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Abstract

The electronic and local structural properties of single crystals in the ground state (GS)
of the photo-switchable compound Naz[Fe(CN)sNO]+2H20 (sodium nitroprussiate, SNP) have
been investigated by X-ray Absorption Fine Structure Spectroscopy (XAFS) and FEFF
simulations. In SNP, the XANES (X-ray Absorption Near Edge Structure) pre-edge region
presents three distinct peaks with different intensities depending on the crystal axis orientation
with respect to the polarization direction of the X-ray beam. The peaks correspond to a
combination of 1s to 4p and 1s to 3d transitions with possibly mixed dipole and quadrupole
character. The EXAFS fitting reveals, as expected, a biased structure according to the relative
position of the crystal with respect to the beam polarization and the fittings are in accordance
to theoretical values. The best fitted model has a large contribution from multi-scattering paths,
which clarifies the interpretation of the actual peak contributions on the Fourier Transformed
signal.

Keywords: Photoswitchable compound ; Electronic properties ; X-ray Absorption
Spectroscopy ; Pre-edge features ; NO ligand

1. Introduction

Naz[Fe(CN)sNO]*2H20 or sodium nitroprussiate (SNP) is an intriguing compound with
interesting properties. On the one hand, it is well known and used in clinical applications,
namely as a vasodilator [1] but has also been investigated for cancer therapeutics due to its
potential as a nitric oxide donor [2]. On the other hand, SNP has been investigated due to its
photosensitivity, especially since the discovery of so-called metastable states (see e.g. [3] for a
review of these properties). As a matter of fact, these metastable states correspond to linkage
isomers of the nitrosyl ligand, which are stable at low temperatures (at 100 K the lifetime is
several years). As shown by X-ray and neutron diffraction as well as DFT calculations, the NO
ligand can adopt three different structural configurations with respect to the central iron atom



of the [Fe(CN)sNOJ?* octahedron: the nitrogen bound linear Fe-N-O ground state (GS), the
oxygen bound linear Fe-O-N metastable state 1 (MS1) and the side-on bound bent n?(FeNO)
metastable state 2 (MS2) [4], [5], [6], [7], [8]. The generation of these photoinduced linkage
isomers is ultrafast (a few hundred femtoseconds) and has been studied by time-resolved
optical and infrared spectroscopy on single crystals [9,10] and is accompanied by large
photochromic and photorefractive effects [11,12]. These different structural configurations can
be reversibly transferred between GS, MS1, and MS2 depending on the chosen irradiation
wavelength as well as the polarization direction of the light with respect to the crystal axes
[13]. The peculiar polarization dependent properties of SNP have been investigated by
polarized optical absorption spectroscopy on single crystals which revealed the light-induced
absorption changes in SNP caused by the excitation of MS1 and MS2 and allowed for the
assignment of the electronic transitions and comparison with theoretical results [11]. Overall,
to understand the properties of the metastable and ground states in SNP, many different
techniques have been employed, but only a few studies using X-ray Absorption Spectroscopy
(XAS), namely polarization dependent XAS on SNP single crystals on the Fe K-edge [14] and
XAS on the Fe L2,z edge on SNP powder [15]. Gadeke et al (1988) [14] reported a strong
dependence of the XANES and EXAFS spectra on the angle between polarization direction of
the X-ray beam and the crystal axis.

XAS is element-specific and is suited to study in detail the local environment (geometry and
electronic configuration) of a given atom to gain accurate insight into small changes that would
occur upon photoexcitation of linkage isomers such as MS1 or MS2 in SNP. In this work we
report a XAS experimental and ab initio study on the GS of SNP single crystals in different
crystal axis orientation with a full modelling of the EXAFS and XANES spectra, which allow
us to get newer insight on the fine structure of the molecule and pave the path to tailored in situ
experiments in order to fully understand the physics behind metastable states on this
compound. XAS is able to determine around the photo-absorber the interatomic distance, the
number and type of species of the neighboring atoms, and the thermal or structural disorder of
the positions of the neighboring atoms. It is a powerful tool which can provide chemical short-
range structural and electronic information of the neighbourhood of the photo absorber in
various materials. It has been extensively used for such complex materials [[16], [17], [18],
[19], [201].

2. Materials and Methods

2.1.  Sample preparation

Large single crystals of SNP were recrystallized by slow evaporation from aqueous
solutions using reagent grade Sodium nitroprusside dehydrate Naz[Fe(CN)sNO]+2H20. Thin
plates of the orthorhombic crystals (space group Pnnm [21,22]) were cut perpendicular to the
crystal axes a, b, or ¢ and ground to thicknesses of about 100 um before being polished to
optical quality. Powder of SNP was produced by grinding single crystals.

2.2.  XAS experimental details

The SNP samples used for measurements were a powder and crystals cut along the, a-, b-
and c- crystal axis. The ideal thickness of SNP for XAS measurements in transmission mode,



is ~ 100 um yielding an absorption jump of 1.2 and a total absorption of 1.55. These values are
calculated considering the Fe K edge. Three different SNP crystals were used for the XAS
measurements, corresponding to cuts perpendicular to the, a-, b-, and c-axis. The three plate-
like crystals had a thickness of about 84 um along a- and c-axis, and 165 um along b-axis. The
lateral dimensions of the crystals were 10 mm x 3 mm. The SNP powder was mixed with
polyvinylpyrrolidone (PVP) in a proper dilution to have an absorption jump of ~1 and then
compacted in a pellet of 13 mm of diameter. XAS measurements were carried out in
transmission mode for powder and crystal samples at room temperature, at the Fe K edge (7112
eV) at the XAFS beamline [23] of Elettra Synchrotron (Trieste, Italy). The storage ring was
operated at 2 GeV yielding a minimum current of 309 mA. A double crystal silicon Si (111)
monochromator was used with a detuning of 0.3 for harmonic rejection and the energy
resolution AE/E was about 1074, The value of 7112 eV was assigned to the first inflexion point
of the XANES spectrum of Fe metal foil for the calibration of the monochromator. The ions
chambers were filled with a mixture of Ar, N2 and He to have an absorption of 10%, 80% and
95% in the lo, I1, and I2 respectively at the energy of 7000 eV. The data were collected in the
energy range of [6817-8350] eV with an energy step variable depending on the energy region.
At least two scans were collected for the powder sample and four for crystals. The crystals

were placed such as a-, b- or c- axis was perpendicular to the electric field E of the X-ray
incident beam characterized by a wavevector k parallel to the crystal face considered.

2.3.  EXAFS data analysis

EXAFS data analysis was performed for all measurements using the least-square fitting
based on the multiple scattering approximation. The normalization and background extraction
steps were done in Athena program according to Ravel and Newville [24]. Spectra of the same
sample were averaged in order to improve the statistical noise. Data were then normalized to
one absorption event and aligned within 0.01 eV. The EXAFS signal was obtained as shown
in the following equation:

_ (u—po)
X(E) = -t )

Where p and o are the experimental absorption coefficient and a smooth spline representing
the embedded-atom absorption background respectively. This step was followed by the Fourier
Transform (FT) of the k-weighted EXAFS functions £%(E) using a Hanning window in the k
range of [3-14] A", In order to evaluate the backscattering amplitudes and the phase shifts
parameters, the FEFF6 code based on the ab initio multiple scattering calculations [24] was
used to generate the theoretical EXAFS signals using a cif file with the crystallographic
parameters taken from Carducci et al. [5]. The fitting of the theoretical signals on the EXAFS
experimental data was performed using Artemis program [24]. The data were fitted considering
the k range of [3-14] A' and R range of [1.1-3.0], [1.3-3.0] A (respectively, for c-axis and a-
axis). The fit for the powder were performed in the k range of [3-15.5] A™' and R of [1.1-3.0]
A. The reliability of the fits is reported through the Rractor parameter minimizing the difference
between the experimental (k2 Z(ks)exp) and calculated (K2 y(ks) carc) SPECtra according to the

following equation [25,26]
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2.4.  XAS simulation

Ab initio XANES simulations were obtained by performing full multiple scattering calculations
using FEFF9.0 at the Fe K edge of SNP based on the crystallographic structure obtained by
Carducci et al. [5]. The XANES simulation in FEFF9 considers the treatment of the core-hole
within the random phase approximation (RPA), the many-pole self-energy and the many-body
spectral function convolution [27]. We have used a self-consistent energy dependent exchange
correlation Hedin-Lungvist potential [28]. Self-consistency was obtained by successively
calculating the electron density of states, electron density and Fermi level at each stage of
simulation within a cluster centered on Fe atom of 3.3 A, and then iterating. Full multiple
scattering (FMS) calculations were carried out for a larger cluster of 4.6 A. To simulate
different orientations of the crystal as supposed to be irradiated by the linearly polarized x-ray
beam, the polarization and ellipticity were used and adjusted accordingly. Further details on
XANES simulations are available as Supplementary Material (SI).

The EXAFS simulation was done in linear polarization. It was performed through the
calculations of potentials and phase shifts for a distance up to 5 A. The paths with a represented
weight percentage characterizing the scattering from the nearest neighbors were considered
and the number was limited to improve the EXAFS results. The simulation was satisfactorily
done in the Debye correlated model with the Debye-Waller factor adjusted to 0.02 A? and
Debye-temperature range of [190-315] K.

3. Results and discussion

3.1.  Crystal orientation

Synchrotron radiation is linearly polarized in the orbit plane. Given that the wavevector
k is perpendicular to the electric field of the x-ray beam, the orientation of the crystal is given
with respect to the polarized x-ray beam that is characterized by the wavevector kand therefore

the electric field E. Fig. 1 presents the main aspects of the crystal structure of SNP and the
orientation of the [Fe(CN)sNO]>~ anion with respect to the crystal axes. In particular we note
that the quasi-fourfold axis C-N-Fe-N-O lies within the ab-plane (Fe-N-O angle of 176.2°, C-

Fe-N angle of 176.8°, and Fe-C-N angle of 179.8°). In the case of l_c)//d, the electric field E

can be parallel either to b- or to c- crystal axis [29]. In the same way, for E// b, E can be
parallel to a- or c- crystal axis while it can be parallel to a- or b- crystal axis in the case of

75// C. By reasoning so, six orientations can be obtained. Fig. 1 illustrates the situation for a b-
cut crystal, for which the propagation vector k// boffers two possibilities to orient the electric
field vector E along the a- or c-axis of the crystal. If Eis along the c-axis, the electric field

oscillates thus perpendicular to the C-N-Fe-N-O axis, whereas in the case of Eis along the a-
axis, the electric field vector oscillates along a and has thus a component parallel to C-N-Fe-
N-O axis.
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Figure 1: (Left and top panel) Representation of the crystal structure of SNP (view along a-
axis, sodium counter ions and water molecules have been omitted for clarity). The quasi-
fourfold axis C-N-Fe-N-O lies within the ab-plane. (Lower right panel) If the b-axis of the

crystal is parallel to the propagation vector of the X-ray beam (ﬁ/ / B), the electric field vector

can be oriented E//&) or E// ¢) and thus parallel or perpendicular to the C-N-Fe-N-O
molecular axis.

3.2.  XANES results and discussions

Fig. 2 presents the simulated (panel a) and experimental (panel b) XANES spectra at
Fe K-edge. The experimental spectrum collected of the powder sample could be simulated
without considering the polarization in FEFF9, while the polarization has been taken into
account as discussed in section 2.4 to simulate the data collected on the single crystals. The
experimental data show similar features although some differences can be observed. The main
resonance of the spectrum with polarization parallel to the c-axis is more intense and shifted to
lower energy with respect to the other polarizations, while the spectrum of the powder sample
clearly presents average features. The three vertical lines highlight the pre-edge features,
indicated as A, B and C. These are all well-defined for the spectrum with E // €. The features

B and C broaden significantly for the other polarization configurations, resulting in an almost
complete vanishing of peak C.
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Figure 2. Normalized Fe K-edge XANES spectra of SNP samples; a) simulated data, and
Sim_Normal stands for simulated data without considering a polarization factor. b)

Experimental data corresponding to E// @, E// b and E// . Powder stands for the data
collected on the powder sample. The insert is shown to highlight the pre-edge features in the
experimental spectra.

In general, the pre-peak features observed in the pre-edge region of the Fe K-edge
XANES absorption and the features above the edge are characteristic of the transition to bound
states 1s — 3d and/or 1s — 4p [30, 31]. The region above the edge generally indicates the
multiple scattering diffusion and the edge-crest describes the transitions to continuum or
delocalized states as reported [31]. The occupations of the 3d-orbitals depend on the properties
of the ligands in the metal-ligand complexes. In such compounds, the molecular orbitals are
formed as a linear combination between the metal valence orbitals which can be 3d, 4s and 4p
on the one hand, and the ligand orbitals which are o, 7, o and 7 *, on the other hand. Also, the



interactions between them (valence-ligand) depend on the symmetry of the complexes. Thus,

it can be understood that, the SNP samples corresponding to E// @, E// b and E//& contain
in the pre-edge region transition to hybridized orbitals with likely both, dipolar and quadrupolar
characters, as manifest by the three peaks at energy values of 7114.40 eV, 7119.12 eV and
7123.76 eV.

The octahedral systems are expected to have a K pre-edge structure dominated by
quadrupolar transitions and can be deconvoluted in distinct contributions representing,
essentially, the transitions to splitted-3d components t2g and eg. However, in lower symmetries
and particularly on SNP single crystals, further orbital splitting may rise, including dipolar
transitions, as observed in Fe!' mineral samples [32] and a-Fe203 [33]. For that reason, we
performed the modeling and fitting of the pre-edge region (the peak A in Fig. 2) using 2-4
pseudo-Voigt peaks. Fraction and sigma parameters of the pseudo-Voigt functions were
constrained to be the same for all the peaks in the fit.

In the [Fe(CN)sNO]? anion of SNP the Cav symmetry is not perfect, the Fe-N-O angle
is slightly smaller than 180 degrees. However, the quasi-fourfold axis N-C-Fe-N-O lies in the
ab plane of the orthorhombic crystal structure, giving rise to a pronounced polarization

dependence of the absorption spectra. Therefore E // ¢ indicates a polarization perpendicular

to this rotation axis, while for E//a,—b), the polarization has contributions parallel to this
fourfold rotation axis (see Fig. 1).

Considering that XANES from spectra E// d are equal to E// b, we discuss them as
one single representative direction. In this sense, both different crystal orientations (i.e., F?// a

and E// ) were best fitted by using a 3-component model (Fig. 3), featuring a prominent one
at higher energy, and intermediate intensity peak in the middle and a tiny shoulder at lower
energy. Qualitatively, we observe that the individual components hold their position no matter
the crystal orientation. Further, the centroid shift observed when comparing E// d and E / /2 is
due exclusively to the increasing in amplitude of the component centered around 7113 eV,
while the main component (~ 7114.5 eV) remains with the same height. This isotropic behavior
of the latter may suggest a dipolar transition, but a dedicated experiment is required to deal
with this issue. Thus, a deep analysis on the angular dependence of the pre-peak intensities will
be presented in a dedicated paper. Table 1 summarizes the results of the fits.
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Figure 3: Fit of the pre-peak of Fe K-edge showing a deconvolution of three components
related to dipolar and quadrupolar transitions. Fit corresponding to a-axis (upper panel), c-axis
(middle) and experimental curves for a- and c-axis showing a clear shift in the centroid position
(bottom). The blue line on the bottom panel is the difference between both experimental lines.

The energy difference between the higher-energy peak component and the lower one is

3.7 eV and 4.8 eV, respectively, for E// d and E//¢, which suggests a ferric low-spin
electronic configuration with an increased 10Dq due to stronger field induced by CN- ligands,
as already observed on Fe'' complexes [34]. This difference is a direct probe of the 10Dq
parameter of the crystalline field and can help us to understand the electronic structure of the
crystal. In order to do that, we consider the optical absorption study on the same material
performed by one of the authors to correlate to the information obtained from pre-peaks and
try to get newer insights on the electronic structure of the SNP molecule.



Table 1 - Main parameters fitted on deconvolution of Fe K-edge pre-peak of SNP. Two
different ranges in energy were proposed, respectively, i) a 3-peak model ranged at 7108-7118
eV and ii) a 5-peak model ranged at 7108-7125 eV.

Orcigf;?i'on Peak Energy (eV) '”ter(‘)‘:’i%é;' 2)  EWHM  Red-g (x 1077)
7110.80 (0.20)  0.21 (0.03)

i) E//a 711336 (0.04) 2.0 (0.10) 1.98 (0.02) 3.3052
711450 (0.03)  3.60 (0.10)
7109.90 (0.20)  0.11(0.03)

i) Ellc 711326 (0.08)  0.67 (0.60) 1.80 (0.02) 3.4325
711474 (0.01) 3.4 (0.50)
7111.60 (0.70)  0.70 (0.60) 1.91 (0.04)
711348 (0.05)  2.10(0.10) 1.91 (0.04)

ii) Ella 711457 (0.04)  3.30 (0.20) 1.91 (0.04) 3.6397
7119.07 (0.07) 3.0 (0.10) 2.60 (0.40)
7121.90 (0.10)  11.00(L00)  5.20 (0.80)
7109.50 (0.50)  0.70 (0.50) 1.94 (0.04)
7113.20 (0.20)  0.40 (0.10) 1.94 (0.04)

i) E/lc 711476 (0.02)  3.40 (0.20) 1.94 (0.04) 3.7702
7119.24 (0.01)  9.20 (0.30) 2,57 (0.02)
712380 (0.10)  16.00(L00)  6.10 (0.30)

As stated before, in XANES the difference in energy between the peaks of pre-edge
corresponds to a direct measurement of the 10Dq parameter of the crystalline splitting of the
material. However, it is well known that this value is quite different from that obtained by
optical spectroscopy, instead it corresponds to about 80% of the ground state value [33]. In
short words, this is mainly because in the final state in a XAS process, the excitation promoted
by the x-ray photons let a core hole on the inner shell, as consequence there is a strong influence

on the valence band due to the lower screening effect by the nucleus. Regarding E//d, one
observes that the 10Dq value obtained from deconvolution of the pre-peak (AE = 3.7 eV) likely
corresponds to the optical transition 6e—5a1 (AE = 4.66 eV, Fig. 4). Since regular XANES
spectroscopy do not provide enough energy resolution (note that the full width at half
maximum (FWHM) value is slight below 2 eV, Table 1), we do not attempt to attribute the
component energy values from pre-edge region to a particular transition in the electronic
structure obtained by optical spectroscopy. In an overall scenario, we can point out that, the
low-energy pre-edge peak possibly includes 6e and 2b2 (or the tzg group) levels while the high-
energy one includes 5a1 and 3ba levels (eq group). The higher transitions (7119 and 7121 eV)
are probably due, respectively, to metal to ligand charge transfer (MLCT) involving 8e
(m*(CN)) [35, 36] and a long-range order effect [35]. We have performed a 5-peak fitting model
in a wider range in energy to include these two higher energy features (B and C in Fig. 2) in



the pre-peak region (see Table 1). It is worth to note that this long-range fitting does not change
the values of intensity and peak position from those obtained from 3-peak model.

Regarding E//¢, the overall picture is quite similar. We observe, however, a wider
distance between tzgandeglevels (AE = 4.8 eV). Also, the two “edge” peaks (features B and C,
on the inset of Fig. 2b) are now resolved in two well separated peaks. It seems quite suggestive
that -NO bond, responsible also for low down the crystal symmetry, is in charge for this effect.
However, a quantitative analysis of this particular situation requires more experimental details
(like a single crystal angular-dependence analysis, for instance) and maybe further theoretical
calculations (preferentially using DFT).

SNP ([Fe(CN)sNOJ? anion) exhibits a particular electronic structure, since the lowest
unoccupied molecular orbital (LUMO) is the *(NO), which energetically is placed in between
the t2g and ey 3d iron orbitals [36]. Adopting the nomenclature used elsewhere [6, 11, 36], the
highest occupied molecular orbital (HOMO) is the dxy labelled 2b2 (see Fig. 4, left panel),
which together with the HOMO-1, the energetically degenerate dx; and dy: (6e) form the tzg.
The eq composed of dz2 (5a1) and dxzy2 (3b1) constitute the LUMO+1 and LUMO+2 (the
energetic order of these two orbitals being inversed between Manoharan and Gray [36], and
Delley et al. [6], The 7e¢ n*(NO) LUMO has significant admixture of 3d orbitals, a
characteristic of NO backbonding, which is reflected also in a significant admixture of 7*(NO)
to the 6e dx; and dy: orbitals (see e.g. Manoharan and Gray [36], or Braga et al. [37]). Polarized
(optical) absorption spectroscopy has allowed for assignment of transitions within the 3d
manifold and the 7*(NO), as illustrated in Fig. 4, the lowest lying transition 2b>—7e¢ is found
at 2.5 eV, followed by another transition 6e—7¢ into the LUMO and further intra-d transitions
in the energy range of 3.95-4.65 eV. Transitions into higher states have been observed in
solution [36], namely the 6e—8¢ (n*(CN)) at approximately 6.2 ¢V. Ref. [36] provides
calculated one-electron MO energies up to much higher levels, including the iron 4p states and
further ligand-based orbitals such as ©*(CN), 6(CN), and o(NO). Several of these higher states
have significant admixture of 3d, and potential transitions resulting from these calculations
would yield energies (with respect to 2b2) around 6.4-8 eV, 9.4-10.1 eV and 14.1 eV.
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Figure 4: (left) Electronic structure of SNP with optical transitions as observed by
polarized absorption spectroscopy [11]; (right) Scheme for the analysis of XANES
measurements, assuming an initial transition 1s—3dx2-y2 followed by the emission of an Auger
electron to 4p; and the corresponding relaxation of a tzg electron back to the 1s.

3.3. EXAFS results and discussions
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Figure 5: a) Superimposed EXAFS oscillations and b) Fourier Transform functions (using a
sine window function as filter) of the SNP experimental data collected for powder, E// a
(along a- crystal axis), E// b (along b- crystal axis), E// ¢ (along c- crystal axis) and simulated
data without polarization factors. The plots have been done with stack for clarity.

Fig. 5 shows the EXAFS functions k?y(k) and the moduli of the Fourier transform

(FT) of the experimental data collected for powder, E// a, E// b and E// ¢, and of the
simulated data without polarization factors. Overall, the EXAFS spectra for all polarization
directions and the powder spectrum exhibit the same main frequency and are in good agreement
with the simulated spectrum. However, in the spectra with polarization parallel to the a- and b-
axis one can clearly observe an additional shoulder at about 3 A as well as some broadening
in the range 5.5-6 Al These at first sight rather small differences result in significant
differences in real space, as can be seen in Fig. 5b. The peaks are labelled P1, P2, P3 and P4
considering the O-distance axis as the reference. In an earlier interpretation made by Gadeke et
al. [14], the two strong peaks P2 and P4 observed in all spectra would correspond to the Fe
neighboring C and N atoms from the CN ligand. Then, when the polarization vector is parallel
to the crystal a- or b- axis, the FT spectra clearly exhibit two more peaks P1 and P3 as a result
of the additional scattering contribution from the -NO ligand. Thus, the resulting four peaks
would be assigned respectively (according to the authors) to the N, C atoms of the CN ligand
and O, N of the NO ligand. In the following, we report our finds in EXAFS analysis including
multiple scattering.
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Figure 6: GS configuration according to X-ray diffraction results (at room temperature),
highlighting the direction N-C-Fe-N-O in the ab plane, with their corresponding bond lengths
and angles. The C-N-Fe-N-O direction has an angle of approximately 35° with the a-axis of
the crystal.

Fig. 7 shows the magnitude of the experimental functions at Fe K edge of SNP in both,
R (the modulus as well as the real part) and k space, superimposed with the curves obtained by

a least-square fitting procedure for samples corresponding to the powder, E// d and E// C,
respectively. An accurate reproduction of the experimental spectra allowed us to determine the
structural parameters characterizing the SNP system. Quantitative results related to the Eo
value, interatomic distances (R), coordination numbers (CNu) and Debye-Waller factor (c?)
are presented in Table 2. The amplitude reduction factor Se? was fixed to 1 for all paths. The

structural parameters for the sample E // b (not reported) are very close to those for sample

E//d. The goodness of the fit (Rractor) is given for each case. The theoretical values of the
interatomic distance are also shown for comparison. Differences on FT profile of Fig. 7 and 8
are due to distinct window type used on the transformation, respectively, sine and Hanning.

The powder sample (Fig. 7a, right and left panel) presents two distinct peaks, but it is
expected to have contributions from all atoms on each ligand in any axis direction. The blue
line on the picture stands for our best fit (green line on the right panel, which corresponds to
the real part of the FT function), and the results are given in Table 2. For this fit, due to the fact
that we use high-quality single crystals that are well characterized by x-ray diffraction (not
shown here), all the coordination numbers were fixed to their nominal value. By doing so, we
were able to test the theoretical expected bond distances and compare with the experimental
results. Besides the excellent match between theory and experiment, we highlight that the
sensitivity of the technique for this system is on the order of one hundredth of an Angstroms,
which is an important parameter to be considered when dealing with our future experiments
dedicated to depict the metastable states. Further, our results also show the slight distortion on
the straight angle of the -NO branch with respect to the ab-plane, note that direct measurement
of Fe-O is slightly lower than the multi-scattering path Fe-N1-O-N1-Fe, respectively,
2.8093(3) and 2.83(1) A.



When fitting E// d (and analogously for E// b, Figure 7b, left and right) the direction
of the beam polarization with respect to the crystal allows us to see contributions from all the
scatters of the system. We expect to see the short Nitrogen bond tied by an oxygen
(corresponding to the -NO ligand, lying in the ab-plane) as well as the four-fold degenerated
Carbon tied to a longer Nitrogen contribution from the -CN ligand (out of plane). FEFF
calculations have shown the high weight of multiple scattering paths for the total signal, thus
the addition of them considerably improved the quality of the fit (Table 2), as previously
observed elsewhere [38]. To perform this fit we have considered three different N bonds on the
system, since they are not equivalent: a short one from the -NO ligand (N1), one longer (N2)
from -CN, both lying on the mirror plane, and a third from the -CN ligands that are out of plane
(N3, which is four-fold degenerated). It is worth to note that in alternative N2 and N3 could be
considered as one single contribution, as they are very close in value. However, actually they
are not the same, and this is particularly important for our system description since multi-
scattering paths play an important role for the overall shape of the spectra, as we discussed
above. Further, we did try a fit by doing N2 = N3 and we got the same Rfactor value (0.01),
nonetheless the reduced-y? favors the model where N2 is independent from N3 (actually,
constrained to be twice N2 value). Following this argument, we have also proposed two distinct
carbon contributions for our model, one tied to the -CN ligand in the ab-plane (C1) and the
other related to carbon from out-of-plane scatterings (C2), which must be four-fold
degenerated. On the latter, also the coordination number was constrained to be twice that from
c-axis, i.e., C2 = 4*C1. As a matter of fact, a model where carbon atoms were fixed to the
nominal value gave a far worst fit. On the Table 2, we added a corresponding subscript to make
clearer the correspondence among parameter and axis origin. Concerning the bond distances,
they are inside the expected range, for instance, N1 matches the value from powder fit as well
as the average value from C1 and C2 matches the one from powder sample. The coordination
numbers of the carbon or nitrogen atoms from -CN ligands are acceptable considering the error
bars and the relatively higher values may come from some correlation with other parameters,
for instance C1 has its higher correlation value equals to 0.6737 with AEo. Indeed, AEo
parameter on the a-axis fit is the one that presents the higher error bar comparing to the other
fits (even if it is inside the typical range). For sake of clarity, -N1 and O contributions come
from exclusively from -NO ligand and must be always equals to 1. For that reason, we kept
fixed coordination numbers of these two components.



o Data o  Abs
a) —_— it ,
1,5 —— Window
—
© —~
) <
—~ 0,05 2
< z
= <]
R
41,54
Powder
1,54
—
© —_
> T
N : B
0,04 =
= 3
= =
N
L ]
-1,54
1,54
—
@
S
N
~ 0,04
i~
N
=
Y
-1,54

Figure 7. EXAFS signal of Fe K-edge experimental data and the best fit in k-space (left)
as well as the Fourier Transform, i.e., in R-space (right) for powder sample (top), E// @
(middle) and E// ¢ (bottom). For the R-plot is shown the magnitude and the real part of the
function.

The FT of EXAFS signal in E//E (Figure 7c, left and right panels) presents a

completely different shape when compared to E// d and this can be understood, as already
discussed, considering the polarization direction of the beam with respect to the crystal
orientation, which acts as a sort of filter for a selected direction. In this particular case, it filters
the ab-plane, in which lies the N-C-Fe-N-O branch of the structure. We thus expected to
observe only the contributions from the four -CN ligands out of the ab-plane. Another point to

be highlighted is that the apparent similarity of powder and E// ¢ FT spectra and any
possibility of qualitative misinterpretation based on peak position of intensity is promptly broke
when one looks at real part of the spectra (green lines on Fig. 7a and 7c, right panels). The
distinction between them means that the origin of the peaks is different, as we actually see on
the results of the fits (Table 3), and their close final shape is just a coincidence.



Table 2. Fitted structural parameters for the Fe bonding atoms of SNP complex. Rretf stands
for theoretical interatomic distance. Number in parenthesis are the uncertainties, * superscript
stands for fixed parameter during the fit and the * symbol corresponds to degeneracies of the
multi-scattering paths instead of coordination number itself.

Scattering Ligands CNy Rrefr (A) R (A) o? (A2
Powder: Rractor = 0.01, AEo = 1.6 (5) eV
N1 -NO 1f 1.663 1.66(1) 0.0041 (2)
C -CN 5f 1.922 1.93(1) 0.0041 (2)
o) -NO 1f 2.809 2.8093(3)  0.0041 (2)
N2 -CN 5f 3.097 3.08(1) 0.0041 (2)
~N1~0 -NO 2% 2.809 2.83(1) 0.0041 (2)
~N1~0 ~N1 -NO 1* 2.810 2.83(1) 0.0041 (2)
~C ~N2 -CN 10* 3.097 3.09(2) 0.0041 (2)
~C~N2~C -CN 5 * 3.097 3.09(2) 0.0041 (2)
E// @: Reactor = 0.01, AEo = - 2 (1) eV
N1 -NO i 1.663 1.64 (1) 0.0032 (6)
C1 -CNc 1.2 (2) 1.913 1.880 (9)  0.0032 (6)
C2 -CNab 4.8 (8) 1.922 1.96 (2)  0.0032 (6)
o) -NO 1f 2.809 2.82(1)  0.0032 (6)
N2 -CNe¢ 1.2 (2) 3.085 3.089 (9)  0.0032 (6)
N3 -CNab 4.8 (8) 3.096 3.11(2)  0.0032 (6)
~N1-~0 -NO 2% 2.809 2.81(2)  0.0032 (6)
~N1~O ~N1 -NO 1* 2.810 2.81(2)  0.0032 (6)
~C1~N2 -CNc 4.8 (8)* 3.085 3.05(1)  0.0032 (6)
~C1~N2 ~C1 -CNe¢ 1.2 (2)* 3.085 3.05(1)  0.0032 (6)
~C2 ~N3 -CNab 4.8 (8)* 3.096 3.15(4)  0.0032 (6)
E// €: Rfactor = 0.02, AEo = 0.1(8) eV

-CNab 4.6 (4) 1.922 1.930 (7)  0.0015 (5)
N -CNab 4.6 (4) 3.097 3.092 (8)  0.0015 (5)
~C~N -CNab 9.2(8)f* 3.097 3.10 (1) 0.003 (1)
~C~N~C -CNab 4.6 (4)F* 3.097 3.10 (2) 0.003 (1)

We have seen so far with the EXAFS fitting of the different faces of the crystal that
multi-scattering paths have a huge contribution for the final aspect of the curve and they cannot



be neglected during the modeling. To make clearer this issue, Fig. 8 highlight the individual
contributions of the scattering paths of the model to the fit of the powder sample, as an example
of the importance of such scatterings for the overall spectrum. In the left panel is drawn the
FT of EXAFS in R-space (open circles), its fit (blue line) and the individual contribution of
each scattering to the fit (actually, the real part). It is shown clearly that even if we have 4
different atomic contributions (short N and C atoms from -CN ligand as well as O, N from -
NO ligand) in the structure, they cannot be individualized as a single peak in the FT (nor even
a convolution), which is a current misconception in EXAFS analysis. On a hypothetical radial
distribution function scenario, carbon should count as the position and intensity of the first high
FT peak (~ 1.6 A, without phase correction), but definitely both nitrogen scatterings contribute
for this first peak as well as multiple-scatterings, which spans from 0.5 up to 3.5 A. In fact,
their presence dominates the high term (R > 2 A) on FT of both data. Actually, for longer
distances, the focusing effect promoted by the alignment of the scatters highlights the longer
contributions, as viewed in the intensities of the back transformed waves on right panels of Fig.
8. It is worth to note that the presence of simulated multi-scattering paths contributes to
reinforce the stability of the proposed model and to support the veracity of the fit results.
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Figure 8. Individual contribution of the scattering paths for the real part of the

FT EXAFS signal (left) as well as the back Fourier Transform (right) from Fe
K-edge of SNP powder sample.

Summarily, our EXAFS results show great accordance with the expected structure and
we were able to describe fine aspects from the crystal, such as the distinction of 3 different N

contributions on E// a fit. On the other hand, this full description with a particular importance
of the inclusion of multi-scattering peaks and their influence for the final aspect of the Fourier



Transform of the EXAFS is fundamental to update the interpretation given by Gadeke et al.
[14], which attributed single peaks to single atomic contributions. As our analysis clearly shows
this oversimplified interpretation is inadequate and might even lead to false conclusions if taken
as such.

4. Conclusion

To conclude, we have shown that the properties of a complex system such as SNP
(Naz[Fe(CN)sNO]2H:0, prototype) can be investigated through polarized x-ray absorption
spectroscopy. Fine and full modelling of XANES and EXAFS allowed to see details from the
lower symmetry of the crystal (e.g., difference in pre-peak XANES and coordination numbers
after EXAFS fitting). FEFF.9 code fails to nicely describe minor, nonetheless important,
XANES features, however it is suitable to simulate polarization dependence in the EXAFS
regime. In the XANES region, SNP exhibits pre-edge features which correspond to the
combination of 1s — 4p and 1s — 3d transitions with a dominant character assimilated to a
dipole character, as revealed by the difference between the two axes. A deconvolution of Fe
pre-peaks allows to see that according to the energy range, they can possibly include 6e and
2b2 levels of tzg group and 5a: and 3b:1 of eg group. Another possibility is the presence of 8e
(m*(CN) at high pre-peak energy. Even if a perfect correspondence with optical transition was
not possible, our results pave a direction in how to perform further investigations coupling
well-designed XAS study (using angle dependence detection and low temperature), FEFF
simulation and optical experiments to solve the electronic structure of the crystal and to study
its metastable state. EXAFS showed good agreement with theoretical values and we were able
to also observe the influence of the distortion of the structure on coordination number and bond
distances. Nevertheless, the most important achievement was to update the old
(mis)interpretation in literature in which associated single peaks on Fourier transform to single
atomic contributions of the crystal. We have seen the fundamental role played by multi-
scattering paths to the overall shape of the spectra and we expect that this work contributes to
overcome such aged, guileless but still present understanding of the EXAFS as a radial
distribution function.
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