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The hydrogen bond and m-7t stacking are two non-covalent interactions able to support cooperative
magnetic ordering between paramagnetic centers. This contribution reports the crystal structure and
related magnetic properties for VO[Fe(CN)sNO]-2H,0, which has a layered structure. This solid crys-
tallizes with an orthorhombic unit cell, in the Pna2; space group, with cell parameters a=14.1804(2),
b=10.4935(1), c=7.1722(8) A and four molecules per unit cell (Z=4). Its crystal structure was solved and
refined from powder X-ray diffraction data. Neighboring layers remain linked through a network of
hydrogen bonds involving a water molecule coordinated to the axial position for the V atom and the
unbridged axial NO and CN ligands. An uncoordinated water molecule is found forming a triple bridge
between these last two ligands and the coordinated water molecule. The magnetic measurements, re-
corded down to 2 K, shows a ferromagnetic interaction between V atoms located at neighboring layers,
with a Curie-Weiss constant of 3.14 K. Such ferromagnetic behavior was interpreted as resulting from a
superexchange interaction through the network of strong OH- - - - Opz0, OH- - - -Ncn, and OH- - - -Ono
hydrogen bonds that connects neighboring layers. The interaction within the layer must be of anti-
ferromagnetic nature and it was detected close to 2 K.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

antiferromagnetic, is observed in purely organic solids [5,6] and in
coordination compounds involving paramagnetic metal centers

The magnetic interactions involving weak bonds such as w-w
stacking or hydrogen bond are observed in coordination com-
pounds with organic ligands, among them molecules with aro-
matic groups [1-3], but they are unusual for inorganic solids.
These interactions are very important in various fields of research
such as supramolecular chemistry, crystal engineering and spin-
crossover materials. The magnetic ordering could be of ferro-
magnetic or antiferromagnetic nature, depending on the orbitals
involved in the exchange or superexchange interaction between
paramagnetic centers [4]. The long range magnetic ordering
mediated by hydrogen bond, both ferromagnetic and
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and organic ligands [6,7]. Related with a low density of spin, the
cooperative magnetic ordering through hydrogen bond in purely
organic solids is only observed at very low temperature, usually
below 2 K [5,6]. Certainly, the understanding on the mechanism
involved in the exchange or superexchange integral through the
hydrogen bond is even limited, nevertheless, abundant experi-
mental evidence on its role in the magnetic properties of organic
and coordination compounds is available [5-12]. In this contribu-
tion we are reporting the magnetic interaction between V(4+)
ions located at neighboring layers of vanadyl nitroprusside dihy-
drate, VO[Fe(CN)sNO] - 2H,0, through a network of hydrogen bond
that connects the layers. To the best of our knowledge, this is the
first example of a cyanide-based coordination compound with
evidence of a superexchange interaction through a network of
hydrogen bond.

Transition metal nitroprussides form a well-known series of
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coordination compounds with potential applications in gases
storage and separation [13-16], electrochemical devices [17] and
for holographic information storage [18]. Their magnetic proper-
ties remain poorly documented [19,20] because they are usually
obtained as 3D framework where the spin-bearing metal centers
remain separated a distance of above 10 A, with a weak super-
exchange integral through the -N=C-Fe(Il) s-C=N-chain. Such in-
teraction is of antiferromagnetic nature and it is observed at very
low temperature, usually below 5 K [21]. The interaction could be
of ferromagnetic character through intercalated organic molecules
in layered (2D) metal nitroprussides, which has been observed for
2D transition metal nitroprussides [21,22]. This contribution re-
ports the preparation of 2D VO[Fe(CN)sNO]-2H,0, its crystal
structure (solved and refined from powder X-ray diffraction data),
and the related magnetic properties. The structural study was
complemented with IR, Raman and UV-vis data.

2. Experimental

The material under study was prepared by mixing aqueous
solutions of sodium nitroprusside, Na,[Fe(CN)sNO] - 2H,0 and va-
nadyl sulphate, VOSO4 - 5H,0. A blue precipitate appears after one
week by slow evaporation of the solvent. The formed precipitate
was aged within the mother liqueur for three days in the darkness
and then separated by filtration and washed with distilled water.
The synthesis of VO[Fe(CN)sNO]-2H,0 has been reported by re-
action of aqueous solutions of Ba[Fe(CN)sNO]J-2H,0 with
VO0S0, - 5H,0 [23]. In this work, the precipitation of the complex
was observed with the concentration of the solution. The nature of
the resulting blue solid was established from laboratory PXRD, IR,
Raman and UV-vis measurements.

The IR spectrum was recorded with a Pike ATR device and a
Perkin spectrophotometer. The Raman spectrum of the solid was
collected at RT in the 3500-50 cm ™! spectral range using a diode-
pump solid state 532 nm green laser with 9.0 mW power at the
sample for excitation in a Thermoscientific DXR microscope
equipped with CCD detector. A confocal aperture of 50 um slit was
used and 80 expositions of 4 s were accumulated for the sample in
order to achieve sufficient signal to noise ratio. UV-vis spectrum
was collected with the integration sphere method. PXRD pattern
for the solid VO[Fe(CN)sNO]-2H,0 was recorded at room tem-
perature using a PANanalitycal X'Pert PRO diffractometer (40 kV,
40 mA) in Bragg-Brentano geometry with CuK, radiation
(A=1.5418 A), between 5° and 100° in 20 in steps of 0.02°. The unit
cell parameters for VO[Fe(CN)sNO]-2H,0 were obtained running
DICVOL program [24]. Le Bail method was used to decompose the
diffraction patterns for single and overlapping intensities, using a
pseudo Voigt function in order to describe the reflection peak
shapes [25]. The crystal structure was solved ab initio by combi-
nation of few PXRD techniques. Heavy atom (Patterson) method
for solving the structures was initially considered for finding the
appropriate space group. Using SHELX program [26], the position
for heavy atoms (V and Fe) was found. The remaining atomic po-
sitions of C and N from equatorial CN groups were found from
Fourier difference method. The position of the axial NO, CN groups
and water molecules were located in successive Fourier synthesis.
The Rietveld method implemented in FullProf program was used
for the crystal structure refinement [27]. During the refinement
process, the Fe-C, C=N and N=O interatomic distances were
constrained to take values within the reported ranges for metal
nitroprussides [27-30]. Details on the data collection and structure
refinement for VO[Fe(CN)sNO]-2H,0 are available from Supple-
mentary Information. The magnetic properties were studied re-
cording the ZFC/FC curves in the 2-300 K range and the magne-
tization versus applied magnetic field using a SQUID MPMPS3

magnetometer (from Quantum Design). Both, DC and AC magnetic
data were collected.

3. Results and discussion
3.1. IR, Raman and UV-vis spectra

Fig. 1 shows the IR spectrum for the title compound in the
4000-400 cm ! spectral region. That figure includes the Raman
spectrum in the region where the CN stretching bands appear
(Inset). The IR and Raman bands with the corresponding assign-
ment are listed in Supplementary Information. According to the IR
and Raman spectra, the solid contains bridged and unbridged CN
groups. This suggests that it crystallizes with a layered structure,
where only the equatorial CN groups remain forming coordination
bridges with the metal centers. For 2D metal nitroprussides, ana-
logue CN stretching bands profile has been observed [21,22,29-
31]. The broad band (an unresolved doublet) observed in the 3500
and 2500 cm ! spectral range reveals the presence of a network of
hydrogen bonds, probably involving water molecules and un-
bridged CN and NO ligands (discussed below). This is consistent
with the appearance of two partially overlapped 6(H-O-H) bands
of relatively high frequency, at 1644 and 1619 cm~!, correspond-
ing to hydrogen bonded and coordinated water molecules, re-
spectively. The coordinated water molecule is probably found
linked to the V(4+) ion of the vanadyl group, occupying the
available axial coordination position for this metal in the supposed
layered structure for the solid. The band located at 1950 cm ™! is
assigned to the Y(NO) stretching vibration. This relatively high
frequency value supposes a low electron density at the ' (NO)
orbital. The frequency of the ¥(NO) vibration is highly sensitive to
the interaction at the N end of the cyanide groups [32]. An increase
for the electron subtraction at the N end induces a higher charge
removal from iron atom via *-back donation and this reduce the
availability of electron density to populate the *(NO) orbital. The
remaining bands observed in the IR spectrum (below 1000 cm™1)
located at 663, 640, 541, 475 and 422 cm~ !, were ascribed to vi-
brations within the nitroprusside ion, particularly to 5(FeNO), v
(FeN), 8(FeCN)eq. + ax» UFeC)eq, a-+a+ and V(FeC)eq,a- Vibrations, re-
spectively [33]. The medium intensity band that appears at
1100 cm~! is assigned to the V=0 stretching vibration.

The recorded UV-vis spectrum confirmed the nature of the
formed solid as a nitroprusside salt of the vanadyl(4+) ion (see

-
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Fig. 1. IR spectrum for VO[Fe(CN)sNO] - 2H,0. Inset (left): Comparison between IR
and Raman spectra for the title compound in the 2300-2050 cm ™' region, where
the CN stretching bands appear.
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Fig. 2. Experimental, fitted and difference PXRD patterns for VO[Fe(CN)sNO]-

2H,0. Inset: Zoom to illustrate the matching of the structural model to the ex-
perimental data.

Supplementary Information). The observed absorption bands in
the spectrum correspond to metal-ligand electronic charge
transfers within the nitroprusside anion. The bands observed at
318, 260 and 228 nm are assigned to 'A;—'A,, 'A;—>'E and
1A, - 'E transitions respectively [33,34]. The 'A; - A, is essen-
tially a d-d transition from the 2b, orbital to 3b; orbital. The band
observed at 260 nm may be assigned to the orbitally allowed
transition from 6e to 5a; orbitals. The band located at 229 nm is
ascribed to the transition from the 6e orbital to 3b;. In the title
compound, vanadium is found with 4+ oxidation state; with [Ar]
3d! electronic structure. Most of oxovanadium complexes show

three prominent bands in the electronic spectral region, which
have been classified by Selbin as band I (909-625 nm), band II
(667-556 nm) and band III (417-345 nm) [35]. According to Ball-
hausen et al. band 1 is assigned to ?B, — 2E, transitions, band II as
2B, — 2B, transition and band III is assigned to *Byg—*A, transi-
tion. In the spectrum of the title compound two bands located at
605 and 666 nm are observed, which are assigned to band II and
band I, respectively. Band III is not always observed and being
buried beneath a high intensity charge transfer band [35,36]. The
pale blue color for the solid under study arises from absorption
bands related to the mentioned d-d transitions.

3.2. Crystal structure

Fig. 2 shows the experimental, calculated and the difference
PXRD patterns for the refined structural model of VO[Fe(CN)sNO] -
2H,0 in the Pna2; space group. A very good agreement between
calculated and experimental profiles was observed (see Inset). All
the attempts to obtain a reliable fitting within a centrosymmetric
group failed (see Supplementary Information). This solid crystal-
lizes within an orthorhombic unit cell with parameters a=14.1804
(2) A, b=10.4935(1) A, ¢=7.1722(8) A. Four formula units are ac-
commodated within the unit cell (Z=4). As expected, the Fe atom
shows the pseudo octahedral coordination to five cyanide ligands
and one nitrosyl group, which is characteristic of nitroprussides.
The vanadium atom remains coordinated to four N ends of equa-
torial CN groups and its axial ligands are the oxygen atom of the
vanadyl group and a coordinated water molecule (Supplementary
Information). The recorded IR, Raman and UV-vis spectra (already
discussed) support such structural model.

Fig. 3 shows the atomic packing within the unit cell for the
refined crystal structure of the title compound. The refined atomic
positions, occupation and thermal factors, and the calculated bond

Fig. 3. Atomic packing within the unit cell for VO[Fe(CN)sNO] - 2H,0. Neighboring layers remain linked through a network of hydrogen bridges involving the coordinated

water molecules and unlinked CN and NO groups.
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Table 1 .
Bond lengths (A) and bond angles (°) for VO[Fe(CN)sNO] - 2H,0.

Bond distances (A)

Fe—C1 1.927 (5) V-N4it 2153 (4)
Fe-C2 1.925 (5) V-02 1.885 (7)
Fe-C3 1913 (6) V-03 2.241 (6)
Fe-C4 1.933 (6) C1—N1 1.140 (6)
Fe-C5 1.905 (3) C2—N2 1141 (6)
Fe-N6 1.635 (3) C3—N3 1134 (6)
V-N1 2123 (4) C4—N4 1133 (6)
V-N2! 2.030 (4) C5—N5 1.140 (4)
V-N3ii 2.029 (4) N6—O01 1121 (4)
Bond angles (°)

Fe-C1—N1 165.6 (5) C5—Fe-N6 177.8 (3)
Fe-C2—N2 168.0 (5) V-N1—C1 1709 (5)
Fe-C3—N3 168.2 (5) V-N2i—C2! 176.7 (5)
Fe-C4—N4 170.5 (5) V-N3iC3il 163.5 (5)
Fe-C5—N5 179.2 (16) V-N4ii_c4iii 178.3 (5)
Fe-N6—O01 179.4 (8) N1—V-N2! 163.0 (4)
C1—Fe-C2 170.5 (4) N1—V-N3i 84.6 (3)
C1—Fe-C3 92.8 (4) N1—V-N4ii 88.5 (3)
C1—Fe-C3 92.8 (4) N1—V-02 86.2 (3)
C1—Fe—C4 85.9 (4) N1—V-03 83.5 (3)
C1—Fe-C5 85.0 (4) N2i—vV-N3ii 95.8 (3)
C1—Fe-N6 93.0 (4) N2 —V-N4iii 883 (3)
C2—Fe-C3 89.9 (4) N2i—v-02 110.8 (3)
C2—Fe-C4 90.2 (3) N2i—V-03 79.4 (3)
C2—Fe—C5 86.1 (4) N3i_V-N4it 168.8 (3)
C2—Fe-N6 95.9 (4) N3i-v-02 91.9 (3)
C3—Fe-C4 1721 (2) N3i-v-03 91.0 (3)
C3—Fe—C5 87.5 (4) N4i'—v-02 96.3 (3)
C3—Fe-N6 93.3 (4) N4ii_v-03 79.5 (3)
C4—Fe-C5 84.6 (4) 02—V-03 169.0 (3)
C4—Fe-N6 94.5 (3)

Symmetry codes: (i) x+1/2,—y+1/2, z—1; (ii) x, y, z—1; (iii) x+1/2,—-y+1/2, z.

Table 2

Hydrogen bond distances
(A) for VO[Fe(CN)sNO]-
2H,0.

D-H***A D***A

03-..04 2691 (4)
03-..04Y 2,689 (3)
03...N5V 2.785 (4)
01...04% 2834 (4)

Symmetry codes: (iii)
x+1/2,—-y+1/2, z; (iv)—
x+1,—-y, z+1/2.

distances and bond angles are available from Supplementary In-
formation and were deposited in the ICSD database with the file
number indicated below. The bond distances and bond angles are
summarized in Table 1. For the vanadium atom, the coordination
polyhedron is a distorted octahedron related to the nature of their
mixed ligands, with axial metal-ligand distance from 1.885 (V-
Ovo) to 2.241 A (V-Oyo). The equatorial metal-ligand distances
are also different, from 2.029 to 2.153 A. In accordance with evi-
dence obtained from IR and Raman spectra, the solid under study
crystallizes with a layered structure, where the axial NO and CN
groups of the nitroprusside ion remain unbridged. Two types of
water molecules were identified in the structure, one coordinated
to the V(4+) ion and another hydrogen bonded to the first one.
This last water molecule is found forming a triple bridge between
coordinated water molecules from neighboring layers and an un-
bridged CN and NO ligands. Such network of hydrogen bonding
interactions are connecting neighboring layers and support the
material 3D framework. Table 2 contains the calculated donor-
acceptor distances for the formed hydrogen bonds. These
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Fig. 4. 4T versus T curve for VO[Fe(CN)sNO]-2H,0. Insets: (A) x~' versus tem-
perature curve, below 60 K, used to estimate the Curie-Weiss temperature (Ocw);
(B) the temperature dependence for the effective magnetic moment (pes); and
(C) the AC susceptibility measured at different frequencies.

distances, in the 2.69-2.83 A range, correspond to medium in-
tensity hydrogen bonding interactions. The undulated configura-
tion for the stacking of neighboring layers is consequence of that
network of hydrogen bonds, and of the nature of the involved
building units, the pseudo-octahedral metal coordination
environments.

3.3. Magnetic properties

The iron (II) ion in the layered solid under study has a low spin
configuration and, from this fact, it has a diamagnetic behavior.
The V(4+) ion has a 3d! electronic configuration which de-
termines its paramagnetic character. Such paramagnetic centers
are able to interact between them through the -N=C-Fe-C=N-
chain and, at low temperature, a weak antiferromagnetic interac-
tion could be observed. Such behavior has been detected for
layered transition metal nitroprussides [21,22] and in 2D transi-
tion metals tetracyanonickelates [37-39]. Fig. 4 shows the yT
versus T curve, which at low temperature shows certain deviation
from a pure paramagnetic behavior. The Curie-Weiss constant
(Ocw), calculated from the inverse magnetic susceptibility (x ")
versus temperature curve is positive (3.14 K), with a fitting error
no higher than 1.8 K. This suggests that at low temperature va-
nadium atoms from neighboring layers are involved in an incipient
and weak ferromagnetic interaction (Fig. 4, Inset A). This is con-
sistent with the observed features for the effective magnetic mo-
ment (), calculated according to Her=2.828 sqrt(¥T)[1]. On
cooling, below 8 K a suddenly increase for the value of g Was
observed (Fig. 4, Inset B), which features a cooperative ferromag-
netic type interaction. This is in accordance with the AC suscept-
ibility, which shows a maximum at low frequency in that tem-
perature region (Fig. 4, Inset C). At low frequency, the M(H) curve
recorded by AC magnetometry, follows the result that would be
obtained in the DC experiment. At high frequency, the AC signal
disappears, which suggests that the imposed AC field is perturbing
the weak magnetic interaction between neighboring V(4+) atoms
through the network hydrogen bonds. Two possible ways are
available for that interaction, through the hydrogen bonded water
molecule, V-Opy0- - - -Omo- - - -Ouzo-V, and through the un-
bridged CN and NO groups, V-Oy20- - - - Ney and V-Op0 - - - - Ono-
The interaction through the non-coordinated water molecule is of
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medium intensity, with 0-O distance of 2.69 A (see Table 2) and it
is probably responsible for the observed magnetic interaction. The
vanadium atom has relatively extended d orbitals and this facil-
itates the overlapping with the p orbitals of the oxygen atom from
the coordinated water molecule. The superexchange interaction
supposes the presence of certain overlapping for the electronic
clouds of coordinated and non-coordinated water molecules and
this is possible by the existence of observed hydrogen bond be-
tween them. The V atom is found with a C,, point group, with its
unpaired electron probably located at d, orbital. The magnetic
interaction could be of ferromagnetic nature because the unpaired
electron resides in an orbital of w character while the

V-Ou20- - - -Om2o- - - - Omz0-V coupling involves a p orbital of the
coordinated water molecules. The contribution from
V-Ouz0- - - -Neny and V-Oypo- - - -Ono is probably negligible be-

cause the pathway is unfavorable; it involves a larger distance
between V centers. In order to shed light on the nature of the
observed magnetic interaction, M(H) curves at different tem-
peratures were recorded in order to construct Arrott plots [40]. No
definite ferromagnetic long range ordering was identified in that
plot at different temperatures (see Supplementary Information).
That set of experimental evidence suggests the presence of an
incipient interaction, of ferromagnetic nature, within a narrow
temperature range, followed of a dominant antiferromagnetic or-
dering below 2 K. Below this temperature a pronounced decrease
for the value of pegr is observed. This is consistent with the beha-
vior observed for other transition metals 2D nitroprussides [21,22].

The recorded magnetization curve versus applied magnetic
field recorded at 2 K is consistent with the above discussed evi-
dence of an incipient ferromagnetic interaction between V(4+)
atoms from neighboring layers. The maximum value of pegr is ob-
served around that temperature. That curve corresponds to a weak
but definite ferromagnetic ordering, with a definite hysteresis
around zero applied field (Supplementary Information). Analogue
ferromagnetic interaction between metal centers mediated by
hydrogen bonds has been observed in 2D solids of natrochalcite-
type, e. g. Cu;Na(H30,)S04);, [41]. The results herein discussed for
a ferromagnetic type interaction between metal centers through a
network of hydrogen bonds have no precedent within the series of
transition metal nitroprussides.

4. Conclusions

The solid Vanadyl(IV) nitroprusside dihydrate, VO[Fe(CN)sNO] -
2H,0 has been synthesized and characterized. The compound
crystallizes with a layered structure, within an orthorhombic unit
cell in the Pna2; space group, with cell parameters a=14.1804(2)
A, b=10.4935(1) A, ¢=7.1722(8) A and Z=4 molecules per unit
cell. The vanadium atom has a distorted coordination polyhedron
formed by four equatorial N ends from CN groups with the axial
positions occupied by the oxygen atom of the vanadyl group and a
coordinated water molecule, corresponding to a C,, point group
symmetry around the V(4+) ion. An uncoordinated water mole-
cule is found forming a hydrogen bond bridge between co-
ordinated water molecules from neighboring layers. That un-
coordinated water molecule forms an additional hydrogen bond
with the axial CN ligand (or NO group). This water bridge between
coordinated water molecules makes possible an incipient ferro-
magnetic coupling, through a superexchange interaction between
vanadium ions located in neighboring layers. The unpaired elec-
tron in the V(4+) ion resides in the dy, orbital while the super-
exchange interaction through the water molecules involves p or-
bitals of their oxygen atoms. Such orbitals are orthogonal and from
this fact, the magnetic ordering must be of ferromagnetic
character.

Supplementary information

Structural information derived from the crystal structure re-
finement is deposited and available from ICSD Fachinforma-
tionszentrum Karlsruhe (FIZ), (e-mail: crysdata@fiz-karlsruhe.de).
CSD — number: 429,402, VO[Fe(CN)sNO] - 2H,0.

Appendix A. Supplementary data

Experimental details, refined atomic positions, and occupation
and thermal factors; experimental and fitted PXRD pattern and
their difference, coordination geometry for the atoms involved in
the material structure, and magnetization versus applied magnetic
field curve.
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