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V. X-RAY ABSORPTION

A. Basic Principles

Figure V-1 contains a more extended region of the molecular energy
level diagram for D,,—CuCl,=. If the absorption spectrum is scanned
to energies higher than those of the charge-transfer transitions, we
would next expect to observe transitions associated with an electron
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FIGURE V-1 Energy level diagram for D,,~CuCl,=: Extended from Figure IV-2
(left). All core, CT and d levels are filled, with the exception of b,, which has one

unpaired electron.
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being excited from the 3d orbitals into the 4s and 4p unoccupied
levels on the copper. Since the copper 4s and 4p are valence orbitals
which can mix with the ligand 3p and copper 3d orbitals, their direct
spectroscopic study is quite important in evaluating their partici-
pation in bonding. Unfortunately, the spectroscopic region above
~55,000 e~ (~7 eV where 1 eV = 8066 cm~') is quite difficult
to probe experimentally. Since most molecules absorb strongly in
this region, it can be difficult to find a spectroscopically transparent
host and counter-ion. In addition, a VUV (vacuum ultraviolet) spec-
trometer is required. The most useful continuous energy source of
photons in this range and into the x-ray region is synchrotron ra-
diation from a storage ring (as described in Section B). The ring is
maintained at ultrahigh vacuum (UHV) with Be windows transmit-
ting photons at energies above ~3000 eV. In the region between 7
and 3000 eV, Be windows absorb, thus the experiment must be
contained in UHV. Few systematic absorption studies on inorganic
complexes have been performed in this region.! Above 3000 eV, core
electrons are excited at energies which are well separated for different
atoms, and transitions on a specific atom of interest can be observed.
Studies in this x-ray region will probe the open valence 4s and 4p
(as well as the highest energy half-occupied 3d) levels on the copper,
but at lower resolution (~1.5 eV as compared to ~0.01 €V in vacuum
UV spectroscopy) due to intrinsic lifetime broadening as well as lower
monochromator resolution at these high energies.

The copper K-edge absorption spectrum starting at energies near
9000 eV corresponds to excitation of an electron from the filled 1s
orbital into bound levels and the continuum. This x-ray spectrum is
usually considered in two regions as shown in Figure V-2. At high
energy the EXAFS (extended x-ray absorption fine structure) region
gives structural information on the atoms adjacent ot the copper
center (number, type and bond length; see recent reviews).2 In this
spectroscopic overview we focus on the lower energy region of the
spectrum, the absorption edge which directly relates to the energy
level diagram in Figure V-1. For x-ray absorption spectroscopy,® we
are again interested in a transition moment integral [Eq. (III-1b)] of
the form (y, M. d7 which reduces to a one-electron integral over
the orbital in the ground state and in the excited state involved in
the transition. For the K edge, {, involves the electron in the 1s
orbital. The s, associated with the lowest energy part of the edge,
results from excitation of this electron into unoccupied bound levels
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FIGURE V-2 K edge x-ray absorption spectrum.

in Figure V-1 (E < 0), while the absorption at higher energies in
the edge region corresponds to the 1s electron being ionized into the
continuum of unbound states with £ > 0. For an electric dipole
transition, excitation of a 1s electron into the bound 3d or 4s open
levels of D,,—CuCl,= is forbidden, while 1s —4p is allowed, as is
excitation to higher bound Rydberg levels (np with n > 4). However,
these higher Rydberg levels involve very diffuse wavefunctions which
have poor overlap with the localized core 1s orbital and hence have
low absorption intensity. Alternatively, transition intensity for ex-
citation of a 1s electron into the continuum is at its maximum value
for energies near zero and decreases with increasing energy. Further,
certain of the lower energy states in the continuum can have their
wavefunctions localized within the molecule. This is due to the in-
teraction of the negative potential of the ligands with the unbound
photoelectron, and produces significant overlap of this unbound state
with the 1s orbital. This leads to an intense and sharp transition in
the low energy region of the continuum called a “‘shape resonance”
which can also contribute to the structure in the edge region.* Thus
assignment of the structure in the x-ray absorption edge is complex
but important in probing bonding and requires detailed spectral study
as outlined in the next section.

B. The Experiment

The main experimental feature of x-ray absorption spectroscopy
which should be mentioned is the use of synchrotron radiation® at
facilities such as SSRL at Stanford. This has revolutionized x-ray
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spectroscopy (as well as photoelectron spectroscopy, see Section VI)
as it provides a high intensity continuous energy source of photons
from the far IR to the x-ray region which peaks in intensity at x-
ray energies (Figure V-3). This radiation is produced by electrons at
relativistic energies (~3 GeV) moving ina UHV (< 10-° torr) storage
ring in paths bent by a magnetic field. These electrons radiate, tan-
gential to the electron orbit, a collimated cone of photons polarized
in the orbital plane (see Figure V-3).

Two types of x-ray absorption edge spectral studies on copper
complexes have been pursued. The first is a more empirical correlation
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FIGURE V-3 Characteristics of synchrotron radiation: Polarization and propagation
(top), energy distribution of intensity (bottom) (taken from Ref. 5).
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of the energy and shape of the x-ray edge with oxidation state and
geometry.® From the energy level diagram in Figure V-1, reduction
to Cu(I) will eliminate the possibility of a (is)? . . . (3d)°~
(1s)! - - - (3d)™° transition, and should also shift the 1s and copper
valence orbitals to lower energy due to the reduction in effective
nuclear charge. However, a change in geometry should only affect
the valence orbitals. While changes in valence orbital energies with
geometry may not be resolvable by this technique, absorption inten-
sity can be strongly affected, through changes in mixing among the
valence wavefunctions. This is particularly important in the case of
a noncentrosymmetric distortion which can mix the electric dipole
allowed ls — 4p transition into the electric dipole forbidden 1s —
3d and 1s —4s transitions. The x-ray absorption edges® of a rep-
resentative Cu(I) and Cu(ll) complex are shown in Figure V-4. The
edge region of the Cu(I) complex is shifted to lower energy with an

Sem——

== Cu(l) CompLex — (Cy(11)  CoMPLEX

X-RAY ABSORPTION

e 1 n 1 L [ n 1

8970 8980 8990 9000 9010
X-RAY PHOTON ENERGY (eV)

FIGURE V-4 X-ray absorption edges of representative Cu(I) and Cu(II) complexes.
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intense transition at 8984 eV and an edge maximum at 8992 eV. For
Cu(II) complexes a very weak transition is observed at 8979 eV with
an intense edge maximum at 9000 eV. If the x-ray absorption edge
spectra are normalized and that of a Cu(I) complex has subtracted
from it the edges of a variety of different Cu(II) complexes, the spectra
shown in Figure V-5 are obtained.®® These normalized difference edge
spectra are observed to be fairly insensitive to the nature of the copper
complex and provide a technique for analytically determining the
amount of Cu(I) present in an unknown sample.

On a more spectroscopic level, of the features observed in the
x-ray absorption edge spectra of copper complexes (Figure V-4),
only the weak feature at 8979 eV in Cu(Il) complexes has been
definitely assigned.” This has been accomplished by polarized single

8970 9000 9030

ENERGY (eV)

FIGURE V-5 Normalized difference edge spectra: One Cu(l) model (N,,S coordi-
nation) minus a variety of Cu(ll) models (N,,0; (—,——); N,,0, (- - -); and N,,0,,8
( ) coordinations).
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FIGURE V-6 Polarized single crystal x-ray absorption experiment: E is the polari-
zation direction of light, k the propagation direction, and ¢ the angle of rotation of
D,,~CuCl,= about the z axis (=0° along a Cl-Cu bond).

crystal x-ray absorption studies on D,,—CuCl,=. In this experiment,
x-rays were propagated, normal to the molecular z axis, with the
E vector oriented in the equatorial plane as shown in Figure V-6,
When the crystal was rotated by an angle ¢ about the molecular z
axis, the polarized x-ray absorption edge spectrum changed, Figure
V-7. In particular, the weak peak at 8979 eV is essentially absent
when the E vector is along the Cl1-Cu axis (¢ = 0°) but appears
when the complex is rotated away from this orientation. The intensity
of this peak for a number of angles of rotation ¢ 1s plotted in Figure
V-8. This intensity pattern allows a definitive assignment of this
transition as discussed in the next section.

C. Comparison of Experiment and Theory

Thus far we have considered only the electric dipole operator
(M(x,p,z)) in the multipole expansion in Eq. 1I1-2. If the 8979 eV
transition obeyed electric dipole selection rules in D,;, Figure V-8
(where E is parallel to the molecular x,p axes) would either exhibit
no intensity for all ¢ for a z polarized transition, or nonzero intensity
which is constant with ¢ for an (x,y) polarized degenerate transition.
The fact that the intensity of the transition peaks every 90° when the
propagation direction of the light bisects the Cl1-Cu—Cl bonds requires
this to be an electric quadrupole transition. The expression for the
electric quadrupole transition moment integral is given in Eq. (v-1),
where E is the polarization vector of the incoming x-ray with prop-
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FIGURE V-7 Polarized single crystal x-ray absorption spectrum of D,,—CuCl,~. ¢
defined in Figure V-6. Insert gives 8979 eV peak at higher sensitivity.

agation direction k, and p and 7 are the electron momentum and
coordinate operators

felcctric quadrupole &« <13\(E * ﬁ)(_i( * ;)ng> (V'l)

Defining E along x and k along y, the electric quadrupole operator
transforms as M(xy). This operator will allow a transition from the
1s orbital to an excited state which also transforms as xp in the
coordinate system defined by E and k. This is just the case for a
d. _ . orbital when the lobes are oriented at 45° to the propagation
direction, the orientation of maximum experimental absorption in-
tensity in Figure V-8. Thus we can assign the 8979 eV peak as a 1s
— 3d,._,. transition induced by the higher quadrupole term in Eq.
(I11-2). This term is active for two reasons: (1) the 1s . 34 transition
is electric dipole forbidden in D,, and, (2) at 9000 eV the wavelength
of the photon is ~1.4 A which is no longer large relative to the
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FIGURE V-8 Intensity of 8979 eV peak as a function of ¢.

orbital of the electron, hence higher terms in the multipole expansion
might be expected to make significant contributions.

If the D,,—CuCl,= complex is distorted to the D,,~CuCl,~ ge-
ometry, both the 3d,. .. and 4p, orbitals have b, symmetry and thus
are allowed to mix by group theory. Significant p, mixing (12%) into
the 3d,._,. ground state has been proposed® as an explanation for
the small copper hyperfine splitting observed in the EPR spectrum
of D,,~CuCl,=. Since the ls - 4p, transition is electric dipole al-
lowed, this mixing would induce electric dipole character into the 1s
- 3d,:_,; transition in the copper K edge. Experimentally® (Figure
V-9) the 8979 eV transition increases in intensity in the D,,—CuCl,=
geometry by a factor of ~4. SCF-Xa-SW calculations on D,,~CuCl,=
indicate that there is approximately the same amount of d,._,, char-
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FIGURE V-9 Comparison of normalized x-ray absorption edge spectra of D,, and
D,, CuCl,~. Insert gives 8979 eV peak at higher sensitivity.
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acter in the ground state as found for D,,— CuCl,= in Section II-C.
Thus the increase in intensity must be due to Cu 4p, mixing. (Note
that ligand character mixed into the d,. ,. orbital cannot directly
contribute to transition intensity as this has essentially no overlap
with the Cu 1s orbital.) The SCF-Xa-SW calculations indicate 2.1%
p, mixing into the d,._,; ground state in D,,—CuCl,=. Using this
value of p, mixing and the experimental §979 eV intensity in Figure
V-9, one estimates the relative magnitudes of pure 1s 22l 4, ,»and
1s M2, 4p, transitions to be ~1:100, which appears to be reasonable
for terms in the multipole expansion at this wavelength.'® However,
2.1% p, mixing is not consistent with the present interpretation of
the copper hyperfine splitting in D,,~CuCl,=. Ideally, one would like
a direct experimental determination of the 1s ¥ 4p_ transition in-
tensity to quantitate mixing [using Eq. (III-4)]. A possible assignment
for the 1s — 4p, transition in the x-ray absorption spectrum is the
peak at 8986 eV which is strongly z polarized.®'' However, the al-
ternative assignment of the 8986 eV peak as a “shake down” tran-
sition involving 1s — 4p simultaneous with a Cl — Cu(Il) charge-
transfer transition, made allowed by configurational interaction, has
also been proposed.'® This is analogous to the satellite structure
observed in XPS spectroscopy (see Section VIA). Further experiments
are required to distinguish between these possibilities.

To summarize, the electric dipole forbidden ls — 3d transition is
an extremely sensitive probe of 4p mixing, which results from non-
centrosymmetric distortions of the metal complex.
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VI. PHOTOELECTRON SPECTROSCOPY

A. Basic Principles

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

E, = hv — E, (VI-1)

Most research in PES is directed toward determining the binding
energies (Ep) of electrons in the energy levels of a metal complex.
Usually, the photon sources available for PES have fixed values of
hv and thus photoelectron spectroscopy is subdivided into two fields,
XPS (x-ray photoelectron spectroscopy) and UPS (ultraviolet pho-
toelectron spectroscopy), based on the type and thus energy regime
of the source used. (With the availability of continuously tunable
synchrotron radiation, this distinction is becoming less clear.)
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