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The electronic properties of actinide cations afefumdamental interest to
describe intramolecular interactions and chemiaaiding in the contexts of
nuclear waste reprocessing or direct storage. Tthan8l 6d orbitals are the
first partially or totally vacant states in theseménts, and the nature of the
actinide ligand bonds is related to their abilibydverlap with ligand orbitals.
Because of its chemical and orbital selectivitieX;ray absorption
spectroscopy (XAS) is an effective probe of acttngpecies frontier orbitals
and for understanding actinide cation reactivitwaod chelating ligands. The
soft X-ray probes of the light elements providetéetesolution than actinide
Ls-edges to obtain electronic information from thgaid. Thus coupling
simulations to experimental soft X-ray spectra neasients and
complementary quantum chemical calculations yigldantitative information
on chemical bonding. In this study, soft X-ray XA$the K-edges of C, N,
and the Lk -edges of Fe was used to investigate the electsinictures of the
well-known ferrocyanide complexes Re'(CN)s, thorium hexacyanoferrate
Th'VFé'(CN)s, and neodymium hexacyanoferrate KNeE'(CN)s. The soft X-
ray spectra were simulated based on quantum chémalaulations. Our
results highlight the orbital overlapping effectsdaatomic effective charges in
the F€(CN)s building block. In addition to providing a detadlelescription of
the electronic structure of the ferrocyanide complié,Fe'(CN)e), the results
strongly contribute to confirming the actinidd &nd @ orbital oddity in
comparison to lanthanidd dnd 4.

Introduction considered to be mostly ionic The actinide family is often
schematically described as behaving with intermed@operties.
The involvement of 6and @l orbitals in covalent bonding with
ligands was under debate at the beginning of algiscience®

This is particularly true for the early actinideshich are more
versatile in terms of oxidation states than thevieaactinides as
well as the lanthanides. Actinidé &nd @&l electronic states have a
wider radial distributiofithan lanthanidef4and %l states, due to the
combined effect of an increase in principal quantwmber for d
and f orbitals (from n =5 to 6 and from n = 4 toeSpectively) and
the indirect relativistic effect. It is thereforeasonable to believe
that the 56d ability to overlap with ligand orbitals is favored
\,;Iompared to thefkd interaction. The formation of actinytans
oxocations is the most relevant experimental evideof covalent
effects in actinide bonding involvinforbitals (U-O distance in
UO,* is 1.7-1.8 A in aqueous medikecause of the oxygerp.g,,
orbital overlap with uraniumd, y, ,and 5 ,,, yzZ,z%)- For +lll and
+IV oxidation states, the role off fand @l orbitals in covalent
bonding is harder to define. A strategy to unratel role of 5-6d
orbitals in putative covalent bonding consistsastéring the orbital
overlap by the use of soft (polarizable) ligand=e(Brennaret al.’,

Ever since the second half of the 20th centuryrethegas been
increasing interest in the actinide elements angtcavth in their
strategic significance. From a fundamental point vidw, our
understanding of the physical chemistry of theragés, although
extensively explored for over a century, still lagsnpared to that of
most elements in the periodic table. For instarthe, ability of
actinide species to form covalent bonds and thativel role of 5
and @l orbital contributions is still a subject of inviggttion. Over
the past few decades, transition elements have weabsly studied
to unravel the nature of bonding in molecular irzoig systems. The
3d, 4d, and 5 metal interactions with common ligands are no
well-described and the covalent contributions tading resulting
from the overlap of the extended and valence dsbitdth orbitals
from ligands has been recognized. Lanthanide atidide families
result from the insertion of-type orbitals within the electronic
configuration of the transition metal block, whoskemistry is
largely governed by itgl orbitals. Unlike thed orbitals, the #
orbitals of the lanthanide family are known to brisgly localized.
Consequently, lanthanide interactions with orgarigards are
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Karamazinet al®and Mazzanti eal®). In such cases, the decrease afecond 50 nm window was glued onto the first anel double
the actinide-ligand distances compared to thostheflanthanide- window sample package checked to ensure there wa®sidual
ligands is taken as indirect evidence (althoughheeiunique nor contamination. The available energy range was apeiely 100
definitive) of a covalent effect. There is also dmrnce, from a eV—2000 eV and the energy resolution of the measemés was
theoretical point of view, that relatively soft digds promote the better than 0.1 eV at light element K-edges (C, ), The XAS
orbital overlap with actinides, whereas they havesaer influence spectrum acquisition was performed by using the K3 Arocedure
on lanthanidéd! Nowadays, modern computational techniquémplemented in aXis 2066

based on topological electronic analyses are marident in
assigning a covalent character in actinide ligarmhdg?®*34
Covalent effects in actinide complexes were forénse investigated Electronic structure calculations were performed omodel

by Kozimor etal. using X-ray absorption spectroscopy (XAS) aholecular compounds in their ground state to (faisba detailed
chlorine K edge and compared to transition metals iseries of electronic structure to help near edge X-ray akismgine structure
(CsMes),MCl, complexes (M= Ti, Zr, Hf, Th, Uj. Following the (NEAFS) spectra interpretation, and (i) improvee tNEXAFS
same methodology, the study of Minasian et°alombined XAS simulation using the calculated electronic popolatas an input in
measurements and time-dependent density functighBIDFT) the simulation. BotiK ;Fe(CN)s andTh'V/Fe systems are periodic
calculations. In recent papers, Minasfashowed evidence of metal-and cannot be handled ideally with the calculatiwthods chosen.
carbon orbital mixing in thorocene and uranocemenlining DFT  For K ;Fe(CN); different molecular models were tested to take int
calculations and carbon K-edge XAS spectra and leoegt in  account the potassium atoms and waters of hydrafioa electronic
lanthanide chlorine bonds was investigated by L¥8bléMore structure of K,Fe(CN)% has been widely investigated using
generally in coordination chemistry, the strateggdsl on the use of theoretical techniques. Hocking et #land Ryde et aF® studied
XAS as a probe to estimate covalency has been ®x&% charged octahedron Fe(Gf)clusters with DFT/BPP6. Here, a
described, and has been compared to theoreticallatibns in the neutral K{Fe(CN)s} cluster with four K cations in tetrahedral
literaturé®?. For instance, soft XAS has already been applied Bositions was selectedigure. 14). ThV/Fe' has both Fe-CN and
Hocking et al %2 to describe the electronic structure of ferrocgtani Th-CN bonds, and thus the geometry chosEigufe. 1b) was
complexes as well as the cyano-bridged Prussian fBhaiy*> > adopted taking into account the following points:

The work presented here is part of a program tdoegphe actinide - The cluster had to be centered on the Fe{@Nit to be consistent
hexacyanoferrate family from both structural andecgbnic  with K,[Fe(CN)] calculations. Thorium atoms were added to form
perspectives. We have extended our previous stalctu 6 equivalent cyano bridges.

investigations of early actinide hexacyanoferra@mpounds to - The geometry was frozen at the bond distances amges
probe covalent effects in an actinide—cyano bonite €lectronic  determined previously from extended X-ray absorptifine
structure of the hexacyanoferrate family was fidgtscribed by  structure study.

Robin and Da$. Because of the intermetallic charge transferThe first thorium coordination shell (N, O) was quleted with
process along the cyano bridgeglement Prussian Blue analogs are partial charges to limit the unrealistic chargesetfaround the T#
characterized by a large covalency within ligandahbonds along cation and to establish a neutral cluster.

this bridgé"*%. Comparison with actinide analogs is expected oy determine the electronic structure in the growtate, DFT
shed light on the covalent character in actinideabganoferrates. calculations were performed with the ADF packigeRelativistic
Two of our recent papers have shown that actinile-Am) effects were taken into account using the Zero Ordegular
ferrocyanide complex&s™ are isostructural with the early Approximation (‘ZORA”Y’. The unrestricted approach was used
lanthanide (La-Nd) ferrocyanide complexes (La-Nd@ihis report and spin-orbit effects were not taken into accouftte BP86
focuses on the use of soft XAS to compare the releitt structure of fynctional and atomic basis of Slater function ledpeta (TZ2P)
the potassium ferrocyanideK {Fe' (CN)s]) compound to the were used. Charges and electronic populations weterdined by
actinide and lanthanide ferrocyanide compounadulliken and natural population analysis (NPA) arsal®. Because
KNdF€'(CN)s4H,0 and ThF&(CN);,5H,0 (designated as of the strong electronic delocalisation along tyano ligand, this
Nd" /Fe" andTh"/Fe" hereafter). Iron, carbon, and nitrogen soft XbFT based methodology was only applicable to theseclshell
ray near-edge absorption (NEXAFS) spectra were rdetb to thorium system. For this reason, the methodology mat applied to
elucidate the electronic structure in Fe-C-N-Th/Nzhds and are Ng" /Fe'.

further compared to the non-bridging ferrocyanideference,

¢ DFT calculations

K4Fe"(CN)g]. In addition to a qualitative description of the

NEXAFS spectra, a DFT-based approach similar to tised by a ’V b "'\.f(. ,c/'

Fillaux®'*? has been implemented. With such a strategy, a se. . el P \/b(

guantitative interpretation of actinide-ligand bamy is proposed .'-'qrr_"' .

through the formation of B#CNn* molecular orbitals. - : / ‘\U
é v ¢ v

A Materials and Method

a Synthesis

Fig. 1. a) K;Fe(CN}) cluster.b) Fe-uCN)s-The-6'.cluster.lron -
orange, carbon - white, nitrogen - blue, potassiunpinrk and

thorium - light blue(partial charges are not shown).
All syntheses were described in a previous répamd the same

materials were used for these studies.
b STXM data acquisition and processing

X-ray absorption spectra were obtained at the Mdéc
Environmental Science Beamline 11.0.2 scanning né&sson

X-ray microscope (STXM) at the Advanced Light Saurf@LS-

MES), Lawrence Berkeley National Laboratory, U.S%A.Soft

X-ray STXM is well-suited to the investigation oftmides and
radioactive materials, since the amount of matedguired is very
small. It offers the opportunity to investigate icattive samples in
an efficient and safe way. In our experiments,sample was finely
ground in a fume hood dedicated to radiologicalarse the particles
transferred to a 50 nm thick silicon nitride wind@vmm square). A

This journal is © The Royal Society of Chemistry 2012

d XAS spectrum simulation

Two types of simulation approaches are used toriesthe
final state, depending on the orbitals involvedtire X-ray
absorption process:

- When the states probed are d orbitals, a muttiedaic
approach based on multiplet theory must be usenh L3
edges in ferrocyanide complexes and in analogoussim
blue 3d compound$*°have been simulated in this manner.

- When the states probed ane @bitals, multielectronic effects can
be ignored and a monoelectronic approach is usedite cyano
ligand, hybridized @ orbitals are diffuse and very sensitive to
geometry (distances, symmetry) and charge tran@fstCT or

J. Name., 2012, 00, 1-3 | 2
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MLCT). To simulate the C and N K-edges, partial amwrharges to vacant3d orbitals or to unfilled MOs with & character. A
are needed and preliminary DFT calculations areetbee essential. first quantitative interpretation of the nitrogendacarbon K-
We selected the FDMNES code for K-edge simulatidings code is edge spectra, as well as the iropgledge spectra, is given
described in the literatufeand the methodology has already beehereafter. Because cyano ligandkigFe(CN), Th'V/Fe' and
applied to actinide compouritd$’*® The FDMNES program may Nd"'/Fe'" are structurally equivalent and no other nitrogend
be used in two different modes for the calculatbpotentials: the carbon atoms are present in the structure, the ctdire
Green formalism with a muffin-tin approximati@nd the Finite interpretation of the carbon and nitrogen K-edgect@ is
Difference Method (FDM). The FDM method avoids spted simplified. The spectra obtained fids,Fe(CN)s, Th'V/Fe" | and
muffin-tin shaped atomic potentials. A schematisaiiption of the Nd"'/F€' are presented irFigures 2a-b for carbon and
methodology selected is given iirf5l.2. To validate this nitrogen, respectively. At first glance both seréfdges show
monoelectronic approach, the carbon K-edge spectram a similar evolution over the carbon and nitrogerdges. It is
K 4[Fe(CN)¢] was used as a reference to test the differenepwoes. interesting to note that the K-edge transitionsrrifaly
The first attempt, using muffin-tin potentialSI( 3) did not give 1s2p"—1s2p™?) of C and N are quite similar because the final
satisfactory agreement with the experimental datthough more state MOs are the same cyartaand are only little altered from
time-consuming, the FDM was therefore employed. @doer, their atomic character. Consequently, the evolutidaserved
simulations were systematically performed using Bfeent for the two series resulting from changes in #fgrobed are
electronic configurations: (i) neutral charges, Miulliken electronic consistent at both C and N edges. A single peaak(pg can
populations from the DFT, and (iii) NPA electroqgopulation also be observed foK ;Fe(CN)s with a maximum at 399.8 eV and
derived from DFT Table 2). Fillaux and al demonstrated the utility 286.5 eV for the nitrogen and carbon edges, res@éet For
and advantage of using the Mulliken charges foinates in the Nd"'/Fe", peakA is slightly shifted (399.6 eV and 286.2 eV,
FDMNES program. The improved accuracy of the simulatedtspe respectively) and a weak second feature (paplarises at
based on the Mulliken electronic populations conéid this result higher energy£.,=1.5 eV). For therh'V/Fe' compound, peak
(Figure 3b). Furthermore, the simulated features were corgdlu A is again shifted (399.6 eV and 286.2 eV, respebtjvand a
with a Lorentzian function to take into account there-hole more intense second peak (pé&jkis observed at higher energy

lifetime. (Apg=2.2 eV). The iron hLgzedge spectra oK Fe(CN)s,
Nd"/Fe", and Th"V/Fe' are shown inFigure 2c The

B Results experimental spectrum oK Fe(CN)s is identical to that
previously published by Hockifgreur ! Signet non défini..

a XAS (nitrogen and carbon K-edges, iron L s-edges) Two peaks € and D) appear at both £ and L-edges. The

splitting of the 2p~3d transition is attributed to the crystal field
splitting and cyano-irom back-bonding effect. The first pe@k
corresponds to transitions to the twgh &Os, whereas the
second transitioD is attributed to transitions to the thregt
MOs (see Molecular orbital diagram, Figure 3a).térms of
edge position, peak is shifted from 710.0 eVK,;Fe(CN)e) to
710.2 eV forNd"' /Fe", and to 710.3 eV fofh'"V/Fe'.

In the dipole approximation, carbon and nitrogenedge
absorption spectra correspond to electronic tramsitfrom the
nitrogen or carbornls atomic orbital to vacant 2 orbitals,
and(or) to any orbital available possessimgcharacter in a
vacant MO. In the cyano ligand, the nitrogen anthca K-
edges probe the same antibonding cyarioorbitals (see
molecular orbital diagrams calculated by DFT for "digand
SI3). Additional bonding information is also availableom
iron L, sedges. Iron Lzedge spectra correspond to transitions

Absorption (arbitrary unit)

710.3eV

Absorption (arbitrary unit)
Absorption (arbitrary unit)

T T S S L PN RN RTIott RRRINN Y RE

284 286 288 200 202 3% 3% 400 42 404 406 700 705 710 715 720 725 730
Energy (eV) Energy (V) Energy (eV)

Figure 2 : a) Carbon K-edges dfsFe(CN), Nd" /Fe') andTh"/Fe". b) Nitrogen K-edges oK sFe(CN)s, Nd" /F€") and
Th"/F€". ¢) Iron L, redges oK ;Fe(CN)s, Nd" /Fe") andTh" /Fe"

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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PeaksC andD observed in théld" /F€" andTh'"V/Fe' spectra are
slightly different from those oK ,;Fe(CN). PeakD broadening for
the Nd" /Fe' and Th"/Fe'

calculated atomic charges and electronic populstiaitained by
Mulliken and NBO analyses. The unexpected negataheevon iron

suggests changes in the iron-cyanis due to the overestimated value obtained foettiended 4s and 4p

MLCT and LMCT similar tod block Prussian blue analogs reportedon orbitals (MULLIKEN gives, for instance, respisely 0.21 and
by Bonhommeal!. Interpretation and further simulation of these L2.21 instead of 0).

edges is complicated by the necessity to take adoount the
multielectronic effects. Furthermore, in the caseTh"/Fe', the
thorium N;-edge appears at 712 eV and overlaps into theligon
edge region. This coincidence makes it difficult dionulate and
meaningfully interpret the Fe and Th spectra. Rwtance, the
higher intensity observed folh'V/Fe' peak D is an artefact
attributable to additional absorption of the tharilN,~edge and is
not indicative of any changes in the electroniadtire.

b DFT calculation (description of MO systems)

Our strategy was to compare the calculated grotstg €lectronic
structure to the experimental XAS features, or theo words, to
map the MOs involved in the XAS spectra ®h'"/Fé' and
K 4Fe(CN)s (partially or totally unoccupied ord MOs).

K 4Fe(CN):
Figure 3apresents the MO interaction diagram of 6 @fsdgments

with the Fé" cation and four K (as described previously). As

previously described for {Fe(Ch)}, a typical MO diagram
representative of a d3 configuration transition metal

Fe-(uCN)e-The-8':

The MO diagram ofe-uCN)s-The-8'y is given inFigure 3b, and
the composition of the main MOs involved in the Xp®cess are
presented imable 1 for comparison with f{Fe(CN)]. The charge
analyses as well as the electronic populationsamgpared to those
of K4[Fe(CN)g] in Table 2 As for K,Fe(CN), the iron 3d orbitals
remain split into two main groups. Figure 3, the Fe 3d £ g*, ty,
and bg* orbital splitting in O, symmetry can be observed. Even so,
the &4 orbital group is not fully degenerated (0.1 eMt}blecause of
the imperfectO;, position for the six thorium atoms. For claritydan
easier comparison witk ;Fe(CN), theO,, group labels gand 4 are
maintained in the following of the discussion.

The nine nonbonding* orbitals observed irk ,Fe(CN)s are here
further split by the additional Th-NC interactiorhé cyanar* MOs
can be divided into two groups separated by 1.6(iaficated as
Acne in Figure 3b). The thorium5f atomic orbitals (in green,
Figure 3b) are also split by the cyano ligand field (equadt82 eV)
as well as thesd (in violet, Figure 2b) by 5.30 eV. Finally, the
thorium7s orbitals remain unaffected. Again, to clarify rtaga and

in anpecauseFe-UCN)e-The-d7y is formally a Ry symmetry cluster,

octahedral ligand field witho donor /m acceptor ligand was \Os containing TH or d characters will be named after the OAs

obtained. The five iron B orbitals are split into two
occupied/unoccupied/eg* and three 4yft,s* MOs. The g MOs
result from thes interaction between Fé, Fed..,. and cyano-5,

from which they originate, instead of their symrgdétbels.Table 1
provides additional information about the effect thibrium on
ferrocyanide orbital mixing. Thorium affects bothetn* back-

whereas thep§ MOs result from ther back-bonding interaction ponding ands bonding in {Fe(CNy} by Th 6d and5f AOs orbital

between Feal,, Fed,, and Fed,, with 3 cyanor* orbitals. The
other 9 cyana* MOs remain almost unchanged.

mixing in the formal{Fe(CN3} eg*, tq and tg* MOs. Consequently,
the Fe3d contribution decreases slightly from 72% to 67% tfee

The correspondingl,[Fe(CN)s] MO compositions are reported intzg and from 13% to 11% for thest. This effect is even more

Table 1 The contributions of the cyanroorbitals to the two gand
g* MOs are 82% and 48% respectively. Charge transéer be
observed between the iron and cyano ligafi@&le 2 presents the

pronounced for the & (from 52% to 38%).

Table 1 Composition of occupied and unoccupied MOs oritjirggfrom the iron 3d AOs in clusters oflke(CN)] and Fe-(CN)s-Thg-8".

Fedd (%) CN2a (%) CN5c (%) Th5f/6d (%)

e, 18 - 82 -

o 72 28 - -
K4Fe(CN) MOs e 52 - 48 -

tag* 13 87 - -

& 14 - 86 -
Fe-uCN)g-The-d to 67 27 - 6
MOSs * & 38 - 53 9

tog* 11 71 - 18

Table 2 Charges and electronic populations obtained by D& Mulliken and NPA methods. The results for EugFe(CN)] cluster are

shown initalics and the results for the FREN)e-The-6'x unit are shown imold.

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

Fe -0.63 -0.31 6.40 6.43 13.36 12.01 6.84 7.88 0.02 0.00
-0.37 -0.48 6.21 6.38 13.21 12.01 6.93 8.10 - -

c 0.21 0.41 3.36 3.17 2.34 241 0.07 0.00 0.00 0.00
-0.06 0.07 3.34 3.18 2.65 271 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 2114, 14.15

This journal is © The Royal Society of Chemistry 2012
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Figure 3: Molecular orbital diagrams calculated by DFJ K, [Fe(CN)] interactions between Eeand CN fragments also showing vacant
MOs involved in the XAS processget,g*, andn*). b) Molecular orbital diagram for the FaEN)s-The-8' interaction.

¢ XAS simulation

Simulation of the XAS spectra represents an immporistep to
corroborate experimental and theoretical data. Bitimns were
performed on the basis of the above DFT-calculatzttronic
populations (Mulliken), and DFT optimized structsirdetermined
by EXAFS forK JFe(CN)s] andTh"/Fe", respectively. Simulated
spectra were compared to the experimental speétig,Be(CN)

andTh"/Fe'".

K 4[Fe(CN)g:

Figure 4a-b shows energy-shifted simulated and experimenli;r-lI

spectra for the nitrogen and carbon K-edgeK gie(CN);. Atomic
positions and electronic populations were set frtme DFT-
calculated structureof K4;Fe(CN)s and the associated Mulliken
calculation Table 2). At the carbon edge, two peaks;(andK,) at
high energy correspond to the potassiupn-edges and were not
taken into account. With this exception, the carBsedge features
are in good agreement with the simulated spectia.rifiain features
are well reproduced for the carbon edge, with gaocuracy over
the entire energy range. For the nitrogen edgefistemain peak at
lower energy is also well reproduced, but the highreergy features
are less accurate. The spectral shape at highyenag found to be
very sensitive to the local geometry. For the Nd¢e simulation,
the cluster chosen became too approximate and iitsie nearest

neighbours (K, water) were not taken into account. However, géhe

are the first reliable spectra and simulation frdcyanide obtained
using the carbon and nitrogen K edgesFigure 3athe light blue,
blue, and grey curves correspond to the calcul@&s of D
character for the absorbing atom (nitrogen and a@gtbThe O P

DOS exhibits 3 distinct types opZontributions associated with the-l-hiS confirms that cyans*

MOs ¢*, ™ and tg*. The bg* and 1t 2p DOS are convoluted over
the first pealA (blue and light blue, respectively) and matchtgije
and™ MOs derived from the DFT calculation. Although tinen-
cyanon bonding is associated with orbital mixinGaple 1 13% Fe
3d contribution), the correspondingy't and =* split is too small to
be observed experimentally.
ThV/Fe":

Based on the methodology implementedKqfFe(CN)g], the same
monoelectronic approach was used to simulate thbonaand
nitrogen edges ofTh"/Fe'. Atomic positions were set from

This journal is © The Royal Society of Chemistry 2012

previous EXAFS data and the electronic populatieese obtained
by DFT calculations for the Fe:CN)s-Ths-6'x cluster presented
above. The simulated XAS spectra obtained with Meil charges
are compared to the experimental spectr&igure 5a-b. Several
other electronic configurations were tested andrasieded inSl. 2.
At the nitrogen K-edge, peak is well reproduced at 399.5 eV,
whereas peaB at 401.5 eV is distorted and reproduced with lower
intensity. At the carbon K-edge, the same trendlmwobserved. In
both cases it is clear that the simulated peakggngositions are in
bﬁtter agreement with the experimental data thaair thelative
ensities. This is particularly true at the carli¢ edge, for which
peak B is very small compared to that obtained experialnt
Moreover, better simulation accuracy was obtairgdtie nitrogen
K-edge compared to carbon K-edge. This can bebatad to the
radius used for simulations (5.0 A): On the onedhdhe cluster was
N-centered for the N K edge calculation and theutation provided
a better description of the thorium environmenki(tg into account
6 coordinating cyano and and 3 water moleculesjlevan the other
hand, the C-centered 5.0 A cluster used to simutateC K-edge
only took into account 4 complete cyano and 2 watefecules.
Overall, the simulated spectra are very satisfgcamd can be used
for interpretation with the help of correspondin®@$®. The thorium
6d / 5f and iron 8l partial DOS are shown iRigures 5aand 5b.
These DOS are associated with MOs potentially weglin covalent
Bonding, according to the DFT calculations. Fitsg iron 3 DOS
partially appears at the same energy as the @k \) and can be
associated with the,¢t MOs, as inK,Fe(CN)g]. The 5 and @l
thorium DOS appear at the energy position coingidiith peakB.

splitting due to overlap with the thorium
6d and 5f AOs results experimentally in an increase of pBa&t
higher energy. This is consistent with the cyarithorium 5f-6d
mixing observed in DFT simulation for the HReGN)s-The-0',
cluster. Briefly, the irom3d and thorium5f and 6d DOS analyses
suggest that three typesioforbitals can be identified over the two
spectral peaks: 1) As fore(CN)], the non-bonding* and t¢*
which contribute to peak A; 2) At higher energye #hiftedr* MOs
resulting from the covalent interaction betweenritihm and cyano
ligands which contribute to peak B

J. Name., 2012, 00, 1-3 | 5
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Figure 4: a) K, [Fe(CN)] nitrogen K-edge and simulatioh) K,[Fe(CN)] Carbon K edge, and simulation. Experimental speate shown
in black and the simulated spectra in red. The @S @ttributed tof*, n*, ando* orbitals are blue, light blue, and gray, respeady.
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Figure 5. a) The Th[Fe(CN)] nitrogen K-edge spectra and simulatidy). The Th[Fe(CN)] carbon K-edge spectra and simulation.
Experimental spectra are shown in black and theilsited spectra are redhe calculated thorium 5f and 6d DOS are green\aolét,
respectively, with the iron 3d DOS shown in orange.

C Discussion 7*/5f-6d contribution (6%) in 4 MOs in the Fe-CN)g-Thg-6'
cluster. Although phenomenological and limited bg &xperimental

From the above results, the following points maynbeed for both resplution (0.1 eV), the relative edge positiorttie series can be

iron/cyano and thorium/cyano bonding modes: linked to the charge state of the absorbing atdresthe electron

1) .F&CN bond: . . ] density for iron and cyano ligands). In fact, expental energy
As mentioned above, the iron-cyano bond consistsdination and  shifts track the theoretical trend froky[Fe(CN)g] to Th'/Fe' in

n back-bonding. Considering the presence of a forrdaland +3 the following manner: at the N K-edge, C K-edge, &edl,-edge
charge on Th and Nd, respectively, Th and Nd apeebed to make the experimental energy shifts with respecKigFe(CN)g were -
the cyanos-donation to iron less effective and thévack-bonding 0.3 ev, -0.2 eV and 0.3 eV, respectively TarV/Fe'; and -0.2 eV, -
greaterj.e. to drive electrons from Fe to the Th/Nd atoms. D 0.3 eV and 0.2 eV respectively foid" /Fe. This can therefore be
results presented ifiable 2 are consistent with this image: the irorconsidered as evidence of an increase in electaetisity on cyano
3d electronic population (formally 8dor F€") rises to 6.93 eV in and a concomitant decrease in Fe wher B&tomes a bonding
K4Fe(CN)j] because of thes-donation. Because of the “h ligand.

addition, the iron 8 electron population decreases to 6.84 eV The Mulliken electronic structure confirms thisrtde The decrease
(nCN)g-The-0x. Table 1indicates a lower contribution from the 3dn the LMCT effect can be attributed to an atteroratof theo-
orbitals to the gMO (formed by the cyano/iron-donation): 18% donation. Moreover, the MOs composition analyseghlight the
for K,[Fe(CN)s comparedto 14% for Fe-CN)s-The-6'x. On the influence of Th on the Fe-cyanointeraction. This interaction was

contrary, the expected increase in #Heack-bonding effect was notfyrther assessed by the experimental and thedretasription of
observed. The* contribution to the4; did not become significantly the empty orbitals which follows.

larger (28% and 27% foKFe(CN)g] and Fe-uCN)g-The-dy, 1) Th-NCbond
respectively). The Fe-cyano interaction is therefore hindered by

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 6
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Because a closed shell element is compulsory tomerthe relevant From DFT calculations and X-ray spectroscopy semangtative
simulations within the FesnCN)s-Xe-8x (X=Th, Nd) cluster model, analysis, there is further evidence of an additimoaalency effect
no calculations were performed on thd" /Fe' compound. For this on the Th-CN bond. The simulations attributed addal peaks in
reason, the experimental XAS edge of the Nd comgasidiscussed the NEXAFS spectra to cyand and thorium %/6d orbital mixing.
compared toKFe(CN)] and Th"/Fe'. The most noticeable This experimental evidence observed at both casmshnitrogen K
change in the experimental carbon and nitrogen Xp&tra was the edge is indicative of the more covalent naturenef Th-cyano bond.
appearance of pedkin theTh" /Fe' spectrum (indicated as featureThe DFT results also indicate the ability of “Anto form =
a for Nd"'/Fe"). This peak was attributed to* orbital splitting interactions with unoccupied cyane* orbitals like d block
based on the results of the following effects: elements.

a) For K, Fe(CN)g], the iron/cyanar back-bonding did not affect The presented XAS experiment a carbon and nitraggiges are
the spectral shape, as shown by the DFT calcultfeigure 2a) consistent with previous studies stating, back buneéffects in the
and XAS simulations. It was demonstrated that thegODOS Fe-CN bond. It is moreover confirmed by the accurX&S
attributed to cyana* andt,s* MOs are energetically too close to bespectrum simulation based on theoretical modelscdmtribute to
experimentally resolvedF{gure 3a-b). As a result, only a single the actinide community effort to discriminate be#weactinide and
absorption feature folK4,[Fe(CN)g] (peakA on Figure 1 a-b was lanthanide coordination modes, we focused on fgemoicle
observed. interaction with neodymium and thorium. Again baseoh
b) For Nd"'/Fd" andTh"/Fe", experimental XAS spectra show aexperimental cyano carbon and nitrogen NEXAFS specand
second feature at higher energy (Nd: paak 1.5 eV after peaR; consistent with theoretical methods, it was demaistl that the
Th: peakB at 2.2 eVafter peakA). These two peaks were assignedyano ligand LUMO was strongly affected by its naigtion with
to a cyanon* splitting and attributed to a covalent interaatio thorium while almost no effect was observed withdyamium.
between Th (and to a lesser extent, Nd) and theocy# orbitals.
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