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Introduction

RSC

The nature of chemical bonding in actinide and

lanthanide ferrocyanides determined by X-ray
absorption spectroscopy and density functional
theory

Thomas Dumas®, Dominique Guillaumont®, Clara Fillaux®, Andreas Scheinost®,
Philippe Moisy®, Sébastien Petit®, David K. Shuh®, Tolek Tyliszczak?, Christophe
Den Auwer™®

The electronic properties of actinide cations are of fundamental interest to
describe intramolecular interactions and chemical bonding in the contexts of
nuclear waste reprocessing or direct storage. The 5f and 6d orbitals are the
first partially or totally vacant states in these elements, and the nature of the
actinide ligand bonds is related to their ability to overlap with ligand orbitals.
Because of its chemical and orbital selectivities, X-ray absorption
spectroscopy (XAS) is an effective probe of actinide species frontier orbitals
and for understanding actinide cation reactivity toward chelating ligands. The
soft X-ray probes of the light elements provide better resolution than actinide
Ls-edges to obtain electronic information from the ligand. Thus coupling
simulations to experimental soft X-ray spectra measurements and
complementary quantum chemical calculations yields quantitative information
on chemical bonding. In this study, soft X-ray XAS at the K-edges of C, N,
and the L, 3-edges of Fe was used to investigate the electronic structures of the
well-known ferrocyanide complexes KsFe''(CN)s, thorium hexacyanoferrate
Th'VFe"(CN)s, and neodymium hexacyanoferrate KNd"'Fe''(CN)s. The soft X-
ray spectra were simulated based on quantum chemical calculations. Our
results highlight the orbital overlapping effects and atomic effective charges in
the Fe"(CN)s building block. In addition to providing a detailed description of
the electronic structure of the ferrocyanide complex (K4Fe'(CN)s), the results
strongly contribute to confirming the actinide 5f and 6d orbital oddity in
comparison to lanthanide 4/ and 54.

considered to be mostly ionic'. The actinide family is often
schematically described as behaving with intermediate properties.
The involvement of 5f and 6d orbitals in covalent bonding with

Ever since the second half of the 20th century, there has been
increasing interest in the actinide elements and a growth in their
strategic significance. From a fundamental point of view, our
understanding of the physical chemistry of the actinides, although
extensively explored for over a century, still lags compared to that of
most elements in the periodic table. For instance, the ability of
actinide species to form covalent bonds and the relative role of 5/
and 6d orbital contributions is still a subject of investigation. Over
the past few decades, transition elements have been widely studied
to unravel the nature of bonding in molecular inorganic systems. The
3d, 4d, and 5d metal interactions with common ligands are now
well-described and the covalent contributions to bonding resulting
from the overlap of the extended and valence orbitals with orbitals
from ligands has been recognized. Lanthanide and actinide families
result from the insertion of f~type orbitals within the electronic
configuration of the transition metal block, whose chemistry is
largely governed by its d orbitals. Unlike the d orbitals, the 4f
orbitals of the lanthanide family are known to be strongly localized.
Consequently, lanthanide interactions with organic ligands are
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ligands was under debate at the beginning of actinide science??.

This is particularly true for the early actinides, which are more
versatile in terms of oxidation states than the heavier actinides as
well as the lanthanides. Actinide 5f and 6d electronic states have a
wider radial distribution* than lanthanide 4f and 5d states, due to the
combined effect of an increase in principal quantum number for d
and f orbitals (from n =5 to 6 and from n = 4 to 5 respectively) and
the indirect relativistic effect. It is therefore reasonable to believe
that the 5/-6d ability to overlap with ligand orbitals is favored
compared to the 4/-5d interaction. The formation of actinyl trans-
oxocations is the most relevant experimental evidence of covalent
effects in actinide bonding involving f-orbitals (U-O distance in
UO»?" is 1.7-1.8 A in aqueous media® because of the oxygen 2px,,:
orbital overlap with uranium 6d.,-> and 5f .2, .23 ). For +III and
+IV oxidation states, the role of 5f and 6d orbitals in covalent
bonding is harder to define. A strategy to unravel the role of 5f~6d
orbitals in putative covalent bonding consists in fostering the orbital
overlap by the use of soft (polarizable) ligands (see Brennan ef al.”,
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Karamazin et al ® and Mazzanti et al’). In such cases, the decrease of
the actinide-ligand distances compared to those of the lanthanide-
ligands is taken as indirect evidence (although neither unique nor
definitive) of a covalent effect. There is also evidence, from a
theoretical point of view, that relatively soft ligands promote the
orbital overlap with actinides, whereas they have a lesser influence
on lanthanides'®!!. Nowadays, modern computational techniques
based on topological electronic analyses are more confident in
assigning a covalent character in actinide ligand bonds'?!314,
Covalent effects in actinide complexes were for instance investigated
by Kozimor et al. using X-ray absorption spectroscopy (XAS) at
chlorine K edge and compared to transition metals in a series of
(CsMes)MCl, complexes (M= Ti, Zr, Hf, Th, U)". Following the
same methodology, the study of Minasian et al.'® combined XAS
measurements and time-dependent density functional (TDDFT)
calculations. In recent papers, Minasian!” showed evidence of metal—
carbon orbital mixing in thorocene and uranocene, combining DFT
calculations and carbon K-edge XAS spectra and covalency in
lanthanide chlorine bonds was investigated by Loble!®. More
generally in coordination chemistry, the strategy based on the use of
XAS as a probe to estimate covalency has been extensively
described, and has been compared to theoretical calculations in the
literature'*?!. For instance, soft XAS has already been applied by
Hocking et al. * to describe the electronic structure of ferrocyanide
complexes as well as the cyano-bridged Prussian Blue family?3-2°,
The work presented here is part of a program to explore the actinide
hexacyanoferrate family from both structural and electronic
perspectives. We have extended our previous structural
investigations of early actinide hexacyanoferrate compounds to
probe covalent effects in an actinide—cyano bond. The electronic
structure of the hexacyanoferrate family was first described by
Robin and Day?. Because of the intermetallic charge transfer
process along the cyano bridge, d element Prussian Blue analogs are
characterized by a large covalency within ligand-metal bonds along
this bridge?”?®. Comparison with actinide analogs is expected to
shed light on the covalent character in actinide hexacyanoferrates.
Two of our recent papers have shown that actinide (Th-Am)
ferrocyanide complexes?®3? are isostructural with the early
lanthanide (La-Nd) ferrocyanide complexes (La-Nd). This report
focuses on the use of soft XAS to compare the electronic structure of
the potassium ferrocyanide (Ky[Fe'(CN)¢]) compound to the
actinide and lanthanide ferrocyanide compounds
KNdFe'(CN)s,4H,O and ThFe(CN)s,5H,O  (designated as
Nd"/Fe!' and Th'V/Fe'' hereafter). Iron, carbon, and nitrogen soft X-
ray near-edge absorption (NEXAFS) spectra were recorded to
elucidate the electronic structure in Fe-C-N-Th/Nd bonds and are
further compared to the non-bridging ferrocyanide reference,
Ky[Fe''(CN)¢]. In addition to a qualitative description of the
NEXAFS spectra, a DFT-based approach similar to that used by
Fillaux3'*2 has been implemented. With such a strategy, a semi
quantitative interpretation of actinide-ligand bonding is proposed
through the formation of Thf/CNzn* molecular orbitals.

A Materials and Method
a Synthesis

All syntheses were described in a previous report? and the same
materials were used for these studies.

b STXM data acquisition and processing

X-ray absorption spectra were obtained at the Molecular
Environmental Science Beamline 11.0.2 scanning transmission
X-ray microscope (STXM) at the Advanced Light Source (ALS-
MES), Lawrence Berkeley National Laboratory, U.S.A.33. Soft
X-ray STXM is well-suited to the investigation of actinides and
radioactive materials, since the amount of material required is very
small. It offers the opportunity to investigate radioactive samples in
an efficient and safe way. In our experiments, the sample was finely
ground in a fume hood dedicated to radiological use and the particles
transferred to a 50 nm thick silicon nitride window (1 mm square). A
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second 50 nm window was glued onto the first and the double
window sample package checked to ensure there was no residual
contamination. The available energy range was approximately 100
eV-2000 eV and the energy resolution of the measurements was
better than 0.1 eV at light element K-edges (C, N, O). The XAS
spectrum acquisition was performed by using the STAKS procedure
implemented in aXis 200034,

¢ DFT calculations

Electronic structure calculations were performed on model

molecular compounds in their ground state to (i) obtain a detailed

electronic structure to help near edge X-ray absorption fine structure

(NEAFS) spectra interpretation, and (ii) improve the NEXAFS

simulation using the calculated electronic population as an input in

the simulation. Both K4Fe(CN)s and Th!V/Fe!! systems are periodic
and cannot be handled ideally with the calculation methods chosen.

For K4Fe(CN)s different molecular models were tested to take into

account the potassium atoms and waters of hydration. The electronic

structure of K4Fe(CN)¢ has been widely investigated using
theoretical techniques. Hocking et al. 22 and Ryde et al. 3 studied

charged octahedron Fe(CN)¢* clusters with DFT/BPP6. Here, a

neutral K4{Fe(CN)s} cluster with four K* cations in tetrahedral

positions was selected (Figure. 1a). Th'Y/Fe! has both Fe-CN and

Th-CN bonds, and thus the geometry chosen (Figure. 1b) was

adopted taking into account the following points:

- The cluster had to be centered on the Fe(CN)e unit to be consistent
with K4[Fe(CN)s] calculations. Thorium atoms were added to form
6 equivalent cyano bridges.

- The geometry was frozen at the bond distances and angles
determined previously from extended X-ray absorption fine
structure study.

- The first thorium coordination shell (N, O) was completed with
partial charges to limit the unrealistic charge effect around the Th**
cation and to establish a neutral cluster.

To determine the electronic structure in the ground state, DFT

calculations were performed with the ADF package®® . Relativistic

effects were taken into account using the Zero Order Regular

Approximation (“ZORA”)*’. The unrestricted approach was used

and spin-orbit effects were not taken into account. The BP86

functional and atomic basis of Slater function triple-zeta (TZ2P)
were used. Charges and electronic populations were determined by

Mulliken and natural population analysis (NPA) analyses®. Because

of the strong electronic delocalisation along the cyano ligand, this

DFT based methodology was only applicable to the close shell

thorium system. For this reason, the methodology was not applied to

Nd'"!/Fe™.

a ? b

N4
el
. J
o )
— ‘ o’
Fig. 1: a) K4Fe(CN)s cluster. b) Fe-(WCN)s-The-0x.cluster. Iron -

orange, carbon - white, nitrogen - blue, potassium - pink and
thorium - light blue (partial charges are not shown).

N
) ¢
o oo

d XAS spectrum simulation

Two types of simulation approaches are used to describe the
final state, depending on the orbitals involved in the X-ray
absorption process:

- When the states probed are d orbitals, a multielectronic
approach based on multiplet theory must be used. Iron L23-
edges in ferrocyanide complexes and in analogous Prussian
blue 3d compounds®**® have been simulated in this manner.

- When the states probed are 2p orbitals, multielectronic effects can
be ignored and a monoelectronic approach is used. For the cyano
ligand, hybridized 2p orbitals are diffuse and very sensitive to
geometry (distances, symmetry) and charge transfer (LMCT or
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MLCT). To simulate the C and N K-edges, partial atomic charges
are needed and preliminary DFT calculations are therefore essential.
We selected the FDMNES code for K-edge simulations. This code is
described in the literature*' and the methodology has already been
applied to actinide compounds®'~*7-*, The FDMNES program may
be used in two different modes for the calculation of potentials: the
Green formalism with a muffin-tin approximation and the Finite
Difference Method (FDM). The FDM method avoids spherical
muffin-tin shaped atomic potentials. A schematic description of the
methodology selected is given in SL2. To validate this
monoelectronic  approach, the carbon K-edge spectrum of
K4[Fe(CN)s] was used as a reference to test the different procedures.
The first attempt, using muffin-tin potentials (SI. 3) did not give
satisfactory agreement with the experimental data. Although more
time-consuming, the FDM was therefore employed. Moreover,
simulations were systematically performed using 3 different
electronic configurations: (i) neutral charges, (ii) Mulliken electronic
populations from the DFT, and (iii) NPA electronic population also
derived from DFT (Table 2). Fillaux and al. demonstrated the utility
and advantage of using the Mulliken charges for actinides in the
FDMNES program. The improved accuracy of the simulated spectra
based on the Mulliken electronic populations confirmed this result
(Figure 3b). Furthermore, the simulated features were convoluted
with a Lorentzian function to take into account the core-hole
lifetime.

B Results
a XAS (nitrogen and carbon K-edges, iron L, 3-edges)

In the dipole approximation, carbon and nitrogen K-edge
absorption spectra correspond to electronic transitions from the
nitrogen or carbon /s atomic orbital to vacant 2p orbitals,
and(or) to any orbital available possessing p character in a
vacant MO. In the cyano ligand, the nitrogen and carbon K-
edges probe the same antibonding cyano =* orbitals (see
molecular orbital diagrams calculated by DFT for CN- ligand
SI3). Additional bonding information is also available from
iron L23-edges. Iron L23-edge spectra correspond to transitions

to vacant 3d orbitals or to unfilled MOs with a d character. A
first quantitative interpretation of the nitrogen and carbon K-
edge spectra, as well as the iron L23-edge spectra, is given
hereafter. Because cyano ligands in K4Fe(CN)s, Th'Y/Fe!! and
Nd"/Fe!! are structurally equivalent and no other nitrogen and
carbon atoms are present in the structure, the direct
interpretation of the carbon and nitrogen K-edge spectra is
simplified. The spectra obtained for K4Fe(CN)g, Th'V/Fe!', and
Nd"/Fe! are presented in Figures 2a-b for carbon and
nitrogen, respectively. At first glance both series of edges show
a similar evolution over the carbon and nitrogen K-edges. It is
interesting to note that the K-edge transitions (formally
1s22p"—1s'2p™*!) of C and N are quite similar because the final
state MOs are the same cyano n* and are only little altered from
their atomic character. Consequently, the evolution observed
for the two series resulting from changes in the ©* probed are
consistent at both C and N edges. A single peak (peak A) can
be observed for K4Fe(CN) with a maximum at 399.8 eV and
286.5 eV for the nitrogen and carbon edges, respectively. For
Nd"/Fe'!, peak A is slightly shifted (399.6 ¢V and 286.2 eV,
respectively) and a weak second feature (peak a) arises at
higher energy (Aa.=1.5 €V). For the Th'Y/Fe!' compound, peak
A is again shifted (399.6 eV and 286.2 eV, respectively) and a
more intense second peak (peak B) is observed at higher energy
(Aap=2.2 eV). The iron Lz3-edge spectra of KsFe(CN)s,
Nd"Y/Fe!, and Th'Y/Fe!! are shown in Figure 2c. The
experimental spectrum of K4Fe(CN)s is identical to that
previously published by HockingError! Bookmark not
defined.. Two peaks (C and D) appear at both L.- and Ls-
edges. The splitting of the 2p—3d transition is attributed to the
crystal field splitting and cyano-iron © back-bonding effect. The
first peak C corresponds to transitions to the two eg* MOs,
whereas the second transition D is attributed to transitions to
the three t2g* MOs (see Molecular orbital diagram, Figure 3a).
In terms of edge position, peak C is shifted from 710.0 eV
(K4Fe(CN)g) to 710.2 eV for Nd"/Fe!, and to 710.3 eV for
Th!V/Fel,

A

d

286.5eV

Il
K Fe'(CN),

Absorption (arbitrary unit)

399.5eV

Absorption (arbitrary unit)
L L B O B L B

cD
710.0 eV

C

Il
K Fe'(CN),

Absorption (arbitrary unit)

RIS e b T

284 286 288 290 292
Energy (eV)

Figure 2 : a) Carbon K-edges of KsFe(CN)g,

Nd"/Fe) and Th'V/Fe". b) Nitrogen K-edges of KsFe(CN)s,

396 398 400 402 404 406 700 705 710 715 720 725 730
Energy (eV)

Energy (eV)

Nd"/Fe") and

Th'V/Fe'l. ¢) Iron L>3-edges of KsFe(CN)s, Nd"/Fe™) and Th'V/Fe'.
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Peaks C and D observed in the Nd"/Fe!! and Th'V/Fe" spectra are
slightly different from those of K4Fe(CN)s. Peak D broadening for
the Nd"/Fe!" and Th'/Fe!' suggests changes in the iron-cyano
MLCT and LMCT similar to d block Prussian blue analogs reported
by Bonhommeau*’. Interpretation and further simulation of these L-
edges is complicated by the necessity to take into account the
multielectronic effects. Furthermore, in the case of Th'Y/Fe'!, the
thorium Ns-edge appears at 712 eV and overlaps into the iron Ls-
edge region. This coincidence makes it difficult to simulate and
meaningfully interpret the Fe and Th spectra. For instance, the
higher intensity observed for Th'V/Fe' peak D is an artefact
attributable to additional absorption of the thorium Ns-edge and is
not indicative of any changes in the electronic structure.

b DFT calculation (description of MO systems)

Our strategy was to compare the calculated ground state electronic
structure to the experimental XAS features, or in other words, to
map the MOs involved in the XAS spectra of Th'V/Fe!' and
K4Fe(CN)g (partially or totally unoccupied p or d MOs).

KisFe(CN)g:

Figure 3a presents the MO interaction diagram of 6 CN" fragments
with the Fe** cation and four K* (as described previously). As
previously described for {Fe(CN)¢*!, a typical MO diagram
representative of a 3d° configuration transition metal in an
octahedral ligand field with ¢ donor / m acceptor ligand was
obtained. The five iron 3d orbitals are split into two
occupied/unoccupied eg/e,* and three trg/tzg* MOs. The e, MOs
result from the o interaction between Fe-d,, Fe-dy.y: and cyano-5c,
whereas the tzg MOs result from the m back-bonding interaction
between Fe-dxy, Fe-dx, and Fe-dy, with 3 cyano-n* orbitals. The
other 9 cyano n* MOs remain almost unchanged.

The corresponding K4[Fe(CN)s] MO compositions are reported in
Table 1. The contributions of the cyano ¢ orbitals to the two e, and
e.* MOs are 82% and 48% respectively. Charge transfer can be
observed between the iron and cyano ligands. Table 2 presents the

calculated atomic charges and electronic populations, obtained by
Mulliken and NBO analyses. The unexpected negative value on iron
is due to the overestimated value obtained for the extended 4s and 4p
iron orbitals (MULLIKEN gives, for instance, respectively 0.21 and
2.21 instead of 0).

Fe-(WCN)g-The-07x:

The MO diagram of Fe-(WCN)s-The-07 is given in Figure 3b, and
the composition of the main MOs involved in the XAS process are
presented in Table 1 for comparison with K4[Fe(CN)¢]. The charge
analyses as well as the electronic populations are compared to those
of K4[Fe(CN)g] in Table 2. As for K4sFe(CN)g, the iron 3d orbitals
remain split into two main groups. In Figure 3, the Fe 3d e, e,*, tag,
and ty* orbital splitting in O symmetry can be observed. Even so,
the ty, orbital group is not fully degenerated (0.1 eV split) because of
the imperfect Oy, position for the six thorium atoms. For clarity and
easier comparison with K4Fe(CN)s, the O, group labels e, and t», are
maintained in the following of the discussion.

The nine nonbonding m* orbitals observed in K4Fe(CN)s are here
further split by the additional Th-NC interaction. The cyano n* MOs
can be divided into two groups separated by 1.6 eV (indicated as
Acny+ in Figure 3b). The thorium 5f atomic orbitals (in green,
Figure 3b) are also split by the cyano ligand field (equal to 0.82 eV)
as well as the 6d (in violet, Figure 2b) by 5.30 eV. Finally, the
thorium 7s orbitals remain unaffected. Again, to clarify notation and
because Fe-(WCN)s-The-6 is formally a Dsg symmetry cluster,
MOs containing Th f or d characters will be named after the OAs
from which they originate, instead of their symmetry labels. Table 1
provides additional information about the effect of thorium on
ferrocyanide orbital mixing. Thorium affects both the m* back-
bonding and ¢ bonding in {Fe(CN)s} by Th 6d and 5f AOs orbital
mixing in the formal {Fe(CN)s} e.*, t2¢ and t2g* MOs. Consequently,
the Fe-3d contribution decreases slightly from 72% to 67% for the
tzg and from 13% to 11% for the t*. This effect is even more
pronounced for the eg* (from 52% to 38%).

Table 1: Composition of occupied and unoccupied MOs originating from the iron 3d AOs in clusters of K4[Fe(CN)s] and Fe-(uCN)g-The-67.

Fe3d (%) CN2mn (%) CNS5o (%) Th5f/6d (%)
€y 18 - 82 -
tag 72 28 - -
K4 Fe(CN)s MOs eg* 52 - 48 -
tag* 13 87 - -
eg 14 - 86 -
Fe-(uC _Th _6-x t2g 67 27 - 6
e CN)erThe et 38 - 53 9
tag* 11 71 - 18

Table 2: Charges and electronic populations obtained by DFT from Mulliken and NPA methods. The results for the K4[Fe(CN)s] cluster are

shown in ifalics and the results for the Fe-(WCN)s-The-67x unit are shown in bold.

charges s electrons p electrons d electrons f electrons
Mulliken NPA Mulliken NPA Mulliken NPA Mulliken NPA Mulliken NPA

F -0.63 -0.31 6.40 6.43 13.36 12.01 6.84 7.88 0.02 0.00

¢ 037 -0.48 6.21 6.38 13.21 12.01 6.93 8.10 - -

C 0.21 0.41 3.36 3.17 2.34 2.41 0.07 0.00 0.00 0.00
-0.06 0.07 3.34 3.18 2.65 2.71 0.07 0.02 - -

N -0.47 -0.78 3.54 3.53 3.90 4.25 0.03 0.01 0.01 0.00
-0.44 -0.62 3.69 3.58 3.70 4.01 0.05 0.02 - -

Th 3.70 3.76 11.97 12.00 29.94 30.00 30.17 30.09 14.21 14.15

This journal is © The Royal Society of Chemistry 2012
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Figure 3: Molecular orbital diagrams calculated by DFT. a) K4[Fe(CN)s] interactions between Fe?* and CN- fragments also showing vacant
MOs involved in the XAS process (eg*, t2g*, and n*). b) Molecular orbital diagram for the Fe-(WCN)g-The-87 interaction.

¢ XAS simulation

Simulation of the XAS spectra represents an important step to
corroborate experimental and theoretical data. Simulations were
performed on the basis of the above DFT-calculated electronic
populations (Mulliken), and DFT optimized structures determined
by EXAFS for K4[Fe(CN)¢] and Th'V/Fe!!, respectively. Simulated
spectra were compared to the experimental spectra of KsFe(CN)s
and Th!V/Fe!l,
- Ky4[Fe(CN)gl:
Figure 4a-b shows energy-shifted simulated and experimental
spectra for the nitrogen and carbon K-edges of K4Fe(CN)g. Atomic
positions and electronic populations were set from the DFT-
calculated structure of K4Fe(CN)¢ and the associated Mulliken
calculation (Table 2). At the carbon edge, two peaks (K; and K3) at
high energy correspond to the potassium L,;3-edges and were not
taken into account. With this exception, the carbon K-edge features
are in good agreement with the simulated spectra. The main features
are well reproduced for the carbon edge, with good accuracy over
the entire energy range. For the nitrogen edge, the first main peak at
lower energy is also well reproduced, but the higher energy features
are less accurate. The spectral shape at high energy was found to be
very sensitive to the local geometry. For the N K-edge simulation,
the cluster chosen became too approximate and the first nearest
neighbours (K, water) were not taken into account. However, these
are the first reliable spectra and simulation for ferrocyanide obtained
using the carbon and nitrogen K edges. In Figure 3a the light blue,
blue, and grey curves correspond to the calculated DOS of 2p
character for the absorbing atom (nitrogen and carbon). The O 2p
DOS exhibits 3 distinct types of 2p contributions associated with the
MOs o*, n* and tyg*. The to* and ©* 2p DOS are convoluted over
the first peak A (blue and light blue, respectively) and match the t>g*
and n* MOs derived from the DFT calculation. Although the iron-
cyano n bonding is associated with orbital mixing (Table 1: 13% Fe
3d contribution), the corresponding tz,* and ©* split is too small to
be observed experimentally.
- Th'"/Fe™:

Based on the methodology implemented for K4[Fe(CN)s], the same
monoelectronic approach was used to simulate the carbon and
nitrogen edges of Th'/Fel. Atomic positions were set from

This journal is © The Royal Society of Chemistry 2012

previous EXAFS data and the electronic populations were obtained
by DFT calculations for the Fe-(uCN)s-The-0x cluster presented
above. The simulated XAS spectra obtained with Mulliken charges
are compared to the experimental spectra in Figure Sa-b. Several
other electronic configurations were tested and are included in SI. 2.
At the nitrogen K-edge, peak A is well reproduced at 399.5 eV,
whereas peak B at 401.5 eV is distorted and reproduced with lower
intensity. At the carbon K-edge, the same trend can be observed. In
both cases it is clear that the simulated peak energy positions are in
better agreement with the experimental data than their relative
intensities. This is particularly true at the carbon K edge, for which
peak B is very small compared to that obtained experimentally.
Moreover, better simulation accuracy was obtained for the nitrogen
K-edge compared to carbon K-edge. This can be attributed to the
radius used for simulations (5.0 A): On the one hand, the cluster was
N-centered for the N K edge calculation and the simulation provided
a better description of the thorium environment (taking into account
6 coordinating cyano and and 3 water molecules), while on the other
hand, the C-centered 5.0 A cluster used to simulate the C K-edge
only took into account 4 complete cyano and 2 water molecules.
Overall, the simulated spectra are very satisfactory and can be used
for interpretation with the help of corresponding DOS. The thorium
6d / 5f and iron 3d partial DOS are shown in Figures Sa and 5b.
These DOS are associated with MOs potentially involved in covalent
bonding, according to the DFT calculations. First, the iron 3d DOS
partially appears at the same energy as the first peak (A) and can be
associated with the tc* MOs, as in K4[Fe(CN)g]. The 5/ and 6d
thorium DOS appear at the energy position coinciding with peak B.

This confirms that cyano * splitting due to overlap with the thorium
6d and 5f AOs results experimentally in an increase of peak B at
higher energy. This is consistent with the cyano m*/thorium 5f-6d
mixing observed in DFT simulation for the Fe-(uCN)e-Ths-07x
cluster. Briefly, the iron 3d and thorium 5f and 64 DOS analyses
suggest that three types of n* orbitals can be identified over the two
spectral peaks: 1) As for K4[Fe(CN)s], the non-bonding n* and t*
which contribute to peak A; 2) At higher energy, the shifted =* MOs
resulting from the covalent interaction between thorium and cyano
ligands which contribute to peak B

J. Name., 2012, 00,1-3 | 5
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C Discussion

From the above results, the following points may be noted for both
iron/cyano and thorium/cyano bonding modes:
1) Fe-CN bond:

As mentioned above, the iron-cyano bond consists of 6-donation and
n back-bonding. Considering the presence of a formal +4 and +3
charge on Th and Nd, respectively, Th and Nd are expected to make
the cyano c-donation to iron less effective and the n-back-bonding
greater, i.e. to drive electrons from Fe to the Th/Nd atoms. The DFT
results presented in Table 2 are consistent with this image: the iron
3d electronic population (formally 3d° for Fe?*) rises to 6.93 €V in
K4[Fe(CN)s] because of the o-donation. Because of the Th*"
addition, the iron 3d electron population decreases to 6.84 eV for Fe-
(nCN)6-The-07. Table 1 indicates a lower contribution from the 3d
orbitals to the e, MO (formed by the cyano/iron c-donation): 18%
for Ky[Fe(CN)g compared to 14% for Fe-(WCN)¢-The-67. On the
contrary, the expected increase in the n-back-bonding effect was not
observed. The m* contribution to the t, did not become significantly
larger (28% and 27% for K4[Fe(CN)s] and Fe-(uCN)s-The-07%,
respectively). The Fe-cyano = interaction is therefore hindered by
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n*/5f-6d contribution (6%) in tzg MOs in the Fe-(WCN)es-The-0
cluster. Although phenomenological and limited by the experimental
resolution (0.1 eV), the relative edge position in the series can be
linked to the charge state of the absorbing atoms (i.e. the electron
density for iron and cyano ligands). In fact, experimental energy
shifts track the theoretical trend from K4[Fe(CN)s] to Th!'V/Fe!! in
the following manner: at the N K-edge, C K-edge, and Fe L3-edge
the experimental energy shifts with respect to K4[Fe(CN)q] were -
0.3 eV, -0.2 eV and 0.3 eV, respectively for Th'/Fe!; and -0.2 eV, -
0.3 eV and 0.2 eV respectively for Nd"/Fe!'. This can therefore be
considered as evidence of an increase in electronic density on cyano
and a concomitant decrease in Fe when CN" becomes a bonding
ligand.

The Mulliken electronic structure confirms this trend. The decrease
in the LMCT effect can be attributed to an attenuation of the o-
donation. Moreover, the MOs composition analyses highlight the
influence of Th on the Fe-cyano = interaction. This interaction was
further assessed by the experimental and theoretical description of
the empty orbitals which follows.

1) Th-NC bond
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Because a closed shell element is compulsory to perform the relevant
simulations within the Fe-(UCN)s-X¢-0'x (X=Th, Nd) cluster model,
no calculations were performed on the Nd™/Fe"! compound. For this
reason, the experimental XAS edge of the Nd compound is discussed
compared to Ky[Fe(CN)s] and Th'V/Fe!'. The most noticeable
change in the experimental carbon and nitrogen XAS spectra was the
appearance of peak B in the Th'Y/Fe! spectrum (indicated as feature
a for Nd"/Fe'"). This peak was attributed to m* orbital splitting
based on the results of the following effects:

a) For K4[Fe(CN)¢], the iron/cyano m back-bonding did not affect
the spectral shape, as shown by the DFT calculations (Figure 2a)
and XAS simulations. It was demonstrated that the O 2p DOS
attributed to cyano ©* and t;,* MOs are energetically too close to be
experimentally resolved (Figure 3a-b). As a result, only a single
absorption feature for K4[Fe(CN)s] (peak A on Figure 1 a-b) was
observed.

b) For Nd"/Fe™" and Th'V/Fe'', experimental XAS spectra show a
second feature at higher energy (Nd: peak a at 1.5 eV after peak A;
Th: peak B at 2.2 eV after peak A). These two peaks were assigned
to a cyano 7* splitting and attributed to a covalent interaction
between Th (and to a lesser extent, Nd) and the cyano n* orbitals.
This result was further confirmed by DFT calculations and XAS
simulations performed for Th'Y/Fe!'. DFT results confirmed the
splitting of the cyano m* orbitals arising from ©* - 5f /6d orbital
interactions. Red A and blue B arrows in Figure 2 correspond to
these two types of Is-2p transitions and were observed
experimentally as peaks A and B in carbon and nitrogen K-edge
spectra. With the help of the spectral simulations (Figures 4a-b), the
5f and 64 DOS contributions were observed at the same energy as
peak B, and confirm the proposed assumption of a covalent
interaction between the thorium 5f/6d and cyano n* MOs. Finally,
the lower intensity of peak a compared to that of peak B could be
evidence of the more effective 7 interactions of Th'V/Fe!! compared
to Nd"™/Fe'". This is presumably due to the relatively smaller
extension of the 4f and 5d orbitals and a correspondingly smaller
effect on the cyano n* MOs.

More precise calculations would be required to describe the
covalence effects more thoroughly. To avoid computational
problems, simulations were performed with arbitrary charge
configurations (SI. 2) but without any real improvement of the
simulation efficiency. Geometrical effects were also tested (SI. 4) by
varying the linearity of the cyano bridge. The energy position of
peak A was unchanged with the deviation from linearity, but its
intensity decreased. In contrast, peak B increased by bending the
cyano bridge. This trend in the DOS simulation reveals the
competition between Fe-CN and Th-NC orbital mixing and is further
evidence of the proposed Th-5f,6d/cyano-n* interaction.

Conclusions

Combinations of NEXAFS experiments, DFT calculations, and
NEXAFS spectral simulations at both the carbon and nitrogen K-
edges were performed to describe the electronic structures of
potassium, neodymium, and thorium ferrocyanide complexes.

To our knowledge, this is the first experimental work conducted at
the ferrocyanide carbon and nitrogen K-edges that has combined
with a semi quantitative approach. This methodology complete
previous results on iron L;3-edge experiments for the ferrocyanide
complexe. It provide for the first time consistent result from the
ligand side of the complex that confirm the covalent nature in the
iron cyano bonds. and paves the way for studding other inorganic
compounds.

In order to unravel covalency effects in actinide molecular solids,
this methodology was extended to the Prussian blue analogs of
neodymium and thorium. Electronic structural differences were
observed between the two isomorphous lanthanide and actinide
compounds, KNdFe'(CN)s,4H,0 and ThFe'(CN)e,5H,0. The Th-
CN bonding mode has been described compared to the electronic
structure of the ferrocyanide anion. The electronic density
displacement observed from iron to the cyano ligands was attributed
to the electrostatic effect of the thorium and neodymium charge.

This journal is © The Royal Society of Chemistry 2012

From DFT calculations and X-ray spectroscopy semi quantitative
analysis, there is further evidence of an additional covalency effect
on the Th-CN bond. The simulations attributed additional peaks in
the NEXAFS spectra to cyano n* and thorium 5f/6d orbital mixing.
This experimental evidence observed at both carbon and nitrogen K
edge is indicative of the more covalent nature of the Th-cyano bond.
The DFT results also indicate the ability of An*" to form =
interactions with unoccupied cyano =n* orbitals like d block
elements.

The presented XAS experiment a carbon and nitrogen edges are
consistent with previous studies stating, back bonding effects in the
Fe-CN bond. It is moreover confirmed by the accurate XAS
spectrum simulation based on theoretical models. To contribute to
the actinide community effort to discriminate between actinide and
lanthanide coordination modes, we focused on ferrocyanide
interaction with neodymium and thorium. Again based on
experimental cyano carbon and nitrogen NEXAFS spectra, and
consistent with theoretical methods, it was demonstrated that the
cyano ligand LUMO was strongly affected by its interaction with
thorium while almost no effect was observed with neodymium.
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