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Electronic structure of NdFe(CN}ENO]-2H,0 (Sodium nitroprusside: SNP) was investigated by using soft x-ray absorptic»
(XA) spectroscopy. The Fk,3-edge XA spectrum for SNP exhibited distinct and very large satellite peaks eath &od

L, region, which is different from the spectra for hexacyanoferrates and the other iron compounds. A configuration-intere ct:on
full-multiplet calculation, in which the ligand molecular orbitals for g symmetry were taken into account, revealed the Fe
low-spin state with very strong metal-to-ligand charge-transfer effect from the Eel8O 2p orbitals.

1 Introduction sorption (XA) spectroscopy at the transition-metal (Th4)
_ _ edges (p — 3d absorption) can provide direct information on
Nitroprusside (NP) compounds such asthe TM A orbitals. The electronic-structure parameters in-

Nap[Fe(CNNO]-2H,0  (Sodium  NP: SNP)  and cluding the crystal-field splitting and the charge-transfer (CT)
M[Fe(CNENO]'nHO (M:  3d transition metal) have energy can be obtained by analyzing the-edge XA spectra
been extensively studied in various fields such as photopy using multiplet calculations.
chemistry and holograpiy. ~ For example, SNP exhibits ~ro L, 3-edge XA spectroscopy studies to reveal the He 3
photo-induced reduction/oxidation reactions on the "™NO electronic structure and the CT between the Bead lig-
ligand by uItraviglft (UV) or visible light irradiation: NO  anq x orbitals for SNP have not been reported yet. The
& NO < NO™*%  The photo-induced phase transitions 5jence of the NO group was theoretically predicted to be
should originate from interactions between NO and Fe in thg;¢her +0.6 than +19 implying an anisotropic CT effect in

: < 1 re : .
asymmetric Fe(CNNO octahedroﬁ - The coordination e Fe(CNJNO octahedron, i.e., a strong metal-to-ligand CT
environment and the electronic structure of the Fe atom in NQMLCT) from the Fe to the NO group. To clarify the Fel 3
compounds should be quite unique due to the asymmetry.  gjectronic structure and the CT effects in SNP,Lbg-edge
_ The Fe 8l electronic structures F’f NP compounds have beeny o spectroscopy and detailed analyses by multiplet calcu:
investigated by varlouirgethqu. theoretical 'calc.ullaﬁoﬁs lation are essential. In studying the electronic structure of
mfrare%_slgectfoscoﬁ? , optical abs%rptlon in visible-UV' gNp, analogies to hexacyanoferrates which have a symmetric
region>~t/, Mossbauer spectroscopy'® and hard x-ray ab- Fe(CN); octahedron in the unit cell should provide us fruitful
sorption spectroscopy at the Reedge’. However, those ex- information.
perimental techniques are insufficient to directly observe the The XA spectroscopy measurements were performed fo:

Fe 3 orbital, resulting |n'that the theoretical predictions havethe hexacyanoferrates:siEe(CN);] and KiFe(CN);] which
not been evaluated precisely. On the other hand, soft x-ray ab- )
are typical cyano complexé% The Fel,3z-edge XA spec-

a Energy Technology Research Institute, National Institute of Advanced Inira Of Ka[Fe(CN)] and Ks[Fe(CN)] were reproduced by CT
dustrial Science and Technology, Tsukuba, Ibaraki 305-8568, Japan. multiplet calculatior®. The analyses by the multiplet cal-
E-mail: daisuke-asakura@aist.go jp ~culations have revealed strong MLCT effects in addition to
Photon Factory, IMSS, High Energy Accelerator Research Orgamzat'on‘ligand-to-metal CT (LMCT) effects for the hexacyanoferrates
Tsukuba, Ibaraki 305-0801, Japan. . )
¢ The Graduate School of Natural Science and Technology, Okayama Unived order to further understand the electronic structure anc
sity, Okayama 700-8530, Japan. the CT effects in the hexacyanoferrates and the related cya 16
d Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeleycomp|exeS, we have developed configuration-interaction fuli-

California 94720, USA. . . . . .
T Electronic Supplementary Information (ESI) available: A detailed descrip-mu!tlplet (CIFM) C_aICUIatlon In2\2Nh|Ch the Ilgand molecular
tion of making a molecular orbital. See DOI: 10.1039/b000000x/ orbitals are taken into accotfir?2
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In this paper, we report the He 3-edge XA spectroscopy ligand is expressed as N'. The Hamiltonian is given by
study for SNP. The XA spectra were analyzed by using the

CIFM calculations for the&C,;, symmetry. Moreover, the cal- H =Ko+ Hi+ A, @
culated electronic-structure parameters for SNP are compareghere
with those for hexacyanoferratesz[ke(CN)] with the Fe* =N e _ 1— e n
low-spin (LS) state and }{Fe(CN)] with the F&* LS state. 0 )Za[ ay) Qm%,( o).y
+ z EpNpmo +U z Nd.y1Nd,y, @)
. mo Y

2 Experimental method

P + z (U/ — J(Saa/)nd_yandyo/

WV,U,,UI

The SNP sample purchased from Wako Pure Chemical Indus-
tries, Ltd. was powdered and fixed on a sample holder bynd

carbon tape. The XA spectroscopy measurement was per- - _ (Ve ive + S Vaa(iV)(dl Pive +h.c). (3
formed at bending magnet beamlines, BL-7A of the Photon ! ,-;U P1¥)eive J-;a pa( 1Y) (eyoPlyo - @

Factory and BL 6.3.1 of the Advanced Light Source. TheThe symmetry indicatesay, by, by o eirreducible represen-

total energy resolution wa/AE ~ 1500. To suppress the tations inCyy,. The first term in Eq. (2) represents the R 3

radiation damage for the sample, we set the slit width of the . .
) . . state withey(y) being the one-electron energy level apdbe-
spectrometer as narrow as the signal-to-noise ratio was not de-

) ) Ing the Coulomb attraction caused by the fpec@re hole. The
teriorated. We also confirmed that the spectral shape was ngqecond term denotes the Fp ftates. The third and last terms

dependent on sample positions. Moreover, several XAS scan > scribe the Coulomb interaction withand the exchanae in-
were performed on one sample position, and no difference i : . 9
tFractlon withJ between the FedBelectrons.

the XA spectral shape was found between the first and las J4 in Eq. (1) includes the molecular orbitals (MOs) con-

scans. Thus, the radiation damage problem IS not an issue Isrfsting of C, N, and O R orbitals and the hybridization be-
this study. All the measurements were carried out at roo

temperature rT%ween the Fe @and the MOsP;rya andnpjyc in Eq. (3) rep-

' resent the creation and number operators forjtheMO with
orbital symmetryy and spino. We used the transfer integrals
for C-C, C-N, N'-C, and N'-O (ppo)cc, (PPo)cn: (PPO)NC,
and (ppo)no) to obtain the MO energgp. The hybridization
strengths between the Fel and the MOs could be derived
from combining the MO wave functions with the transfer in-
@ Fe ON tegrals for Fe-C and Fe-N§tio)c and (pdo)n). The details

: . are described in the Supporting Information and the previou::
O« @o° studieg®21

% in EQ. (1) includes the multipole part of the Fé-Be 3
and Fe 8-Fe 2p Coulomb interactions that are not described
in Eq. (2) and the spin-orbit interactions for the Fea&hd Fe

z 2p orbitals. We evaluate the Slater integrals by using Cowan’s

I code?® and reduce them to 85% in order to take account ¢
Y
X

3 Theoretical model

N~

p-pol s-pol

the effect of the configuration interactions not included in the
present study.

The bases to diagonalize the Hamiltonian in the grounc
_ . _ state consist ofi® [(tog)®: Fe* LS configuration] d°L, d’L,
Fig. 1Octahedral [Fe(CNNOJ™ cluster. The NO group is located  44) 2 46| | anddBL2 electron configurations. Note thaand
alongz-axis in the present definition. The x-ray electric field L denote the ligand electron and hole, respectively. The XA

polarizations p-pol ands-pol) are also depicted for an incident . N
x-ray alongx-axis. In the Fd.-edge XA spectroscopy measurement, spectrum was calculated using the Fermi's golden?uéex-

the domains in the powdered sample are randomly oriented to the pressed as
incoming beam. I(E) = 2 |(fi|T|g)[*6(E — Ef, + Eg) 4
I

The CIFM calculation for the FedBelectronic structure of where|g) and|f) are the ground (initial) and final states of
SNP was carried out by using the cluster model in Fig. 1. NOthe XA spectrum, an&g andE; are the corresponding ener-
is located along the-axis. Hereafter, the N atom in the NO gies. T denotes the electric dipole operator, which leads the

2| Journal Name, 2010, [vol]l,1-7 This journal is © The Royal Society of Chemistry [year]
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polarization-dependent XA spec#ef>2¢ In our calculation, in K4[Fe(CN)] with O, symmetry. In SNP, the lower symme-
the p-polarization p-pol) ands-polarization é-pol) were de- try of the [Fe(CN3NQO] octahedron should cause anisotropic
fined as being parallel and perpendicular to #faxis as dis- CT effects.

played in Fig. 1. We averaged these polarizationd (s

pol)+2(s-pol)}/3 for a comparison with the experimental re- _,:e L, -edge
sult, since the domains in the powdered sample are randomly ek “
oriented to the incoming beam. The weight of thpol was ) Fel,

doubled because the orthogonal two axes should be taken into Exp.

account for the in-plane geometry. The detail of the corre- b

sponding electric dipole transition operators was described in Calc.

the previous studs?. 4 {(p-pol)r2(s-pobi3
The wave function was numerically calculated by the Lanc-

zos method’. The theoretical line spectra thus obtained were N

Intensity(arb.units)

. . : . y Calc.
convoluted, using the Lorentzian and Gauss functions (with N ,f})ﬁ.
each width of 0.4 eV). /\’\/\
T S1
Calc.
4 Results s2 s-pol

e
J 710 715 720 725 730
Fel, Fe L, ;-edge Photon Energy (eV)

Fel, Fig. 3 Theoretical spectra of the [Fe(C§§O]2 cluster forp-pol
ands-pol, and an averaged spectrum. ExperimentdlFgegde
XA spectrum of SNP is also shown.

Mel The CIFM calculation for the [Fe(CNNO]? -cluster
model with C4, symmetry was carried out to analyze the
Fe Lo3-edge XA spectrum. The best fitted polarization-
KelFe(CN)g] dependent spectra and the spectrum averaged fprplodand
s-pol are shown in Fig. 3. The averaged spectrum reproduces

L o o o L Em e e the characteristics in the experimental result well. The spec-
705 710 715 720 725 730 735

Photon Energy(eV)

1
2]
e
o

1

Intensity(arb.units)

1

trum for thep-pol has a peak at the low-energy side for both
theLs andL, edges. In the calculation, the spectrum for he
Fig. 2 Experimental Fe, 3-egde XA spectrum of SNP. The spectra pol reflects the unoccupiedl®rbitals which extend along the
for K4[Fe(CN)] and Ks[Fe(CN)] by Hocking et al*? are also z-axis?’. Accordingly, the XA spectrum for the-pol gives
displayed. direct information on the &y2), 3d(zX), and 31(32 —r?) or-
bitals, which hybridize with the NO ligand. Since the local
Figure 2 shows the Fi, 3-edge XA spectrum of SNP to- symmetry isCy4y, the degeneracy of the MO energy levels is
gether with those of K[Fe*"(CN)s] and Kz[Fe>t(CN)g]1°. lifted, compared with theDy, case. This is reflected in the
The spectrum for SNP has an intense main peak at 711 edumber of satellite peaks. On the other hand, the spectrum
with two satellite peaks at 709 and 714 eV for theedge. for the s-pol shows no peak at the energy region lower than
Similar peaks were observed for the edge. This spectrum the most intense peak. The spectrum forgtpml reflects the
is totally different from the Fé., 3-edge XA spectra for iron unoccupied 8 orbitals which extend in they-plane. The cor-
oxides®29 and most Fe compoungs3* In K3[Fe(CN)],  responding orbitals are thel@y) and 3i(x*> — y?) ones that
a large peak attributed to partially-unoccuptgglorbital ap-  are only hybridized with the ligands which is symmetric with
pears at 706 eV, which is completely different from SNP andrespect to thexy-plane. Thus, the number of peaks for the
Ka[Fe(CN)]. In K4[Fe(CN)], the MLCT gives a great influ-  pol spectrum is the same as that in[Re(CN)] with the Oy,
ence on the Fedelectronic structure, which forms the large symmetry. Hereafter, in the spectrum for thgool, the main
satellite peak at 711 eV. The spectrum of SNP also has thpeak at 711 eV is denoted as P2 and the satellite peaks at 73S
large satellite peaks at 714 and 727 eV, which suggests thend 714 eV are denoted as P1 and P3 (Fig. 3). In the spectruin
strong MLCT effect as in K[Fe(CN)]. However, the peak for the s-pol, the main peak at 711.5 eV and satellite peak &:
positions and the intensities in SNP largely differ from those713.5 eV are denoted as S1 and S2, respectively.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-7 |3
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Table 1 Electronic-structure parameters of [Fe(GND]?, eV)36. The transfer integral for N-O,qpo)no (= 3.5 eV),
[Fe(CN)s]*~, and [Fe(CN§]*~ clusters (in eV). pdm) and (oprr) is less than half that for C-Np(po)cn (= 8.0 eV), which re-

can be calculated according to the relationspairg/(pdo) = sults in that the energy separation between the bonding- ar:
—1.0/2.2 and gpr/(ppo) = —1.0/4.0°, respectively. antibonding-type MOs becomes small compared with that o
K4[Fe(CN)]. The CT from the MO to the Fed§3z% —r?) has

7= 71— -
A gFg(CN);NO] [ZFs(CN)B] [1F2(CN)5] the lowest LMCT energW(a;) (corresponding to the energy
U 6'7 6'7 6'9 difference between thé’L(a;) andd® levels as shown in Fig.
J 0.77 0.77 0.86 4) expressed as
Q 4.0 4.0 4.0
100q 33 39 40 A(ay) =A+6Dg—ep(an) + £c. (5)
Egggic :é'g _72'4 _72'5 The CT from the Fe &(y2) [3d(zX)] to the MO has lowest the
(ppo)gc 1_0' 1.0 1.0 MLCT energyA*(e) (corresponding to the energy difference
(PPo)en 8.0 8.0 8.0 between the®L(e) andd® levels as shown in Fig. 4) expressed
(PPI)nc 15 - - as
(Ppo)No 3.5 - - .
& 0.0 0.0 0.0 A*(e) =U —5]—A(aq) +10Dq +ep(€) —ep(a1).  (6)
£ —-2.5 —-2.5 —-2.5
eg _4.0 a a The derivation ofA*(e) and A(a;) is described in Ref. 21.
A*(e) calculated to be-1.0 eV from Eq. (6) is much smaller
E (V) E (eV) thanA(a;) calculated to be 11.7 eV from Eq. (5), which in-
i N dicates that thelL is the dominant electron configuration.
15 ) 15 ) The negativeh*(€) indicates that the energy level of tdéL
— dL®) — dLie) electron configuration is lower than that of t4& one, while
104 d'L(a,) 104 the d® electron configuration is energetically the lowest in
[Fe(CN)X]*~ cluster (Fig. 4). The MLCT effect should be
5| 5| very strong in [Fe(CNONOJ?~ cluster.
o— dﬁsﬁ(bz) o= dﬁse(tzg) Table 2 Weights of each configuration in the ground state (in
 #L percent), averaged3lectron numbetng), and calculated valences
(@) of the CN and NO ligands in [Fe(CNNOJ2~, [Fe(CN)]*~, and
[Fe(CN),NOF~ [Fe(CN)J* [Fe(CN)]®~ clusters.
Fig. 4 Relative energy levels for LMCT (blue) and MLCT (red) [Fe(CNENOJ*~  [Fe(CN)]*~ [Fe(CNX]®~
electron configurations in [Fe(CRNO]2~ and [Fe(CNy]*~ d® 28.7 43.5 d° 53.9
clusters. The configurations, which show the lowest CT energy in  d’L 4.3 5.1 déL 16.9
the symmetry, are depicted. d°L 49.4 40.3 diL 19.3
d? o1 0.1 d’L> 0.9
dLL 9.4 6.1 dLL 8.0
Table 1 shows the electronic-structure parameters of thg4 2 8.0 4.9 d3L2 1.0
[Fe(CNENOJ?~ cluster used in the CIFM calculation, which (ng)  5.39 5.55 (ng)  4.97
includes the CT energh, the Coulomb interactio, the ex-  CNyy, —0.982 —1.075 CNyy —1.005
change interactiod, the core-hole potentid, and the crys- CN; -1.034 -1.075 CNz  —1.005
tal field splitting 1@q. The definition ofA is described in  NO _ 0.352 - NO -

Ref. 21, where the€d, symmetry was assumed. The pa-

rameter values to reproduce thelEg-edge XA spectrum of Table 2 shows the relative weights of each electron configu
K4[Fe(CN)] and K3[Fe(CN)] in Fig. 2 are also shown in Ta- ration in the ground state obtained from the CIFM calculation,
ble 120, 10Dq of 3.3 eV is large enough to stabilize the’Fe  together with the cases of hexacyanoferrates. The weight oi
LS state in [Fe(CNYNOJ%~, but is slightly smaller than those thed®L is considerably large (49.4 %) in SNP due to the nega-
of [Fe?(CN)s]*~ and [Fé*(CN)s]®~ clusters. The absolute tive MLCT energy, and the total weight of til€ andd®L is up
value of transfer integral for Fe-N'pfo)n (= —3.6 eV), is  to 78.1 % in the ground-state wave function, which indicate s
larger than that for Fe-Cpflo)c (= —2.4 eV), and is close to  that the Fel;3-edge XA spectrum is subject to these elec-
the value in the cluster model analysis of thelFedge res- tron configurations. Thus, the average eeBctron number,
onant x-ray emission spectra of cyanomet myoglobif.(8  (ng), is close to five rather than six.

4|  Journal Name, 2010, [vol] 1-7 This journal is © The Royal Society of Chemistry [year]
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Table 2 also shows the calculated valences of the NO lig-
and and the CN ligands in they-plane and along the-
axis. Hereafter, the CN ligands in thg-plane and along
the z-axis are denoted as GNand CN ligands, respectively.

In [Fe(CNX]*~ for K4[Fe(CN)], the valences of the CN
ligands are isotropic and the value of1.075 suggests the
strong MLCT effect. The valence of the GNgand in the
[Fe(CN:NOJ?~ cluster is close to that in [Fe(CKf~. On
the other hand, the valence of the gNigand is —0.982,

while that for [Fe(CN3]*~ was —1.075. Thus, the MLCT 1 (a) p-pol [Fe L, edge]
from the Fe 8 to the CN,y is weak compared with that in __J\/g_ A=

[Fe(CNX]*~. The valence of the NO ligand was calculated to

be +0.352, which largely deviated from the nominal valence 3 LG

of +1.0 for NOQ, indicating very strong MLCT. A similar result EM
M

has been reported by Trautwedhal.: the valence of the NO
pirical self-consistent-field MO calculatiofis The deviation MN
from the nominal valence of N@nyo = 0.648, nearly corre- 3 10

ligand in SNP was determined to be +0.613 in their semiem-

Intensity (arb.units)

sponds to the deviation of the calculateg) from the nominal 0 s w0 s 10
valence of F&': dnge = 6 — (ng) = 0.61. This result again in- Photon Energy (eV)
dicates that the MLCT from NO to Fe is much dominant than 3 (b) s-pol

the MLCT from Fe to CN and that the strength of the MLCT
between Fe and CN is comparable to that of the LMCT. The
MLCT effect for SNP is stronger than that foyHe(CN)],
sincednge for SNP is larger thadng, for [Fe(CN)]*~.

N A

To attribute the peaks of the calculated spectrum to the elec- M
tron configurations, we investigated thedependence of the 3 :

Fe Los-edge XA spectrum for the [Fe(CA)O]?>~ cluster M
[Figs. 5(a) and 5(b)] and thA dependences of thé® and E :

d°L weights in the ground state [Fig. 5(c)], where the other o 715 720 725 730
. ; . [P Photon Energy (eV)
parameters are fixed to the values listed in Table 1. Clarifying

A=

__’_/\/\ 50

E S1 R —
S2

Intensity (arb.units)

the weights in the ground state for eatthelp us to discuss %1 ©

theA dependence of XA spectrum, because the XA intensities = —— L
strongly depends on the ground-state wave funéflorThe g

relative weights of each electron configuration in the ground E zz

state as shown in Table 2 indicates that the_-¢-edge XA B 10

spectrum is subject to traf andd°L electron configurations. ¢, kil
Thus, the characteristic peaks of the calculated spectrum can 1 0 1 > 3 A 5

attributed to the final state for these electron configurations. A(ev)
The corresponding final states of XA spectrum for the two
; i 7 6
electron configurations aiel” anded®L. Note thatc denotes p- and (b)s-pol geometries. The case Af= 3.0 eV is the same as

a cqre hole on Feforbital. FIG. 3. The relative weights af® andd>L configurations in the
Figure 5(a) shows th&t dependence of the Eg 3-edge XA ground state for the correspondiagalues are shown in (c).
spectrum for thg-pol; the spectrum foh = 3.0 eV is the same

as that shown in Fig. 3. Peak P1 becomes smalliasreases
whereas peaks P2 and P3 become largeA Agreases from
—1.0 to 5.0 eV, the weight of thd® in the ground state de-
creases from 48% to 18%, while that of @Rt increases from
26% to 57% [Fig. 5(c)]. The relationship between thee-
pendence of the spectra and that of the weights in the ground
state indicates that peak P1 reflects ¢té electron configu-
ration in the final state of XA spectrum and peaks P2 and P3

Fig. 5A dependences of Hg 3-edge XA spectra calculated for (a)

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol]l, 1-7 |5
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originate from thecd®L electron configuration. The energy Acknowledgements
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portional to—A. The energy separation between peaks P2 an®rogram Advisory Committee (Proposal Nos. 2010G038 anc
P3 is proportional to the energy difference of the MOs. The2012G107) and of the Advanced Light Source (Proposal No
lowest energy level in the unoccupied molecular orbitals thaf4907R). This work was also conducted based on the Japar-
hybridize with the Fe 8(y2 and/or 3i(zx), i.e. the energy U.S. cooperation project for research and standardization or
level of thed®L(e) shown in Fig. 4, changes largely, depend- Clean Energy Technologies. The Advanced Light Source it
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the NO ligand and the others are assigned to the CN ligandract No. DE-AC02-05CH11231.

Thus, peaks P2 and P3 reflect the MLCT effects of the NO
and CN ligands, respectively.

As Figure 5(b) indicates, peaks S1 and S2 forsipel have
the similarA dependence to peaks P1 and P2, respectively.
The energy separation between S1 and S2 also has the sa

1

tributed to thecd’ electron configuration, while peak S2 is 3
caused by thed®L one. In addition, a small peak appears at
712 eV between peaks S1 and S2 in the casés-ofL..0 and
—1.0 eV. This peak appears because of the multiplet splitting
effects. Peak S2 should be ascribed to the MLCT effects of thes
CNyy ligands. Although the Cly ligand in the case ok = 3.0

eV has the LMCT character in total (the valence-9.982 6
as shown in Table 2), the MLCT channel should also exist.
Note that the MLCT effect can predominantly be detected in g
XA spectrum compared to the LMCT one, since XA spectrum g

observes the unoccupied state through the absorption process.

For A = 3.0 eV, the energy positions of peaks P1 and S1 ar&0
different although both the two peaks reflect i electron 1
configuration. This is due to the large anisotropic hybridiza-

tion. 12

13

5 Conclusions 14

15
The Fel;3-edge XA spectroscopy study with the CIFM cal-
culation was performed to reveal the F&ectronic structure

of SNP. The Fé., 3-edge XA spectrum of SNP was attributed !
to the F&* LS state with the strong CT effects. The CIFM 45
calculation for the [Fe(CNNO]?~ cluster model revealed the
asymmetric CTs due to the existence of the NO group in SNP.8
The hybridization between the Fe and the NO ligand is much
stronger than that between the Fe and the CN one in SNP!
The average FedBelectron humbefny) was calculated to be g
5.39 in agreement with the strong MLCT effect to NO. Each21
peak in the XA spectrum can be understood as beingdhe
andcd®L final states. The present study demonstrates that &2
combined use of XA spectroscopy and CIFM calculation has
a high potential to clarify the anisotropic electronic structure,s
of TM complexes with low symmetries.
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