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ABSTRACT  X-ray absorption spectra near the K, edge have
been measured in various iron group compounds using the in-
tense synchrotron radiation available at the Stanford Synchro-
tron Research Project. In the cubic compounds KMF3 where M
= Mn*2, Fe+2, Co*2, Nit2, and Zn*2, well resolved lines were
observed and assigned to the 1s —3d, 1s —4s, and 1s —4p
transitions. The observed energies agreed rather well with the
spectroscopic energy levels of the Z + 1 ion and the intensities
are shown to agree with those expected on the basis of one
electron transitions of the form Z 1s%d%L,S) — (Z +
1)1s2d"n’I{L" ,S). The energies of the intense 1s —4p transition
increase by about 5 V going from KFeFj3 to KsNaFeFg, but only
by about 1 V from K Fe(CN)g to K3Fe(CN)g. The transitions
confirm that upon oxidation of the hexacyanides the iron elec-
tronic structure barely changes. In the iron sulfur protein ru-
bredoxin, where the iron is bound to a tetrahedron of sulfurs,
the 1s—3d transition was about seven times more intense than
the same transition in an octahedrally coordinated compound.
These intensities parallel those observed in the d-d transitions
of optical spectra, because in both types of spectra the intensities
depend upon 4p admixture. In the heme protein cytochrome c,
upon oxidation the 1s—4p transition shifts only about 1 V to
higher energies, similar to the iron hexacyanides. These results
are discussed in terms of covalent bonding.

The absorption spectrum of x-rays near the K edge has tradi-
tionally been divided into a low energy region—the so-called
absorption edge—in which the transitions are to bound states
(1), and a higher energy region—the so-called extended x-ray
absorption fine structure (EXAFS) spectrum—where the
transitions are to free electron states (2-6). Recently, synchro-
tron sources of x-rays have become available whose intensities
are about 10° times higher than were previously available. This
results in improved signal to noise ratios, which allow mean-
ingful measurements to be made on dilute systems (4-6).

In this paper we present measurements, made with syn-
chrotron radiation, of the x-ray absorption spectrum of iron
proteins, and of some model compounds in the region of the
absorption edge. The model compounds which we have studied
most intensively have been the extremely ionic fluorides, in
order to facilitate the interpretation in terms of free ion states.
Transitions from the 1s to the 3d, 4s, and 4p states, in the model
compounds, have been assigned by comparing measured
transition intensities and energies with quantitative theoretical
calculations based on atomic states. This is an extension and
refinement of the present qualitative understanding recently
reviewed by Srivastana and Nigam (7). In this work the model
systems are highly ionic, and the theoretical approach of using
appropriate atomic levels as a starting point works very well.
It is shown how these interpretations can be extended by mo-
lecular orbital calculations and the use of other experimental
measurements which independently determine the charge of
the ion. For metalloproteins, where the metal atom has strongly

Abbreviation: EXAFS, extended x-ray absorption fine structure.
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covalent bonds, an approach including these interactions will
be required for an equally complete understanding. However,
even without more quantitative studies of covalency, we show
that one can presently arrive at interesting qualitative conclu-
sions about the structure of metal ion sites in proteins and their
electronic states.

RESULTS

For simplicity we first compare ferrous and ferric compounds
where the irons are in sites of Oy symmetry, and where the
surrounding regular octahedra are fluoride ions (Fig. 1). We
note that the first indications of absorption, in both compounds,
are weak peaks which have been enlarged to facilitate com-
parison. The KoNaFeFg peak is shifted about 1.3 V to higher
energies from the analogous peak in KFeFs. The KoNaFeFs
peak stands by itself and is composed of a barely resolved
doublet. The KFeF; peak is less clearly separated from the base
of the strong absorption, with the suggestion of a weaker peak
about 2 V to higher energy.

About 16 V to higher energies in the ferrous compound, and
19 V to higher energy in the ferric compound, there is an in-
tense peak whose position depends upon the oxidation state of
the iron. At somewhat lower energies, there are shoulders on
this intense peak of varying degrees of resolution.

We measured the absorption spectra of a series of perovskite
cubic fluorides where the divalent metal ion changes from
Mn*2 to Zn*2 with the results shown in Fig. 2. The first weak
absorption is assigned to the 1s —3d transition since it is ob-
served in all but KZnF3 which has no empty 3d orbital. The
second absorption, present either as a shoulder or a peak about
9 V higher, is the 1s —4s transition, and the intense absorption
about 16 V above the first absorption is the 1s —4p. These as-
signments are based upon the agreement between the calcu-
lated and measured values of the energies shown in Table 1 and
the selection rules and intensities discussed in the next section.

Fig. 3 shows the kind of chemical information which we
would like to obtain from x-ray absorption edge measurements,
and at the same time illustrates the uncertainties which must
first be understood. In the fluorides, theory and experiment
have shown that about 90% of the formal change of charge of
the 3d shell actually shows up as a real change of charge (8). By
contrast, the iron atoms in the two hexacyanides were close to
isoelectronic (9). In this respect, the hexacyanides are analogous
to the heme compounds and proteins, where numerous inves-
tigations have suggested that the formal charge has little cor-
relation with the actual charge on the iron atom (10).

Fig. 3 provides some support for these preconceptions. As
seen in the analogous fluoride compounds in Fig. 1, the edge
of the first strong absorption in FeFg is about 5 V higher than
that of FeFs. This reflects the greater energy required for re-
moving the s electron to an outer state in the ferric compound.
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FIG. 1. The x-ray absorption spectra of KFeF3 and Ko;NaFeFs.
The incomplete dashed and solid curves are the KFeF3 and KoNaFeFg
absorptions multiplied by 4 and 5, respectively. All measurements
made on powdered samples at 300 K.

In the hexacyanides, the two absorptions are separated by only
about 1 V over the entire edge, and the absorptions reflect the
similar electronic structures of the metal atom.

An illustration of the information available from the edge
position in proteins is given in Fig. 4. Formally reducing cyto-
chrome ¢ at pH 7 shifts the 1s —4p transition about 1 V to lower
energies. By contrast, if the sixth ligand, which is methionine
at pH 7, is changed to the amino group of a lysine side chain at
pH >10.5, then the 1s —4p peak and edge shift by about 2 V
to higher energies.

Another informative aspect of the edge spectra is illustrated
in Fig. 5 by two iron-sulfur complexes. In the protein rubre-
doxin, the ferric iron is known to be tetrahedrally coordinated
to four sulfurs of cysteinyl side chains (11, 12). In the model
compound tris(pyrrolidine carbodithioate-S,S’) iron(III),
symbolized by FESSC, the ferric iron is octahedrally coordi-
nated to six sulfurs (13). The 1s —3d to 1s —4p intensity ratio
is seven times larger in the tetrahedral coordination than in
octahedral. The explanation given below shows how the in-
tensity of the 1s — 3d transition of iron group ions can be used
as an indicator of their site symmetry.

DISCUSSION

We first discuss these observations in terms of atomic levels
which are most relevant to the very ionic compounds, partic-
ularly in the energy region within 40 eV of the absorption
threshold. Because the binding energies of the 1s levels in the
ion group are several keV, correlation effects are completely
negligible and the transitions are one-electron in character, i.e.,
[1522522p°3523p¢13d"(L,S) —>

(1s2s22pf3s23p®13d~n’l"(L",S), [1]
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FI1G. 2. X-ray absorption of the KXF3 perovskite cubic series.
Each spectrum covers a different energy range as indicated, but the
energy intervals are all given by the 10 V marker. The arrows show
the position of the spectroscopic ionization potential, measured from
the 4p level.

where the orbital quantum number L changes in the transition
but the spin quantum number S does not. The electronic con-
figurations enclosed in brackets represent the core of the ion,
and include relaxation in the final state. In the present treat-
ment, it is assumed that the excited one-electron state n’l’ is
atomic in character and localized on the metal ion.

To classify the final states of the ion in more detail, we note
that the multiplet state of the unfilled d shell, d*(L,S) does not
change in the transition. This is obvious since the transitions are
for a single electron, but a formal proof can also be obtained by
the methods of atomic spectroscopy (14). Furthermore, because

Table 1. Comparison of experimental and theoretical orbital transitions
3d—14s, 3d—-4p, 4s—4p, 4p—5p,
Salt experimental/theoretical experimental/theoretical experimental/theoretical experimental/theoretical

KMnF, 7.6/4.3 14.3/10.6 6.7/6.3 8.1/10.2
KFeF, 9.7/6.4 15.8/13.0 6.1/6.6 8.2/—
KCoF, 10.5/7.1 16.7/14.3 6.2/7.1 8.2/—
KNiF, 11.0/8.0 17.3/15.3 6.3/7.3 7.5/—
KZnF, 5.3/8.2 9.0/11.8
K,NaFeF, 12.0/13 19/23 7/10 .
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FIG. 3. The edge absorption in the iron fluorides and hexacyan-
ides in the region near the iron K, edge.

the 1s hole is so close to the nucleus, as far as the energetics of
the outer shells is concerned the final state of an ion having
atomic number Z can be taken as that of an ion with atomic
number Z + 1, but having a fully occupied 1s shell. This enables
us to use the spectroscopic tables of the element (Z + 1) to de-
scribe the energies of the fully relaxed ion. In principle, the final
state 3d™n’l’ is coupled to the spin of the remaining 1s electron.
However, the 1s to 3d exchange interaction is completely
negligible. In summary, the presence of the 1s hole in the final
state is neglected except insofar as it leads to a core electronic
rearrangement. For example, the final state of the K transition
of Fe*2(dS) is taken as Co*%(d®n’l’). A general description of
the final state of the excited ion of atomic number Z, neglecting
exchange with the 1s hole, is therefore

(Z + 1)[1s22s2,2p%3s%3ps13d(LS)n’l'(L",S"),  [2]

where S” = S + %. From Eq. 5.17 of reference (14), it is seen
that the statistical weights of transitions to the substates of L”,
S” are proportional to (2L” + 1) (2S” + 1). It is possible then,
by knowing which (n’l’) values are allowed by the symmetry
of the transition operator, to predict the structure of the ab-
sorption spectrum by reference to atomic tables.

The spectra of Figs. 1-3 show that transition metal ions have
a very weak absorption peak at threshold, followed by a
shoulder on a rising absorption curve which culminates in a
strong peak. We identify this strong peak as the allowed tran-
sition 1s —4p, the lower energy shoulder as the forbidden
transition 1s —4s, and the small peak at threshold as the for-

F1G. 4. Comparison of the absorption edges in horse heart cyto-
chrome ¢ comparing the shift observed by a rise in the pH with the
smaller shift observed upon oxidation.
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FI1G. 5. Absorption of the tetrahedrally coordinated iron in ru-
bredoxin P. aerogenes and of the octahedrally coordinated iron in
tris(pyrrolidine carbodithioate-S,S’) iron(III). The major difference
is in the intensity of the lowest energy absorption which is several
times more intense in rubredoxin. Although the relative energy scales
are accurate to within £0.5 V, the absolute scale may be in error by
one volt.

bidden transition 1s —3d. The energy separations between
these assigned transitions correspond to the spectroscopic values,
in the appropriate free.ions, as shown in Table 1. The experi-
mental values of the 3d—4s splittings increase by about 3.5 V
from KMnFjg to KZnFj, as do the free ions’ values. Note that
free ion spectroscopic values (15) are consistently about 3 V less
than the observed splittings. Similar trends and constant dif-
ferences are seen in the 3d-4p splittings, with the result that
experimental and free ion values of the 4s-4p splitting are in
approximate agreement.

A comparison of observed and free ion splittings in
K2NaFeFg is given in the last line of the table. Free ion values,
which could not be obtained from spectroscopic tables, were
obtained from calculations by Noorman and Schrijver (16). It
can be seen from the table that the 3d position moves about 1
V to higher energy going from ferrous to ferric and that the 3d
—4p splitting increases by about 4 V, the same as were observed
between FeFz and FeFs.

We now consider the fact that in 1s —3d transitions the final
Z + 1, (3d)" ! configuration has a multiplet structure. In the
cases of KMnF3, KFeF3, KCoF3, and KNiFsg, the final states
dn+1 are, respectively, those of Fe*2, dS; Co*2, d7; Nit*2, d8,
and Cu*2, d° Keeping in mind that the initial states of all the
ions are those of maximum spin multiplicity, two final states
can be reached in the cases of KFeF3 and KCoFg, namely, 4F
and 4P for KFeF3 and 3F and 3P for KCoF3. In both cases, the
F to P energy separation is about 2 eV (15), the F level being
the lower. We have calculated the relative intensities of these
two forbidden transitions under the assumption that the p-d
mixing is due to an interaction which transforms like the set
(x,y,2). The results are that the intensities are proportional to
(2L” + 1), i.e., in the ratio 7 to 3 for the F and P states, respec-
tively. We expect, then, a weaker absorption about 2 eV above
the lowest 1s — 3d transition in the cases of KFeF3 and KCoFs,
but not for KMnF3 or KNiFs. Examination of the spectra in
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Figs. 1 and 3 shows that there are minima from the 1s —3d
absorption in KMnF3 and KNiF; but not in KFeF3 and KCoFs,
exactly as predicted.

The splitting of 1.5 eV in the 1s — 3d transition of KoNaFeFg
(see Fig. 1) is caused by crystal field splitting of the ground state.
This agrees with the crystal field splitting of cobaltic fluorides
observed by optical spectroscopy which are about 1.4 to 1.6 eV
(17). 1t is clear, furthermore, that the crystal field splitting
would not be observable in the divalent fluorides because optical
crystal field splittings are about 1 eV and the natural linewidths
of the x-ray absorption spectra are about 1.5 eV. Static Jahn-
Teller distortions of the excited state can be disregarded, be-
cause similar splittings are observed in FeFs and cubic
K;NaFeFg. Dynamic Jahn-Teller distortions of cobaltic fluo-
rides have been shown to be about % eV, which are negligible
compared to the observed splittings (17).

The ratio of the areas under the weak peak at threshold as-
signed to 1s—3d and the strong peak assigned to the 1s — 4p
transition gives a value of about 4 X 1073, Two possible sources
of the 1s —3d intensities are quadrupole transitions and 3d—4p
mixing due to vibronic interactions. We have estimated that
the quadrupole transitions are three orders of magnitude
weaker than those observed. This leaves the even-odd orbital
mixing due to vibronic interactions as the likely origin of the
intensity, which has previously been shown to be the mecha-
nism responsible for the optical transitions in these ions (18).
Optical transitions of octahedral centrosymmetric complexes
of Ni*2 and Co*? in the KMgF3 host crystal have measured
intensities, at liquid helium temperatures, about 10~ times as
strong as the parity allowed 3d —4p transitions (19). This ratio
would be increased a factor of two to three at 300 K and would
be increased by another factor of about three when the sum is
taken over all states of the d manifold. Hence, within experi-
mental and theoretical uncertainties, the intensities observed
for the 1s —3d transitions are in agreement with the expecta-
tions from optical spectroscopy. The 1s —>4s transitions are
considerably more intense than the 1s —3d, approximately by
a factor of 10. This is to be expected if they are also due to vi-
bronic mixing, because the energy separation between the 4s
and 4p levels, as observed on the spectra, is about 4 of the
separation between the 3d and 4p level. Since the energy de-
nominator occurs squared in the transition rate, a ratio of about
10 for the corresponding intensities would be expected.

The 1s —3d absorption in the molecule rubredoxin, where
Fe*3 is tetrahedrally coordinated to four sulfur atoms, is seen
(Fig. 5) to be considerably more intense than in the octahedral
FESSC, which has a center of inversion. Since there is no in-
version center in tetrahedral coordination, the 3d-4p mixing
is stronger than in octahedral symmetry, as is well known from
optical spectroscopy (18), and experimental results have shown
that the forbidden transitions should be 10 to 100 times stronger
than in octahedral symmetry (20). The observed intensity ratio
is about seven which, while smaller, is in the right direction.

There exists the possibility of transitions to higher p states,
i.e,, n’ > 4. The close numerical agreements in the table be-
tween the observed intervals from the 4p peaks to the next
higher energy peak, and the spectroscopic 4p-5p splitting,
suggest this assignment. The radius of a hydrogenic n’p orbital
in a nuclear charge of +3 is (n’/3)ao. The distance of the F~ site
to the metal ion is 2.1-A and the radius of the F~ ion is 1.36 A.
Hence, the maximum of the 4p orbital is well within the cavity
formed by the six F~ ions. For the 5p orbital, however, the
maximum falls at the edge of the F~ ion, so that the limitations
of the atomic model must be explored before this assignment
can be confirmed. Spectroscopic values of the interval between
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the 4p levels and the ionization potentials are indicated by the
arrows in Fig. 2. Because the Madelung potential at the metal
ion site will always make it easier to free an electron, no local-
ized ionic features can exist at energies higher than the arrows.
These considerations lead us to suggest that the zero of energy
for the EXAFS region should be fixed at 5-10 V above the 4p
level.’

It is clear from the present results that both 4s and 4p final
states are raised by interactions with the fluoride environment,
hence these states, in a molecular orbital picture, are anti-
bonding, which is consistent with bonding to lower fluoride
orbitals. Previous molecular orbital calculations (21) of the
bonding in KNiF; have shown that unperturbed energies of the
F—2p orbitals were about 7 eV lower than the 3d levels of Ni*2.
The low ionization potential of F~ (about 5 eV) means that all
higher empty F~ orbitals (i.e., 3p, 4p, etc.) will be considerably
below the metal 4s or 4p orbitals; so that in the present bonding
interaction it is to be expected that the final states with appre-
ciable iron character will be raised in energy as is observed.

In the ionic fluorides the 1s-4p transition moves about 5 eV
to higher energy going from ferrous to ferric. Before discussing
the effects responsible for these shifts, it is important to note just
which experimental features are being discussed. The shape of
the low energy side of the intense 1s—4p transition is determined
by the contribution from lower energy, lower intensity transi-
tions, such as the 1s—4s. In solution complexes of (FeFg)~3 the
1s—4s transition cannot be seen, presumably because of weaker
vibronic mixing, while the 1s-3d and 1s—4p transitions coincide
perfectly with those observed for (FeFg)~2 complexes in a
KoNaFeF crystal (Shulman and Eisenberger, to be published).
This change in 1s—4s intensity introduces an apparent edge shift
of several volts which should not be taken as an indicator of the
1s-4p energy. Since in general the low energy shoulder has
contributions from perturbations of otherwise forbidden
transitions, we suggest that the peaks rather than the edges be
used as indicators of the transition energy. In this respect, it
should be noted that Cotton and Hanson (22) assigned the
splittings, between the transitions we identify as 1s-4s and
1s-4p, to a crystal field splitting of the 4p level. On this basis,
however, they were not able to account for the splittings ob-
served in cubic compounds, such as are shown in Fig. 2 which
are explained by the present analysis.

Considering the energy of the state associated with the ionic
4p state, in terms of the contribution from charge and cova-
lency, we note that it will increase when the covalency increases,
if, as assumed above for the fluorides, it is an antibonding state.
Second, it will increase as the charge of the metal ion increases,
since the virial theorem states that the potential energy always
dominates, so that as the core attraction increases it becomes
harder to promote an electron from 1s —4p. The energy of the
transition from 1s to antibonding 4p states is described by
perturbation theory in a molecular orbital approach as

€540t = €,(P) + By =k, (3]

where €e4,(q) is the energy of the ionic 4p level which is a
function of charge q. The second term is the increase of this
energy by the covalent interaction, hy; being the off diagonal
matrix element and hy and hy; the two diagonal matrix ele-
ments, while ¢}, is assumed to be independent of charge. Since
increasing positive charge increases the first term in Eq. 3, and
increasing covalency by definition increases the second, it is
clear that as the covalency is increased these terms will either
reinforce each other (for electron donation to the ligands) or
tend to cancel (for electron donation to the metal). Since the
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measured 1s—4p* energy is a single parameter, we cannot de-
termine the separate contributions of the two terms in Eq. 3
without additional information. The small shift observed in the
hexacyanides means that the sum of the first and second terms
in Eq. 3 does not change upon oxidation. The previous analysis
of Méssbauer isomer shifts and ESR data suggested (9) that the
iron did not change its charge upon oxidation. Consequently
the very small shifts in the 1s—4p* energies (Fig. 3) show that
neither the charge nor the covalency change appreciably. While
the energy of the transition is the more meaningful property,
we have discussed it in terms of covalency and charge in ac-
cordance with the established chemical approach.

A similar analysis of our cytochrome ¢ data is beyond the
scope of the present study, because the complementary prop-
erties such as the Méassbauer isomer shifts and ESR g tensors
have not'been analyzed in terms of the electronic state of the
iron. The simplest explanation is that cytochrome c acts like the
hexacyanides in that the electronic state of the iron does not
change upon oxidation, which is consistent with the negligible
1s —4p* shift observed. The large shift to higher energies,
observed after a rise in the pH of ferricytochrome ¢ and,
thereby, a replacement of the sulfur ligand by a nitrogen, comes
from a change in the electronic state. Presumably this includes
contributions from the iron which becomes more positive, as
would be expected from the relative electron donating
tendencies of nitrogen and sulfur. Clearly, correlations between
the x-ray-absorption measurements and other data can be used
to delineate the details of the bonds in the terms used above.
Another important feature of the x-ray absorption measure-
ments is that they determine energies of virtual states, i.e., ex-
cited states of the Z + 1 complex such as would be calculated
by a molecular Hartree-Fock solution. The observed transition
energies for a complex with metal ion, Z, can be directly com-
pared with the results of molecular orbital calculations, made
for the complex with metal ion Z + 1 at the internuclear dis-
tances characteristic of the Z complex.
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