
ergy integrated intensity) at the MnZp and 2, absorp-
tions (~639 and 650 eV). Similar resonance enhancements

than for core ionization but still extremely large, in agree- were observed in KOs (at the Fe 2p region-705 eV) and

ment with both the qualitative experimental interpretation
and the DFT-derived simulations.

5. Recent applications

In the last decade, photoemission spectroscopy has
emerged as a powerful tool for studies of inorganic and
bioinorganic systems. Synchrotron radiation with its contin-
uous spectral distribution has opened up new directions for
applications of photoelectron spectroscofgble 1llists the

recent PES studies on inorganic systems—small molecules

and transition metal complexes. The effects and the ap-
plications of resonance, Cooper minimum and delayed
maximum (cross-section effects) have been discussed in
Sections 3 and.4Jennifer C. Green’s review in this volume

in Lag7Srp.3Mn0O3 (Mn 2p). The observed resonances are

| ‘ Bhy = 107 Oexit = 90°
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Fig. 22. MARPE effect in MnO. (A) O 1s photoemission peak intensities

as a function of photon energy—excitation spectrum. (B) X-ray absorption
coefficient for MnO. Data shown fa#,, = 10° and fexit = 90° (dashed

focuses on the use of synchrotron radiation for PES exper-curve) (adapted from referen§g03]).
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Table 1

Recent PES studies using synchrotron radiation

Sample Description of study References

Transition metal complexes
Fe(CO} Valence band PES [47]
CeRuSp High resolution Ce 4d-4f resonance PES [48]
MnCly, CrCh, VCl, Multi-atom resonance photoemission effects [49]
Fes04 Spin resolved PES study [50]
M(eta(3)-GHs)2, M = Ni, Pd, Pt Photoionization cross-sections, VEPES [51]
CpM(CO), M = Co, Rh, Ir VEPES: molecular orbital assignment [52]
M(CO)sX, M = Re, Mn; X = ClI, Br High-resolution valence band VEPES [53]
W(CO), W(COxPMe3 Study of ligand field effects, ligand additivity effects [54]
(eta(5)-GHs5)NINO Valence VEPES, resonance effects [55]
M = Ni, Pd, Pt
(eta(5)-GHs)M(eta(3)-GHs) Valence VEPES, resonance effects [56]
Os(CO)L, L =CO, PMg High resolution VEPES, resonance, Cooper minimum effects [57]
CpM(CO), M = Mn, Re, Cr Valence and core level PES [53]
CpFe(CO)l Core, valence and inner valence PES [58]
Re(CO}X, X =ClI. Br Valence level multi atom resonance [59]
CrClz, CrBr3 Core and valence level PES [60]
WSe Study of photovoltaic property using PES [61]
MoTe,, MoSe, MoS, Angle resolved PES in CFS mode [62,63]
SnG High resolution PES studies to probe gas sensing property [64]
GdCw, GdSis Multiple atom resonance [65]
PtSi Electronic structure elucidation [66]

Small molecules
SO Vibrational structure in the valence band region [67]
OCS Superexcited states by two-dimensional PES [68]
N2 Vibrational structure in the valence band region [69]
Sks Shape resonance in the valence band region [70-72]
Ar Angle resolved PES [73]
HI High resolution threshold PES [74]
BF3 High resolution threshold PES, study of shape resonance [76]
H2S Double photoionization studies of,H [75]
CF4, CO Chemical effect on the carbon 1s hole-state lifetime [77]
NH3z, ND3, PR3 Study of PES cross-sections and electronic structure [78]
HF, DF Threshold PES in the inner valence ionization region [79]
NO Angle and spin resolved PES [80,81]
SO, CS Two dimensional PES to study superexcitation and decay [82]
HBr, DBr, Bry, CH3Br, CRBr High resolution PES at the Br 3d edge [83]
XeF, x=2,4,6 High resolution Xe 4d PES [84]
CSs CIS spectroscopy, study of vibrational features [85]
NO,* Vibrational structure in the valence band region [86]
ICI High resolution valence level PES [87]
HCI, DCI, HI High resolution valence band PES [79,88]
Fe Fe 2p and 3p photoemission magnetic dichroism [89,90]
Ni Resonance enhancement of satellites in the valence region, core level PES [91,92]
Pr Electronic structure elucidation [93]
Ca Shake up states in laser excited aligned Ca atoms [94-96]
Ag Study of shake up satellites and core hole dynamics [97]
Pu 5f resonance photoemission [98]
Gd Photon energy dependence of photoemission [99]
Lu 5p multiplet structure using PES [100]
Ba High resolution 4d and 5p PES [101]
CsCl, Bak Resonance enhancement of satellites in the valence region [102]

also dependent on the angle of incident radiation and elec-dipole excitation of the O 1s photoelectron by the incident
tron emission. light polarization, (ii) the excitation of the Mn23p electron
The MARPE phenomenon is presently described by an to the first unoccupied Mn 3d level, and (iii) the autoioniza-
extension of the intra-atomic single atom resonant photoe- tion of the excited Mn 3d state to give a free electron (same
mission model described iBection 3 [104] Considering energy as the photoelectron created in (i) by the coulomb
the example of MnO, the important interactions are: (i) the interaction coupling the Mn and O electrons. The first two
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terms are one-electron matrix elements while the coulomb
term is a two-electron matrix element. A recently developed
more extensive model which includes covalent bonding ef-
fects as well as the multiple scattering of the incoming radi-
ation, the many electron wave functions for the dipole and
coulomb matrix elements, polarization of the electron and
hole generated and configuration interaction provides a bet-
ter simulation of the experimental res{103,105]

Since the core binding energies are characteristic of an
atom, the presence of these resonances provides a direct 109 1085 108 1075 107 1065
probe of the near-neighbor atom. The sensitivity of MARPE Binding Energy
effects to bonding types and distances is potentially an im- _ _ , o
portant spectroscopic method for various applications in in- 719+ 23 Si 2p photoelectron spectrum of $itThe dotted fines in the

. .. . . spectrum represent contributions from each vibrational and spin orbit

organic and bioinorganic systems. This methodology could ganwm state (adapted from refererites])
be used to study oxygen bound to metal surfaces and to metal
ions in inorganic complexes, which have been challenging
to study due to the ubiquitous presence of absorbed water.

MARPE effects have also been explored at the valence which the core-ionized atonZj is replaced by one with an
level [59]. Since there is strong mixing of the metal and additional protonZ+1), (vide infra).
ligand-based orbitals at the valence level, the interpretation An extensive study of the core level vibrational fine

Intensity

of enhancements is not straightforward. structure in the Si 2p photoelectron spectra in a series
of silicon containing molecules was done by Sutherland
5.1.2. Vibrational fine structure in PES et al. [108]. The series includes: Sips_, (x = 0-4),

Vibrational structure in core level PES was first resolved Si(CHg),(OCHg)s—, (x = 0-4), Si(CH).[N(CH3)2]a—x
in the C 1s spectrum of methane in 1984 by Gelius et al. (x = 1-4), SiH[Si(CH3)3]4—, (x = 0-4), SiHb—CHjs,
using the Al Kx source[106,107] The limitation of us- SiH3—SiH3, SiH3—SiH—SiHz, Si(CHz)3—Si(CHg)s, Ge[Si
ing the Al Ka source for resolving vibrational structure (CHzs)s]s, and [Si(CH)2]s. The experiments were done at
was the incident radiation bandwidth (>0.3eV). With the the Aladdin Synchrotron, University of Wisconsin, Madison.
use of synchrotron radiation, which is characterized by high Here, we will focus on the gaseous molecule, £iH
monochromacity (bandwidth0.1eV) and intensity, it is  Fig. 23shows the Si 2p core level photoelectron spectrum.
now possible to better resolve vibrational features and also toThe spectrum is a resultant of contributions from the Si
study the intensity changes of vibrational bands as a function2p spin orbit splitting and the Si-H stretching vibrations.
of incident energy (vibrational cross-sections). Synchrotron The largest peak (1) at lowest binding energy (107.31eV)
radiation has been used to resolve vibrational features in theis the Si 2p/, adiabatic transition and the Si 2p band
core and valence band region. (4) is separated from it by the Si 2p spin orbit splitting of

Vibrational structures are observed in core level PES be-0.61eV. These are further split into vibrational progres-
cause of the difference in the equilibrium nuclear geome- sions, which has been assigned to the totally symmetric
try of the initial and the final (the ionized) state. The initial & vibrational mode, on 2p; (1, 2, 3) and on 2, (4,
state is the ground vibrational state of the ground electronic 5, 6) for v = 0, 1, 2 with an energy spacing of 0.295eV
state. Due to the change in the final ionized state rearrangeg2379 cnt1). The third vibrational peaku( = 2) can be de-
to a different equilibrium nuclear geometry. This results in tected only in the Si2p, series, and it overlaps with peak
overlap between the ground vibrational level of the initial 4 in the Si2p,» series. This vibrational frequency is similar
electronic statey’ = 0) and a number of vibrational levels to that of PH1 (2295 cnt1)—the core equivalent species,
of the final electronic state/{= 0, 1, 2,.. ., n). The relative which supports the use of the ‘core equivalent’ model for
intensities of the vibrational bands are given by the Franck estimating vibrational frequencies. Additionally, the ratio
Condon factors (square of the overlap integral between vi- of the SiH; and Sily (spectrum not shown) vibrational fre-
brational levels of the initial and final electronic state). When quency (0.719) matches the theoretical prediction from the
the vibrational features are well resolved in the PES spec- ratio of the reduced masses of Si—-H and Si-D according to
trum the energies of the vibrational levels is obtained from (v(Si—D)(Si—H)) = [1(Si—H)/u(Si-D)]Y/2.
the spectrum, which provides insight into the potential en-  The high-resolution PES study on the series of Si com-
ergy surface of the final state. When the vibrational features pounds provided accurate adiabatic Si 2p ionization poten-
are not well resolved, the ‘equivalent core’ model is usually tials and systematically compared the effects of different
used to approximate the energies and other parameters ofigands on the vibrational manifold in the photoelectron
the vibrational bands and is then correlated to the experi- spectra. This provides a database to interpret vibrational
mental spectrum. This model suggests that the properties ofstructure in the photoelectron spectra of other molecules,
the final state (core-hole state) are similar to a molecule in polymers and surfaces.
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Fe(ll) — Fe(lll) process than for Kdl) — Fe(lV). The
magnitude of electronic relaxation\gx) can be quantified
from these experimental data using the VBCI model devel-
oped inSection 4.3As expected from the relative intensities
of the satellite peaks iRig. 25A, the amount of relaxation is
significantly greater for Fe(Il}> Fe(lll) (Agnx ~ —0.82)
than for Fe&lll) — Fe(IV) (Agnx ~ —0.40). Notably, the
large negativeAgyx for Fe(ll) ionization indicates massive
LMCT upon oxidation, which stabilizes the localized Fe
2p core hole. These results are very similar to those which
have been observed for [Fe@®—1~ in Section 4 [41]

Fig. 24. Protein structure dbesulfovibrio vulgarisrubredoxin (1RB9) These core ionization data further reveal inSight into the
Tt?e ligands to the Fe at the active site are giabeled. Cys(9) and Cys(42) nature of the V.alence. redox processp.s/l'he mtenSItY_Welghted
are labeled Cysand are nearer the surface of the protein than Cys(6) average core ionization energy?b(e ) of the oxidized

and Cys(42), which are labeled GysAdapted from referencii]. species is only 0.4eV deeper than that for the reduced
species AEp in Fig. 254), implying that the overall dif-
ference in charge between the reduced and oxidized sites
(Agredoy) is very small. This has been quantified for
[Fe(SPh)]?—1~ and indicates that the charge change on the
iron is extremely small on oxidationAgregox ~ +0.10e.

For [FeCh]?—1~, Agredox has been calculated to be quite a
bit larger ¢~ +0.2€) indicating that there are some important
n guantitative differences between the redox behaviors of the

5.2. Application to bioinorganic chemistry

Application of PES to determine the electronic structure
contributions to redox properties of mononuclear iron-sulfur
active sites demonstrates the power of the experimen-
tal and theoretical methodology outlined in this review.
Using a combination of core and valence PES data o ) .
[Fe(SgR)l]2*»1* model complexes, the electronic structure tetrathiolate and the tetrachloride redox pouﬁ@llO]
of the reduced and oxidized sites have been elucidated—and thVaIence IID_Edeaig for]; [F?(Satt.a artetglvtedljﬁlnFlg.tZiB i
their contributions to the observed redox properties for such( € hormalized ratio of iniensities at two ditierent photon
sites have been evaluatgtll,109,110] Results from these energies 45 and 25 eV is shown, Wh'Ch. corrects for the con-
studies are used to provide key insights into the functional :leut;)n tfrofmtthe_ ring Iatl'mlj ';hp_“ i?]unég??n)'l-r?i dfata show
requirements for rapid electron transfer in the mononuclear € efiect of atomic mulliplets in the inal state for va-

iron—sulfur electron transfer proteins known as rubredoxins !ence ionization processes (vide supra). VBCI simulations,

which contain F&/3+ coordinated to four Cys residues in including the effects of atomic multiplets, are used to de-
a Dyq distortedTy structure Eig. 24) termine the magnitude of electronic relaxation for valence

Fe 2p/» PES core ionization data for [Fe(SEh)n ionization. As for the core ionization of the ferrous species,

the Fe(ll) (reduced) and Fe(lll) (oxidized) oxidation states atomic multiplet S|m_ulat|ons do not adequqtely account for
are given inFig. 25A The Fe(ll) complex exhibits a the large observed intensity at higher binding energies (see

strong shake-up satellite (S) on the high energy side of theihl\(zg_r;rﬁlaﬁedtst|mulaﬁ|0n |F\f|g. 258);t|ncllut3|on.tof zhe;kzl:p
main peak (M) whereas the Fe(lll) species exhibits only to hiah inaj states z&ws borttgrea erin entS| Yth Istribution t
a weak satellite feature. Qualitatively, this demonstrates 0 higher energy and thus better agreement with experiment.

convincingly that there is more electronic relaxation for the From _the_ rel_axed simulations |an._ 25_8‘ Agix for va-
lence ionization of the ferrous species is calculated te-be

—0.75e, which is still very large although somewhat smaller
' ‘ RN ~ [Fe(SPh). than that calculated for core ionization. As with the core ion-
. ization data, relaxation in the tetrathiolate model is slightly

greater than in the reference tetrachloride sygihi 10]
In agreement with these PES results, DFT results in-

| ed ] dicate a dramatic change in the electronic structure on
! o redox for the tetrathiolate model. As also observed in the
] Il. T e tetrachloride, DFT-calculated redox densities indicate a

dramatic shift in electron density from the ligands to the
metal—compensating for the increased positive charge at
. L : the oxidized metal center. The effect of electronic relax-
700 710 720 0 5 10 15 ation is calculated to be even larger for the tetrathiolate
Binding Energy (eV) complex than for the tetrachloride. It is reasonable to con-
Fig. 25. (A) Core Fe 2, ionization spectra for [Fe(SPAf—1~ and clude that electronic relaxation is a critical aspect of the

(B) corrected valence PES spectra for [Fe(SPh). Experimental details electronic structure of [Feq high-spin iron redox couple,
are given in referencii]. which suggests that rubredoxins, a class of electron trans-

Relative Intensity

unrelaxed
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%

px . allows for changes in the passive electrons to compensate
redox

for the loss of the metal-based electron. These changes
increase the ligand contribution to the ionization process
such that the overall ionization occurs mostty90%) on
the ligands. Electronic relaxation therefore transfers signif-
icant charge from the ligands to the metal to stabilize the
electron-deficient metal center on oxidation. The large cal-
culatedAgyy for the Rd model Agrnx ~ —0.72e) is in good
agreement with the experimentally and theoretically-derived
values that have been obtained for [Fe(SPh)1~. In fact,
DFT results on a series of geometric perturbations of the
[Fe(SR}]?1~] unit suggest that the magnitude of elec-
tronic relaxation for these systems is quite insensitive to
small differences in the ground state electronic structure that
are known to exist between Rd and model syst§ri9].
Electronic contributions to the reduction potentials are di-
rectly related to the vertical ionization energidgef) ob-
tained from PES experiments on the reduced species. As
Fig. 26. Redox densities for the active site of rubredoxin. See reference discussed above, electronic relaxation redistributes intensity
[109] for details. into LMCT final states, which decrease the energy of the
initial ionization peak by stabilizing the final state through
charge redistribution. The energy stabilization of the main
port proteins that have an [Fe(SCyE -1~ active site, peak through relaxatiorE(;,) is therefore the energy dif-
should also exhibit very strong electronic relaxation. Fur- ference between the binding energy of the main peak and
thermore, this electronic relaxation should have a dramatic that of the unrelaxed final state. As described previously in
influence on the redox properties of this electron transport Section 4.3 VBCI simulations provide a method of calcu-
protein[110]. lating E,;x, a measure of the stabilization of the oxidized
site due to electronic relaxation. This stabilization trans-
5.2.1. Electronic relaxation effects on the ET properties of lates directly to a decrease in the reduction potential, i.e.
rubredoxin making it easier to oxidize the reduced species. From the
Although direct PES experiments on the protein active shift in the valence ionization energy of [Fe(SHRY due
sites were unfeasible, the protein sites are spectroscopicallyto electronic relaxation (seéig. 25B), we see thaErFf)fMo
very similar to tetrathiolate model systems such as the oneis ~0.6 eV, which is a significant stabilization. In the pro-
investigated abovptl]. Additionally, the success of DFT in  tein, this effect will be somewhat modulated by the protein
describing the electronic structure of the well-characterized matrix, but the overall magnitude of the stabilization would
[FeX4]21~ redox couples described above strongly sug- remain similar. Thus for rubredoxins, a significant effect of
gests that it would prove equally successful in elucidating electronic relaxation would be to decrease the reduction po-
the electronic structure of the protein active site. DFT calcu- tentials from~0.5V to experimentally observed potentials
lations on a large 104-atom protein fragment that contains near 0V[109,110,114-120]
the complete active site (including hydrogen-bonding effects  In addition to the large effect on the thermodynamics of
to the sulfur ligands) indicate that the overall description of electron transfer, electronic relaxation exhibits a dramatic
the redox process is only somewhat perturbed by the activeinfluence on the magnitude of geometric changes that oc-
site structure and exhibits very large electronic relaxation on cur on the redox properties of [Fg¥ 1~ complexes and
oxidation of the ferrous protein. The effect on the nature of thus exerts a strong influence on the kinetics of electron
the oxidation process is dramatic as evidenced by the largetransfer through its inner-sphere reorganization enexgy (
differences betweepredox and o, 40« at the active site seen  To explore this issue, DFT potential energy surfaces for
in Fig. 26 From our calculations, the electronic structure of [Fe(SCH)4]2 1~ were constructed as given iig. 27. As
the ferrous species indicates that the highest energy electrorobserved experimentally, the equilibrium bond distamgg) (
resides in a molecular orbital (the redox-active molecular is slightly greater for the reduced speciés fedox= req(red)
orbital, RAMO) that has predominantly Fe 3dcharac- —req(ox)~0.03A).Withoutelectronic relaxation, however,
ter (~85%). This description of the ferrous site is highly the potential energy surface for the oxidized speciegf(Fe
consistent with available spectroscopic data on rubredox- differs substantially and predicts a much shorter equilibrium
ins and model systen{d11-113] Allowing for electronic bond distance. From this, we find that an important conse-
relaxation results in dramatic changes in the nature of the quence of electronic relaxation is a smallategox resulting
redox-active electron (segedox in Fig. 26) even though the  from a decrease of the electrostatic distorting force for bond
RAMO itself changes only slightly. Electronic relaxation contraction. This effect has a stunning impactignwhich
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groups. The contribution from these secondary pathways has
been estimated at20% of the total electron self-exchange
rate[109].

Taken together, the influence of electronic relaxation on
is calculated to decrease by nearly 1 eV when electronic re-A; andHpa has a profound effect on the expected rates of
laxation is allowed to occujl09]. electron transfer that can be achieved by rubredoxins. The

A similar analysis has been performed for the active site dominant effect is the substantial decrease in inner-sphere
of rubredoxin. Again, the calculated bond distance changesreorganization energy~1 eV), which translates into an ef-
are larger Ar, .~ 0.06 A) if electronic relaxation is sup- ~ fective increase in rate for rubredoxin self-exchanigaq
pressed than if the electronic structure is allowed to relax from a rather plodding M ~* s~ to the rather more effec-
(Arredox ~ 0.03A) on valence ionization. The effect on tive 1FM~1s1—an incredible three order of magnitude
bond distances is more modest than in the model system,increase in the rate of self-exchange!
but the effect on reorganization energies is just as large: Therefore, core and valence PES studies coupled with par-
is calculated to decrease froml.2 to only 0.2eV due to  allel DFT calculations on a well-characterized iron sulfur
electronic relaxation. As shown from DFT-calculated po- redox couple has provided significant insight into the funda-
tential energy surfaces of the [Fg)® 1~ model systems,  mental electronic structure contributions to the redox prop-
electronic relaxation effectively reduces the electrostatic dis- erties of a biologically important electron transfer protein
torting force that contracts the Fe—S bonds by decreasingactive site. The cysteine ligands provide impressive stabiliza-
the Coulomb attraction between the negatively-charged lig- tion of the oxidized site (by 0.5 V) through increased charge
ands and the positively-charged metal through redistribution donation in the ferric site. This redistribution of charge den-
of the electron density in the oxidized state. This results Sity between the metal and ligands also minimizes geometric
in a very smallArredox, Which translates into a very small  changes associated with the redox process and efficiently de-
inner-sphere contribution to the reorganization energy for creases the inner-sphere reorganization energy-(bgV),
electron transfef110]. leading to biologically efficient electron transfer to and from

Lastly, electronic relaxation also influences the magni- the active site of rubredoxins.
tude of coupling between the donor and acceptor orbitals
during redox processes$ifa). This influence, as first de-
scribed by Newtori121] for six-coordinate iron systems, is 6. Concluding remarks
relatively small and does not significantly affect the overall
kinetics of electron transfer. Relaxation-corrected estimates Variable energy PES has revolutionized ones ability to
for Hpa have been used to investigate the possible electronassign and analyze the photoelectron spectra of transition
transfer pathways in this protein, and it has been shown thatmetal complexes. Rather than correlating a molecular or-
only a few pathways can lead to efficient electron transfer bital calculation (often based on Koopmans’ theorem) to the
to/from the active site, as indicated fig. 28 For electron Hel or Hell photoelectron spectrum, or chemically perturb-
self-exchange reactions, direct overlap of the two slightly ing the system to look for shifts in PES peaks, the intensity
buried metal centers is statistically unlikely—an efficient dependence of a PES spectrum with change in synchrotron
superexchange pathway through the two surface-accessiblghoton energy defines the nature of the orbitals being ion-
cysteine ligands is therefore the dominant route to the sur-ized and allows a quantitative estimate of their covalent mix-
face of the protein. A series of secondary pathways alsoings through photoionization cross-section effects. Through
contribute because of hydrogen bonding between the fourshake up satellites or resonance effects at edges, one can

Fig. 27. DFT potential energy surfaces for [Fe(S34f—1~. Reproduced
from referencg109].
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further probe electronic relaxation, the change in electronic [21] R. Manne, T. Aberg, Chem. Phys. Lett. 7 (1970) 282.

structure due to ionization. This can be quantified through [22] J.H. van Vieck, Phys. Rev. 35 (1934) 405. S

a VBCI model, which is strongly supported by DFT cal- [23] D.A. Shirley, in: M. Cardona, L. Ley (Eds.), Photoemission in
. ’ . ) ) Solids, vol. I, Springer Verlag, Berlin, 1978.

culatlons_..EIectronlc relaxation is found to be very Iargg [24] T. Koopmans, Physica 1 (1933) 104.

for transition metal complexes due to the large change in [25] S.M. Goldberg, C.S. Fadley, S. Kono, J. Electron. Spec. Relat.

metal centered electron—electron repulsion upon ionization Phen. 21 (1981) 285.

and must be included in any reasonable analysis. The large [ggl Ew E:“mmerv YrV-GEbe”;ardt' ASdV_- CheTésphf;'? ;‘91(61983) 533.

electronic relaxation observed in the valence region empha- {28} v S;’;’:;er’M'R “;Itscslseﬁgn CéegceGay (EI )Solosrﬁon ER

sizes the importance qf this effect in transition metal chem— McFeely, Chem. Phys. Lett. 75 (1980) 575.

istry including inorganic redox processes, where electronic [29] M.R. McClellan, M. Trenary, N.S. Shinn, M.J. Sayers, K.L.

relaxation can lower potentials and raise rates of ET through

D’Amico, E.I. Solomon, F.R. McFeely, J. Chem. Phys. 74 (1981)
lowering the reorganization energy.
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