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Electronic structure of Na2[Fe(CN)5NO]·2H2O (Sodium nitroprusside: SNP) was investigated by using soft x-ray absorption
(XA) spectroscopy. The FeL2,3-edge XA spectrum for SNP exhibited distinct and very large satellite peaks each forL3 and
L2 region, which is different from the spectra for hexacyanoferrates and the other iron compounds. A configuration-interaction
full-multiplet calculation, in which the ligand molecular orbitals for theC4v symmetry were taken into account, revealed the Fe2+

low-spin state with very strong metal-to-ligand charge-transfer effect from the Fe 3d to NO 2p orbitals.

1 Introduction

Nitroprusside (NP) compounds such as
Na2[Fe(CN)5NO]·2H2O (Sodium NP: SNP) and
M[Fe(CN)5NO]·nH2O (M: 3d transition metal) have
been extensively studied in various fields such as photo-
chemistry and holography1,2. For example, SNP exhibits
photo-induced reduction/oxidation reactions on the NO+

ligand by ultraviolet (UV) or visible light irradiation: NO+

⇔ NO ⇔ NO− 3,4. The photo-induced phase transitions
should originate from interactions between NO and Fe in the
asymmetric Fe(CN)5NO octahedron5–7. The coordination
environment and the electronic structure of the Fe atom in NP
compounds should be quite unique due to the asymmetry.

The Fe 3d electronic structures of NP compounds have been
investigated by various methods: theoretical calculations8–11,
infrared spectroscopy12–15, optical absorption in visible-UV
region15–17, Mössbauer spectroscopy13,18 and hard x-ray ab-
sorption spectroscopy at the FeK edge5. However, those ex-
perimental techniques are insufficient to directly observe the
Fe 3d orbital, resulting in that the theoretical predictions have
not been evaluated precisely. On the other hand, soft x-ray ab-
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sorption (XA) spectroscopy at the transition-metal (TM)L2,3

edges (2p→ 3d absorption) can provide direct information on
the TM 3d orbitals. The electronic-structure parameters in-
cluding the crystal-field splitting and the charge-transfer (CT)
energy can be obtained by analyzing theL2,3-edge XA spectra
by using multiplet calculations.

Fe L2,3-edge XA spectroscopy studies to reveal the Fe 3d
electronic structure and the CT between the Fe 3d and lig-
and 2p orbitals for SNP have not been reported yet. The
valence of the NO group was theoretically predicted to be
rather +0.6 than +1.09, implying an anisotropic CT effect in
the Fe(CN)5NO octahedron, i.e., a strong metal-to-ligand CT
(MLCT) from the Fe to the NO group. To clarify the Fe 3d
electronic structure and the CT effects in SNP, FeL2,3-edge
XA spectroscopy and detailed analyses by multiplet calcu-
lation are essential. In studying the electronic structure of
SNP, analogies to hexacyanoferrates which have a symmetric
Fe(CN)6 octahedron in the unit cell should provide us fruitful
information.

The XA spectroscopy measurements were performed for
the hexacyanoferrates: K3[Fe(CN)6] and K4[Fe(CN)6] which
are typical cyano complexes19. The FeL2,3-edge XA spec-
tra of K4[Fe(CN)6] and K3[Fe(CN)6] were reproduced by CT
multiplet calculation19. The analyses by the multiplet cal-
culations have revealed strong MLCT effects in addition to
ligand-to-metal CT (LMCT) effects for the hexacyanoferrates.
In order to further understand the electronic structure and
the CT effects in the hexacyanoferrates and the related cyano
complexes, we have developed configuration-interaction full-
multiplet (CIFM) calculation in which the ligand molecular
orbitals are taken into account20–22.
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In this paper, we report the FeL2,3-edge XA spectroscopy
study for SNP. The XA spectra were analyzed by using the
CIFM calculations for theC4v symmetry. Moreover, the cal-
culated electronic-structure parameters for SNP are compared
with those for hexacyanoferrates: K3[Fe(CN)6] with the Fe3+

low-spin (LS) state and K4[Fe(CN)6] with the Fe2+ LS state.

2 Experimental method

The SNP sample purchased from Wako Pure Chemical Indus-
tries, Ltd. was powdered and fixed on a sample holder by
carbon tape. The XA spectroscopy measurement was per-
formed at bending magnet beamlines, BL-7A of the Photon
Factory and BL 6.3.1 of the Advanced Light Source. The
total energy resolution wasE/∆E ∼ 1500. To suppress the
radiation damage for the sample, we set the slit width of the
spectrometer as narrow as the signal-to-noise ratio was not de-
teriorated. We also confirmed that the spectral shape was not
dependent on sample positions. Moreover, several XAS scans
were performed on one sample position, and no difference in
the XA spectral shape was found between the first and last
scans. Thus, the radiation damage problem is not an issue in
this study. All the measurements were carried out at room
temperature.

3 Theoretical model

Fig. 1 Octahedral [Fe(CN)5NO]2− cluster. The NO group is located
alongz-axis in the present definition. The x-ray electric field
polarizations (p-pol ands-pol) are also depicted for an incident
x-ray alongx-axis. In the FeL-edge XA spectroscopy measurement,
the domains in the powdered sample are randomly oriented to the
incoming beam.

The CIFM calculation for the Fe 3d electronic structure of
SNP was carried out by using the cluster model in Fig. 1. NO
is located along thez-axis. Hereafter, the N atom in the NO

ligand is expressed as N’. The Hamiltonian is given by

H = H0+H1+H2, (1)

where

H0 =∑
γ,σ

[εd(γ)−Q ∑
m,σ ′

(1−np,mσ ′)]nd,γσ

+ ∑
m,σ

εpnp,mσ +U ∑
γ

nd,γ↑nd,γ↓

+ ∑
γ>γ ′,σ ,σ ′

(U ′−Jδσσ ′)nd,γσ nd,γ ′σ ′

(2)

and

H1 = ∑
j,γ ,σ

εP( jγ)nP, jγσ + ∑
j,γ,σ

Vpd( jγ)(d†
γσ Pjγσ +h.c.). (3)

The symmetryγ indicatesa1, b1, b2 or e irreducible represen-
tations inC4v. The first term in Eq. (2) represents the Fe 3d
state withεd(γ) being the one-electron energy level andQ be-
ing the Coulomb attraction caused by the Fe 2p core hole. The
second term denotes the Fe 2p states. The third and last terms
describe the Coulomb interaction withU and the exchange in-
teraction withJ between the Fe 3d electrons.

H1 in Eq. (1) includes the molecular orbitals (MOs) con-
sisting of C, N, and O 2p orbitals and the hybridization be-
tween the Fe 3d and the MOs.P†

jγσ andnP, jγσ in Eq. (3) rep-
resent the creation and number operators for thejth MO with
orbital symmetryγ and spinσ . We used the transfer integrals
for C-C, C-N, N’-C, and N’-O ((ppσ )CC, (ppσ )CN, (ppσ )NC,
and (ppσ )NO) to obtain the MO energyεP. The hybridization
strengths between the Fe 3d and the MOs could be derived
from combining the MO wave functions with the transfer in-
tegrals for Fe-C and Fe-N ((pdσ )C and (pdσ )N). The details
are described in the Supporting Information and the previous
studies20,21.

H2 in Eq. (1) includes the multipole part of the Fe 3d-Fe 3d
and Fe 3d-Fe 2p Coulomb interactions that are not described
in Eq. (2) and the spin-orbit interactions for the Fe 3d and Fe
2p orbitals. We evaluate the Slater integrals by using Cowan’s
code23 and reduce them to 85% in order to take account of
the effect of the configuration interactions not included in the
present study.

The bases to diagonalize the Hamiltonian in the ground
state consist ofd6 [(t2g)

6: Fe2+ LS configuration],d5L, d7L,
d4L2, d6LL, andd8L2 electron configurations. Note thatL and
L denote the ligand electron and hole, respectively. The XA
spectrum was calculated using the Fermi’s golden rule24 ex-
pressed as

I(E) = ∑
i
|⟨ fi |T|g⟩|2δ (E−Efi +Eg) (4)

where|g⟩ and | f ⟩ are the ground (initial) and final states of
the XA spectrum, andEg andEf are the corresponding ener-
gies. T denotes the electric dipole operator, which leads the
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polarization-dependent XA spectra21,25,26. In our calculation,
the p-polarization (p-pol) ands-polarization (s-pol) were de-
fined as being parallel and perpendicular to thez-axis as dis-
played in Fig. 1. We averaged these polarizations as{(p-
pol)+2(s-pol)}/3 for a comparison with the experimental re-
sult, since the domains in the powdered sample are randomly
oriented to the incoming beam. The weight of thes-pol was
doubled because the orthogonal two axes should be taken into
account for the in-plane geometry. The detail of the corre-
sponding electric dipole transition operators was described in
the previous study21.

The wave function was numerically calculated by the Lanc-
zos method27. The theoretical line spectra thus obtained were
convoluted, using the Lorentzian and Gauss functions (with
each width of 0.4 eV).

4 Results
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Fig. 2 Experimental FeL2,3-egde XA spectrum of SNP. The spectra
for K4[Fe(CN)6] and K3[Fe(CN)6] by Hocking et al.19 are also
displayed.

Figure 2 shows the FeL2,3-edge XA spectrum of SNP to-
gether with those of K4[Fe2+(CN)6] and K3[Fe3+(CN)6] 19.
The spectrum for SNP has an intense main peak at 711 eV
with two satellite peaks at 709 and 714 eV for theL3 edge.
Similar peaks were observed for theL2 edge. This spectrum
is totally different from the FeL2,3-edge XA spectra for iron
oxides28,29 and most Fe compounds30–34. In K3[Fe(CN)6],
a large peak attributed to partially-unoccupiedt2g orbital ap-
pears at 706 eV, which is completely different from SNP and
K4[Fe(CN)6]. In K4[Fe(CN)6], the MLCT gives a great influ-
ence on the Fe 3d electronic structure, which forms the large
satellite peak at 711 eV. The spectrum of SNP also has the
large satellite peaks at 714 and 727 eV, which suggests the
strong MLCT effect as in K4[Fe(CN)6]. However, the peak
positions and the intensities in SNP largely differ from those

in K4[Fe(CN)6] with Oh symmetry. In SNP, the lower symme-
try of the [Fe(CN)5NO] octahedron should cause anisotropic
CT effects.
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Fig. 3 Theoretical spectra of the [Fe(CN)5NO]2− cluster forp-pol
ands-pol, and an averaged spectrum. Experimental FeL2,3-egde
XA spectrum of SNP is also shown.

The CIFM calculation for the [Fe(CN)5NO]2−-cluster
model with C4v symmetry was carried out to analyze the
Fe L2,3-edge XA spectrum. The best fitted polarization-
dependent spectra and the spectrum averaged for thep-pol and
s-pol are shown in Fig. 3. The averaged spectrum reproduces
the characteristics in the experimental result well. The spec-
trum for thep-pol has a peak at the low-energy side for both
theL3 andL2 edges. In the calculation, the spectrum for thep-
pol reflects the unoccupied 3d orbitals which extend along the
z-axis21. Accordingly, the XA spectrum for thep-pol gives
direct information on the 3d(yz), 3d(zx), and 3d(3z2− r2) or-
bitals, which hybridize with the NO ligand. Since the local
symmetry isC4v, the degeneracy of the MO energy levels is
lifted, compared with theOh case. This is reflected in the
number of satellite peaks. On the other hand, the spectrum
for the s-pol shows no peak at the energy region lower than
the most intense peak. The spectrum for thes-pol reflects the
unoccupied 3d orbitals which extend in thexy-plane. The cor-
responding orbitals are the 3d(xy) and 3d(x2 − y2) ones that
are only hybridized with the ligands which is symmetric with
respect to thexy-plane. Thus, the number of peaks for thes-
pol spectrum is the same as that in K4[Fe(CN)6] with the Oh

symmetry. Hereafter, in the spectrum for thep-pol, the main
peak at 711 eV is denoted as P2 and the satellite peaks at 709
and 714 eV are denoted as P1 and P3 (Fig. 3). In the spectrum
for thes-pol, the main peak at 711.5 eV and satellite peak at
713.5 eV are denoted as S1 and S2, respectively.
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Table 1Electronic-structure parameters of [Fe(CN)5NO]2−,
[Fe(CN)6]4−, and [Fe(CN)6]3− clusters (in eV). (pdπ) and (ppπ)
can be calculated according to the relations of (pdπ)/(pdσ ) =
−1.0/2.2 and (ppπ)/(ppσ ) = −1.0/4.035, respectively.

[Fe(CN)5NO]2− [Fe(CN)6]4− [Fe(CN)6]3−

∆ 3.0 2.7 1.4
U 6.7 6.7 6.9
J 0.77 0.77 0.86
Q 4.0 4.0 4.0
10Dq 3.3 3.9 4.0
(pdσ )C −2.4 −2.4 −2.5
(pdσ )N −3.6 - -
(ppσ )CC 1.0 1.0 1.0
(ppσ )CN 8.0 8.0 8.0
(ppσ )NC 1.5 - -
(ppσ )NO 3.5 - -
εC 0.0 0.0 0.0
εN −2.5 −2.5 −2.5
εO −4.0 - -

Fig. 4 Relative energy levels for LMCT (blue) and MLCT (red)
electron configurations in [Fe(CN)5NO]2− and [Fe(CN)6]4−

clusters. The configurations, which show the lowest CT energy in
the symmetry, are depicted.

Table 1 shows the electronic-structure parameters of the
[Fe(CN)5NO]2− cluster used in the CIFM calculation, which
includes the CT energy∆, the Coulomb interactionU , the ex-
change interactionJ, the core-hole potentialQ, and the crys-
tal field splitting 10Dq. The definition of∆ is described in
Ref. 21, where theOh symmetry was assumed. The pa-
rameter values to reproduce the FeL2,3-edge XA spectrum of
K4[Fe(CN)6] and K3[Fe(CN)6] in Fig. 2 are also shown in Ta-
ble 120. 10Dq of 3.3 eV is large enough to stabilize the Fe2+

LS state in [Fe(CN)5NO]2−, but is slightly smaller than those
of [Fe2+(CN)6]4− and [Fe3+(CN)6]3− clusters. The absolute
value of transfer integral for Fe-N’, (pdσ )N (= −3.6 eV), is
larger than that for Fe-C, (pdσ )C (= −2.4 eV), and is close to
the value in the cluster model analysis of the FeL-edge res-
onant x-ray emission spectra of cyanomet myoglobin (−3.18

eV)36. The transfer integral for N’-O, (ppσ )NO (= 3.5 eV),
is less than half that for C-N, (ppσ )CN (= 8.0 eV), which re-
sults in that the energy separation between the bonding- and
antibonding-type MOs becomes small compared with that of
K4[Fe(CN)6]. The CT from the MO to the Fe 3d(3z2− r2) has
the lowest LMCT energy∆(a1) (corresponding to the energy
difference between thed7L(a1) andd6 levels as shown in Fig.
4) expressed as

∆(a1) = ∆+6Dq− εP(a1)+ εC. (5)

The CT from the Fe 3d(yz) [3d(zx)] to the MO has lowest the
MLCT energy∆∗(e) (corresponding to the energy difference
between thed5L(e) andd6 levels as shown in Fig. 4) expressed
as

∆∗(e) =U −5J−∆(a1)+10Dq+ εP(e)− εP(a1). (6)

The derivation of∆∗(e) and ∆(a1) is described in Ref. 21.
∆∗(e) calculated to be−1.0 eV from Eq. (6) is much smaller
than∆(a1) calculated to be 11.7 eV from Eq. (5), which in-
dicates that thed5L is the dominant electron configuration.
The negative∆∗(e) indicates that the energy level of thed5L
electron configuration is lower than that of thed6 one, while
the d6 electron configuration is energetically the lowest in
[Fe(CN)6]4− cluster (Fig. 4). The MLCT effect should be
very strong in [Fe(CN)5NO]2− cluster.

Table 2Weights of each configuration in the ground state (in
percent), average 3d electron number⟨nd⟩, and calculated valences
of the CN and NO ligands in [Fe(CN)5NO]2−, [Fe(CN)6]4−, and
[Fe(CN)6]3− clusters.

[Fe(CN)5NO]2− [Fe(CN)6]4− [Fe(CN)6]3−

d6 28.7 43.5 d5 53.9
d7L 4.3 5.1 d6L 16.9
d5L 49.4 40.3 d4L 19.3
d8L2 0.1 0.1 d7L2 0.9
d6LL 9.4 6.1 d5LL 8.0
d4L2 8.0 4.9 d3L2 1.0
⟨nd⟩ 5.39 5.55 ⟨nd⟩ 4.97
CNxy −0.982 −1.075 CNxy −1.005
CNz −1.034 −1.075 CNz −1.005
NO 0.352 - NO -

Table 2 shows the relative weights of each electron configu-
ration in the ground state obtained from the CIFM calculation,
together with the cases of hexacyanoferrates. The weight of
thed5L is considerably large (49.4 %) in SNP due to the nega-
tive MLCT energy, and the total weight of thed6 andd5L is up
to 78.1 % in the ground-state wave function, which indicates
that the FeL2,3-edge XA spectrum is subject to these elec-
tron configurations. Thus, the average Fe 3d electron number,
⟨nd⟩, is close to five rather than six.
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Table 2 also shows the calculated valences of the NO lig-
and and the CN ligands in thexy-plane and along thez-
axis. Hereafter, the CN ligands in thexy-plane and along
thez-axis are denoted as CNxy and CNz ligands, respectively.
In [Fe(CN)6]4− for K4[Fe(CN)6], the valences of the CN
ligands are isotropic and the value of−1.075 suggests the
strong MLCT effect. The valence of the CNz ligand in the
[Fe(CN)5NO]2− cluster is close to that in [Fe(CN)6]4−. On
the other hand, the valence of the CNxy ligand is −0.982,
while that for [Fe(CN)6]4− was−1.075. Thus, the MLCT
from the Fe 3d to the CNxy is weak compared with that in
[Fe(CN)6]4−. The valence of the NO ligand was calculated to
be +0.352, which largely deviated from the nominal valence
of +1.0 for NO, indicating very strong MLCT. A similar result
has been reported by Trautweinet al.: the valence of the NO
ligand in SNP was determined to be +0.613 in their semiem-
pirical self-consistent-field MO calculations9. The deviation
from the nominal valence of NO,δnNO = 0.648, nearly corre-
sponds to the deviation of the calculated⟨nd⟩ from the nominal
valence of Fe2+: δnFe = 6− ⟨nd⟩ = 0.61. This result again in-
dicates that the MLCT from NO to Fe is much dominant than
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 for K4[Fe(CN)6],
sinceδnFe for SNP is larger thanδnFe for [Fe(CN)6]4−.

To attribute the peaks of the calculated spectrum to the elec-
tron configurations, we investigated the∆ dependence of the
Fe L2,3-edge XA spectrum for the [Fe(CN)5NO]2− cluster
[Figs. 5(a) and 5(b)] and the∆ dependences of thed6 and
d5L weights in the ground state [Fig. 5(c)], where the other
parameters are fixed to the values listed in Table 1. Clarifying
the weights in the ground state for each∆ help us to discuss
the∆ dependence of XA spectrum, because the XA intensities
strongly depends on the ground-state wave function20. The
relative weights of each electron configuration in the ground
state as shown in Table 2 indicates that the FeL2,3-edge XA
spectrum is subject to thed6 andd5L electron configurations.
Thus, the characteristic peaks of the calculated spectrum can
attributed to the final state for these electron configurations.
The corresponding final states of XA spectrum for the two
electron configurations arecd7 andcd6L. Note thatc denotes
a core hole on Fe 2p orbital.

Figure 5(a) shows the∆ dependence of the FeL2,3-edge XA
spectrum for thep-pol; the spectrum for∆ = 3.0 eV is the same
as that shown in Fig. 3. Peak P1 becomes small as∆ increases
whereas peaks P2 and P3 become large. As∆ increases from
−1.0 to 5.0 eV, the weight of thed6 in the ground state de-
creases from 48% to 18%, while that of thed5L increases from
26% to 57% [Fig. 5(c)]. The relationship between the∆ de-
pendence of the spectra and that of the weights in the ground
state indicates that peak P1 reflects thecd7 electron configu-
ration in the final state of XA spectrum and peaks P2 and P3
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originate from thecd6L electron configuration. The energy
separation between P1 and P2 becomes small as∆ increases
because the energy difference from thecd7 to thecd6L is pro-
portional to−∆. The energy separation between peaks P2 and
P3 is proportional to the energy difference of the MOs. The
lowest energy level in the unoccupied molecular orbitals that
hybridize with the Fe 3d(yz) and/or 3d(zx), i.e. the energy
level of thed5L(e) shown in Fig. 4, changes largely, depend-
ing on the (ppσ )NO value, while the others are dependent on
the (ppσ )CN one. The lowest energy level corresponds with
the NO ligand and the others are assigned to the CN ligand.
Thus, peaks P2 and P3 reflect the MLCT effects of the NO
and CNz ligands, respectively.

As Figure 5(b) indicates, peaks S1 and S2 for thes-pol have
the similar∆ dependence to peaks P1 and P2, respectively.
The energy separation between S1 and S2 also has the same
dependence as that between P1 and P2. Thus, peak S1 is at-
tributed to thecd7 electron configuration, while peak S2 is
caused by thecd6L one. In addition, a small peak appears at
712 eV between peaks S1 and S2 in the cases of∆ = 1.0 and
−1.0 eV. This peak appears because of the multiplet splitting
effects. Peak S2 should be ascribed to the MLCT effects of the
CNxy ligands. Although the CNxy ligand in the case of∆ = 3.0
eV has the LMCT character in total (the valence of−0.982
as shown in Table 2), the MLCT channel should also exist.
Note that the MLCT effect can predominantly be detected in
XA spectrum compared to the LMCT one, since XA spectrum
observes the unoccupied state through the absorption process.
For ∆ = 3.0 eV, the energy positions of peaks P1 and S1 are
different although both the two peaks reflect thecd7 electron
configuration. This is due to the large anisotropic hybridiza-
tion.

5 Conclusions

The FeL2,3-edge XA spectroscopy study with the CIFM cal-
culation was performed to reveal the Fe 3d electronic structure
of SNP. The FeL2,3-edge XA spectrum of SNP was attributed
to the Fe2+ LS state with the strong CT effects. The CIFM
calculation for the [Fe(CN)5NO]2− cluster model revealed the
asymmetric CTs due to the existence of the NO group in SNP.
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 Fe 3d electron number⟨nd⟩ was calculated to be
5.39 in agreement with the strong MLCT effect to NO. Each
peak in the XA spectrum can be understood as being thecd7

andcd6L final states. The present study demonstrates that a
combined use of XA spectroscopy and CIFM calculation has
a high potential to clarify the anisotropic electronic structure
of TM complexes with low symmetries.
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