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We report the first measurements of X-ray natural circular
dichroism (XNCD) in an isolated pre-edge transition of a transition
metal complex. XNCD is a very recently developed technidgue
exploiting the availability of high degrees of circular polarization
from a helical undulator X-ray source. CD, the differential
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Figure 1. The Co K-edge absorption spectrum of an oriented single
crystal of 2[Co(emCls]-NaCl6H,0 together with the XNCD spectra
(multiplied by 100) of theA andA enantiomerd?

the spectacular sizef the 1s— 3d CD observed below the Co

K edge. Measurements were métwith radiation propagating
along the unique (3-fold) crystal axis. The Kuhn dissymmetry
factor,g = (AL — AR)/(AL + Ar), is 12.5% if the raw CD and
absorption are used. This magnitude is impossible to account for
using the most common model of optical activity (the-B41

absorption of left and right circularly polarized radiation, is an mechanism) which involves the interference between electric and
important technique for the study of chiral geometries and chirally magnetic dipole transition moments. We show below that an
discriminating interactions in biomolecules and asymmetric alternative mechanism (EFE2), in which an electric dipole and

catalysts. We have recently extended the measurement of naturahn electric quadrupole interfere, is able to reproduce satisfactorily

CD to the X-ray region for the first timgéyeporting the XNCD
spectrum at the Nd 4zedges in axial single crystals of the
lanthanide complex Nald(digly)s2NaBFR-6H,0. A notable
feature of that work was the identification of chiral multiple

both the sign and magnitude of this effect. The-fER mechanism
was also found to be dominant in the XNCD of rare-earth L-edge
XANES.!

For an isotropic sample, the contributions to the rotational

scattering paths responsible for CD in the photoelectron continuumstrength are all of pseudoscalar symmetry, being formed from

absorption (near-edge structure). The [Cofén)ion has served
as a paradigm in the development of the structural chemistry,
spectroscop§and theor§ 8 of chiral transition metal compounds.
The occurrence of a well-resolved pre-edge {13d) feature

some 18 eV to low energy of the Co K-edge made this system a

natural choice for our extension of XNCD studies to the transition

metals. Transition metal pre-edge features are commonly used
as diagnostics of both oxidation state and coordination geometry

in interpreting the X-ray spectra of metallobiosites and their model
compounds$. The possibility of providing additional local (ele-
ment-specific) chirality information is one of the important
potential applications of XNCD.

The most noticeable feature of the present work (Figure 1) is
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the interference (product) of transition tensors of the same rank
but having opposite parity. The dominant contribution arises in
most cases from the familiar electric dipelmagnetic dipole
interference.

Ry = Im{ []e|j O m|i Y

In this case, the problem for core excitations is the selection rule
forbidding a magnetic dipole transition moment for inter-shell,
An = 0, transitions. In reality there is always relaxation of the
core-hole state which removes the radial orthogonality between
core and valence orbitals, providing a small magnetic dipole
transition moment. While this mechanism is in principle effective
for L-edge absorptions, magnetically allowing2pnp, we have
shown it to be insignificant for the rare-earth L-edgé=or the
K-edge transitions the situation is worse still, requiring-2p
mixing in addition to the core relaxation effect. Hattal. have
measured the optical rotation of a powdered sample of [Cgfen)
Br; through the Co K-edge and reported a significant ellipticity
in the pre-edge regidfhbut the interpretation of this measurement
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remains ambiguous due to the difficulties with the magnetic dipole
mechanism mentioned above.
If oriented systems are considered, then the restriction to

Communications to the Editor

the absorption spectra of transition metal complexes by ab initio
methods are rar¥,and there is only one example of an ab initio
calculation of transition metal-dd NCD2° We used as our model

pseudoscalar quantities no longer holds and extra contributionscomplex theA-[Co(en}]®" ion in a D; geometry optimization,

to the rotational strength arise from product terms involving
transition tensors of different rank. These contributions vanish
for random orientation of the molecular system. The most
important of them is the electric dipotelectric quadrupole
contribution (EX-E2 mechanism) which, following the work of
Chiu!® was elaborated by Buckingham and Dufmnd applied

to the case of the visible-ed optical activity of oriented crystals
containing the [Co(er)*" ion by Barron'® Quadrupole-allowed
transitions do not suffer from the inter-shell selection rule, and

starting from the crystal structufeof 2[A-Co(en)Cls]-NaCl
6H,0. As a check, the NCD of the magnetic dipole allowad

— 1A,(T19 and E(T.y valence transitions were reproduced
satisfactorily, with similar agreement to experiment to that found
in refs 8 and 20. The results confirm the importance of the
quadrupole-dipole interference term in the mechanism of the
XNCD in this oriented crystal. The sign of the 4s3d pre-edge
signal is correctly reproduced as is the order of magnitude of the
Kuhn dissymmetry factorgtac = 0.11, gops = 0.125; Read E1—

indeed there are a number of cases where quadrupole selectiolc2) = —7.8 x 10**cgsu,Ryps= —8.7 x 10~**cgsu). The source
rules have been observed in isolated pre-edge features forof electric dipole transition moment for the pre-edge CB-&7%

transition metal K-edge$. These are good cases for the experi-

Co-based, as expected for a transition emanating from the 1s core

mental measurement of X-ray CD since they are expected to orbital.

possess high dissymmetry factors, being in a region of low
background dipole strength.

For light propagating along theaxis in an oriented sample,
such as a transition metal complexi@f symmetry, the rotational
strength in Cartesian components is gived’by

Rj = —(wy/c) Re{ Wi, | Qi - Wl i Q, i} (E1-E2)

+ Imf Wlee, |j O my i 0 Dlee [iTJImyliy (E1-M1)

The 1s— 3d transition is electric quadrupole-allowed and electric
dipole- and magnetic dipole-forbidden in the octahedral parent
symmetry and becomes partially electric dipole allowed in the
C; site symmetry of the complex in the crystal.

The present work extends the ab initio approach to the
calculation of core-valence CD for the first time. To investigate
the efficacy of the EXE2 mechanism for the 1s3d transition,
we have performed both frozen core and relaxed core HF
calculations in a Gaussian orbital baSisSuch calculations of
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In regard to the large magnitude of the CD in the pre-edge
excitation, it appears that the EE2 mechanism is particularly
efficient in this system. The factor for 1s— 3d is the same
order of magnitude as that of the-d excitations where the latter
are dominated by the EAM1 mechanism. As a comparison, the
dissymmetry factor is approximately 22% for the 3d3d 'A;

— 1E(T,g) transition which is electric dipole- and magnetic dipole-
allowed. The 1s— 3d transition is essentially pure quadrupole
in character, with~10% electric dipole activity. Almost all of
this borrowed transition moment is effective in the CD. The
additional frequency factor in the EEE2 mechanism provides a
~3000-fold enhancement compared to the same transition mo-
ments if they were operating in the visible spectral region.

Despite the expectation that XNCD would be a small effect,
we have shown that it can readily be measured in the case of
isolated, electric quadrupole-allowed pre-edge transitions in
oriented systems. The sign of the XNCD can be correlated with
the absolute configuration of the complex via the R
mechanism, providing an element specific probe of local chirality.
Since current measurements can now degefactors of order
1074, this gives scope for the study of more dilute systems.
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