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ABSTRACT. The synthesis and properties of a novel heterotetranuclear compound [Cry(bpy)a(u-
0)4NDby(C204)4]-3H,O (1; bpy = 2,2°-bipyridine), investigated by single-crystal X-ray diffraction,
magnetization measurements, IR, UV/Vis and EPR (X-, Q-band and high-field) spectroscopies and density
functional theory (DFT) calculations, are reported. Crystal structure of 1 (orthorhombic Pcab space group)
consists of a square shaped macrocyclic {Cry(u-O);Nb,} core in which Cr'™ and Nb" ions are alternately

111 111 -
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bridged by oxo ions, and three uncoordinated water molecules. The intramolecular Cr
through the ~O-Nb"-0O- bridges are 7.410(2) and 7.419(2) A, while diagonal separation is 5.406(2) A. The
temperature dependence of magnetization, M(T), evidences an antiferromagnetic ground state, which
originates from a magnetic interaction between two Cr'" ions of spin 3/2 through two triatomic —O—-Nb"—-O-
diamagnetic bridges. A spin Hamiltonian appropriate for polynuclear isolated magnetic units was used. The
best fitting curve for this model is obtained with the parameters gc. = 1.992(3), J = —12.77(5) cm™ and |D|=
0.17(4) cm™". The Cr™..-Cr'™ dimer model is confirmed by EPR spectra, which exhibit a pronounced change
of their shape around the temperature corresponding to the intradimer coupling J. The EPR spectra

simulations and DFT calculations reveal the presence of a single-ion anisotropy that is close to being

uniaxial, D = -0.31 cm ! and E=0.024 cm™.



INTRODUCTION

During the last decades, heteropolynuclear metal complexes have been widely investigated not only for
their ability to form different architectures and topologies, but also for their interest for applications in
catalysis, photoluminescence, gas storage and separation, magnetism and multifunctional molecular
materials."™ Although the most often used elements for the preparation of these complexes are the 3d first
row transition metals, many systems are also combining two or more different 3d and 4d metal ions.™®

With the aim to control the magnetic properties of the heteropolynuclear complexes, L—M-L,~-M'-L; (L,
= bridging ligand, L, = terminal ligand), many strategies have been considered focusing on alternating the
chemical nature of the metallic center (M and/or M') and bridging ligands (L,) and their intramolecular
arrangement (L,~M and L,~M' bond lengths and M—L,~M' bond angles).”® In particular, improving the
delocalization between the magnetic centers could be reached by using long conjugated bridges, which lead
to low energy m— m* excitations as well as by small diamagnetic spin linkers such as CI 0%, or closed-shell
metal ions, which allow a direct M—M magnetic coupling. Thus, the main parameter enabling the control of
such properties is the strength of the orbital overlap between the metal and ligand. Indeed, the presence of
low-lying valence excitations results in large spin and charge polarization contributions, explaining the
interest of using molecular ions such as oxalate, acetate, azide and conjugated bridges, for instance. New
generations of strings of transition metal ions have been also proposed consisting to combine closed-shell
metal ions with a spin carrier, which could be either an organic magnetic unit or a paramagnetic transition
metal ion.*°

In the search for suitable synthetic routes leading to novel and more diversified polynuclear species, we
have introduced a new building block: the tris(oxalato)oxoniobate(V) anion, [NbO(C204)3]3_, to be used
with different metal centers.'' ™ There are seven oxygen atoms coordinated to Nb" in this anion, adopting a
distorted pentagonal bipyramid geometry (Scheme 1). A special feature of this anion is that it can form

heterometallic complexes through the bridging oxalate (u-C,04) and/or oxo (u-O) group.'"'*¢



Recent studies have shown intriguing chemistry in the family of the oxo-bridged heterometallic
complexes. In particular, the occurrence of light-driven intramolecular metal-to-metal charge transfer
(MMCT) enhances photochemical reactivity of these systems.'"'® Moreover, this phenomenon can influence
the magnetic properties, since light or heat stimulated charge transfer processes lead to a change of the spin-
state of the metal center.'”° Such an unusual magnetic behavior, governed by MMCT, was already observed
in structures based on —Cr—O—Cr— bridges, but the occurrence of this phenomenon is still hard to predict and
the relationship between such light-induced electron transfer and molecular structure is not yet understood.'

As a result of our current investigation on this topic, a novel heterotetranuclear oxo-bridged compound
[Cra(bpy)a(u-O)4Nby(C204)4]-3H,O (1) (bpy = 2,2-bipyridine) has been prepared and its structural,
spectroscopic and magnetic properties have been investigated. Here we show that compound 1, containing a
square shaped {Cry(u-O)sNb,} core, exhibits relatively strong antiferromagnetic coupling between two
chromium(III) ions mediated by two —O-Nb"—O- diamagnetic bridges.

In many cases, the magnetic interaction in the polynuclear complexes, based on metal centers and
bridging ligands, i.e. on the nature of the magnetic orbitals and the bridging geometry, can be predicted; in
compound 1 any significant exchange coupling was not expected due to long intramolecular distances of
~7.4 A between Cr'™ centers bridged by diamagnetic atoms. Also, the magnetic coupling in compound 1

1l ions, which are too

cannot be explained by a direct dipole-dipole magnetic interaction between the two Cr
far apart (~5.4 A). The SQUID and EPR measurements (X-, Q-band and high-field), combined with density
functional theory (DFT) calculations have thus been carried out to identify without ambiguity the magnetic
exchange path, and to explain the nature of magnetic interaction in compound 1. Additionally, DFT
calculations have clarified the absence of metal-to-metal charge transfer, which was considered as the other

possibility for the interpretation of magnetic behavior of 1, and finally confirmed antiferromagnetic behavior

of two chromium(III) ions through diamagnetic bridges.



Exchange interactions between paramagnetic metal centers mediated by diamagnetic metal ion are known

16,2227

but are rare, so the full comprehension of how the unpaired electrons of the metal centers feel each

other through diamagnetic transition metal atom is still challenging.

EXPERIMENTAL SECTION

Materials and Physical Measurements. All chemicals were purchased from commercial sources and
used without further purification. The starting compound (NH,4)3;[NbO(C,04)3]-H,O was prepared following
a specific procedure described previously.'' Bis(bipyridine)chromium(III) precursor solution [¢(Cr™) = 0.04
M] was prepared in a CEM Discover Synthesis Unit microwave reactor, by refluxing an aqueous solution of
Cr(NOs3)3:9H,0 and 2,2'-bipyridine in the molar ratio 1 : 2 for 15 minutes, under P = 150 W and T = 380
K.*® Elemental analyses for C, H and N were performed with a Perkin—Elmer Model 2400 microanalytical
analyser. The infrared spectra were recorded in the 4000-350 cm™' region with samples as KBr pellets, with
a Bruker Alpha FTIR spectrometer. Solid state electronic spectra were measured with a Shimadzu UV-VIS-
NIR spectrophotometer (model UV-3600) equipped with an integrated sphere, using barium sulphate as
reference.

Synthesis of [Cra(bpy)s(#-0)sNb2(C204)4]'3H,O (1). An aqueous solution (10 mL) of
(NH4)3[NbO(C;04)3]- H>O (90.10 mg, 0.2 mmol) was added with a dropper to an aqueous solution (5 mL)
containing chromium precursor complex [#(Cr) = 0.2 mmol; n(bpy) = 0.4 mmol]. The reaction mixture was
stirred at room temperature for a short period of time. The dark orange polyhedral crystals of 1 appeared
very quickly from the resulting clear red solution and the process of crystallization was completed within a
period of two days. The crystals were separated from the solution by filtration, washed with water, and left
to dry in air. The yield was 65.2%. Anal. calcd for C43H33Cr,NsNb,O,3: C, 41.64; H, 2.77; N, 8.09: Found:
C, 41.45; H, 2.81; N, 8.11. IR data (KBr, cm™"): 3527 (m), 3443 (m), 3119 (w), 3086 (w), 3039 (w), 1723
(s), 1708 (vs), 1677 (s), 1605 (m), 1567 (w), 1499 (w), 1474 (w), 1447 (m), 1364 (m), 1349 (s), 1317 (m),

1280 (sh), 1247 (w), 1210 (m), 1162 (w), 1100 (w), 1064 (w), 1048 (w), 1034 (w), 1023 (w), 923 (m), 860



(vs), 790 (m), 767 (m), 732 (m), 668 (W), 652 (w), 536 (m), 483 (w), 452 (w), 420 (w), 388 (w), 363 (W).
UV/Vis data (BaSO4, nm): 519, 450, 419, 393, 309, 261, 208.

Single-Crystal X-ray Study. The X-ray data of a single crystal of 1 were collected by ®-scans on an
Oxford Diffraction Xcalibur Nova R diffractometer with mirror monochromated Cu-Ko radiation (4 =
1.54179 A, microfocus tube, CCD detector) at room temperature [293(2) K] and also at lower temperature
[93(2) K]. Measured intensity data were reduced using the CrysAlis29 software package. The multi-scan
absorption correction was applied. The crystal data, experimental conditions and final refinement parameters
are summarized in Table 1. Molecular and crystal structures were solved by direct methods using the
program SIR92,* and refined by the full-matrix least-squares method based on F’ with anisotropic
displacement parameters for all non-hydrogen atoms (SHELXL-97).*' Both programs were operating under
the WinGX** program package. Hydrogen atoms attached to the C atoms of the bipyridine ligands were
treated as riding in idealized positions, with the C—H distances of 0.93 A and displacement parameters
assigned as Ujso(H) = 1.2U(C). All hydrogen atoms of the water molecules in 1 were recognized in the
difference Fourier map. The O-H distances in those water molecules were restrained to a target value of
0.85(2) A, and the H-O-H angle to 104°. Geometrical calculations were carried out with PLATON?? and the
figures were made by the use of the VESTA,* CCDC—Mercury35 and ORTEP-1II* programs.

Crystallographic  data  for this paper can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; or deposit@ccdc.cam.ac.uk). CCDC 1446578
contains the supplementary crystallographic data for this paper.

Table 1. Crystallographic Data and Structure Refinement Details for Compound [Cr;(bpy)s(u-

0)aNb2(C204)4]- 3H20 (1)

compound 1
T(K) 293(2) 93(2)
crystal colour, habit red, rhombohedraorange, rhombohedra



empirical formula C4gH35CroNgNbyOo3

fw (g mol™) 1384.68

crystal syst orthorhombic

space group Pcab

a(A) 14.198(5) 14.042(5)
b (A) 19.854(5) 19.640(5)
c(A) 37.409(5) 37.320(5)
a (deg) 90 90

B (deg) 90 90
y(deg) 90 90

V(A% 10545(5) 10292(5)
zZ 8 8

Deae (g cm™) 1.744 1.787

4 (mm™) 7.580 7.766
F(000) 5568 5568
crystal size (mm?) 0.25+0.12x0.05  0.26x0.08x0.04
O range (deg) 3.25-75.96 3.26-75.80
no. of measured reflections 36729 33845
no. of independent reflections 10883 10629
no. of observed reflections 9761 8773

no. of parameters, restraints 766, 9 772,9
Rint 0.0327 0.0646

R, wR [1>20()]
R, wR [all data]

goodness of fit, S

Apmax, A,Omin (e 18;3)

0.0427,0.1127
0.0475, 0.1174
1.032
0.911,-1.041

0.0683, 0.1831
0.0791, 0.1935
1.021
1.022,-1.974

Magnetic Susceptibility and EPR Spectroscopy. The magnetization M of a powder sample of
compound 1 was measured with an MPMS 5 commercial superconducting quantum interferometer device
(SQUID) magnetometer. The measured magnetic moments of the sample were corrected by taking into

account the sample holder and temperature-independent contributions of the core electrons in accordance



with the well-known Pascal constants. The temperature dependence of magnetization, M(T), was measured
under different magnetic fields, from 0.1 mT to 5 T, in the temperature range 2-330 K. Additionally, the
field dependences of magnetization, M(H), i.e. magnetic hysteresis loops, were measured at several stable
temperatures in fields up to 5 T.

The electron paramagnetic resonance (EPR) measurements were performed in the low-frequency range
9.4-34.5 GHz and in the high-frequency range 97.6-326.4 GHz. In the former case resonator-based EPR
spectrometers were used, including a custom-build spectrometer working in X-band (9.37 GHz) and a
commercial Bruker Q-band (34.5 GHz) spectrometer. The magnetic field was varied between 0 and 1.2 T
with an electromagnet. The high-frequency measurements were recorded on a custom-built transmission-
type EPR spectrometer in the Faraday configuration with the microwave magnetic field being perpendicular
to the static applied magnetic field provided by an Oxford superconducting magnet capable of reaching 17 T.
In both types of spectrometers temperature was varied between room temperature and 5 K using continuous
He-flow cryostats. In order to enhance the EPR signal-to-noise ratio the magnetic-field modulation
technique was used and derivative EPR absorption spectra were therefore recorded. The same
polycrystalline sample was used in all EPR experiments.

DFT Calculations. Two plane-wave self-consistent field (PWSCF) DFT codes have been used to
theoretically describe the electronic and magnetic properties of the compound. More specifically the
magnetic (collinear) ground state properties have been investigated using the QUANTUM ESPRESSO (QE)
package36 and the magnetic properties (magnetic exchange and anisotropy) using Vienna Ab-initio
Simulation Package (VASP).*”** In both cases, the calculations were based on the density functional theory
(DFT) wusing the Perdew-Burke-Ernzerhof (PBE)39 functional under the Generalized Gradient
Approximation (GGA), and Projector Augmented Wave (PAW)* functions have been used in the wave
function basis set. It should be noticed that to have a proper description of the electron localization of the 3d
states of Cr atoms, it is essential to go beyond standard DFT functionals. Here we have used two approaches,

namely GGA+U*' and HSE06" hybrid functionals. In GGA+U method, an effective Hubbard parameter of



Uest = U — J = 3.5 eV for the 3d(Cr) states has been used. The calculations have been done for one isolated
molecule (90 K crystal structure / the surrounding water molecules are neglected) in a cubic supercell
allowing to avoid interactions between the periodic images (a = 20 A). For all investigations, the plane wave
basis set is fixed by a cut-off energy of 500 eV and only the I'-point is considered. The geometry
optimization was carried out at the GGA+U level. Only ionic positions were relaxed and the optimization
stopped when forces on each atom were smaller than 0.03 eV A™'. Anisotropic magnetic properties were

investigated by including spin-orbit coupling.

RESULTS AND DISCUSSION

Synthesis and Crystal Structure of 1. The neutral tetranuclear chromium(IIl)-niobium(V) complex of
the formula [Cry(bpy)s(1-O)sNby(C204)4]-3H,O (1) is prepared using a very simple procedure at room
temperature, from the reaction of aqueous solutions of tris(oxalato)oxoniobate(V) anions and
bis(bipyridine)chromium(III) cations in the molar ratio 1 : 1 (Scheme 1). The obtained reddish crystals are
moderately air-stable, not soluble in water and common organic solvents. Low solubility of 1 in all common
solvents has unable further characterization of compound in solution (i.e. cyclic voltammetry).
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Scheme 1. The change in coordination sphere of Nb' during the formation of compound 1, from

pentagonal bipyramid in [NbO(C,04)31* precursor to octahedron in [Cry(bpy)a(1-O)sNbo(C204)4] unit.
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The titled compound crystallizes in the orthorhombic Pcab space group observed at 293 and 90 K (Table
1). Its crystal structure consists of a square shaped macrocyclic {Cr'(u-0);Nb",} core, in which Cr"" and

Nb" ions are alternately bridged by oxo ions (Figures 1 and S1, Supporting Information), and three water

111 i

molecules of crystallization. Ions Cr— and NbY have an octahedral coordination, with each Cr~ ion
surrounded by four N atoms from two bpy molecules and two bridging oxo atoms (Figures 1 and SI,
Supporting Information). The Cr—N bond lengths (in average 2.059 A; Tables S1 and S2 in the Supporting
Information) are in good agreement with those found in other bis(bipyridine)chromium cations (in average
2.057 A).*

Two chelating oxalate groups are coordinated to the Nb" cation, as well as two bridging oxo atoms
(Figures 1 and S1, Supporting Information). During the formation of compound 1, the geometry of niobium
coordination polyhedron is changed — from pentagonal bipyramid in [NbO(C204)3]* precursor to octahedron
in [NbOz(C204)2]3* in 1 (Scheme 1). At 293 K, two Nb—Oxaiate bonds located in the axial position, are found
to be significantly shorter [2.029(4)-2.058(3) A, in average 2.052 A; Tables S3 and S4 in the Supporting
Information] than the two Nb—Ogxajate bonds located in the equatorial plane [2.152(3)-2.181(3) A, in average
2.163 A; Tables S3 and S4 in the Supporting Information]. In other structurally characterized
bis(oxalato)niobate compounds, all Nb—Ogxajae bonds are similar in length (average value of 2.118 A).6 It
should be mentioned that after the DFT geometry optimization this difference is still observed but less

pronounced, with 2.088 and 2.135 A for axial and equatorial Nb—Ogxa1ae average bond lengths, respectively

(Tables S3 and S4, Supporting Information).
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Figure 1. VESTA®* drawing of the heterotetranuclear [Cr(bpy)s(1-O)sNby(C204)4] unit in 1, showing
coordination polyhedra around metal centers. The octahedra around the Cr and Nb atoms are depicted in

light blue and violet colors, respectively. Hydrogen atoms and solvent molecules are omitted for clarity.

In this compound, four (almost equal) Nb—QO,x, bonds (average: 1.799 A, Tables S3 and S4, Supporting
Information) are shorter than Cr—Oy, bonds (with an average of 1.909 A; Tables S1 and S2, Supporting
Information), indicating that both oxygen atoms are coordinated to niobium(V) prior to formation of
compound 1. All known Nb=O bond lengths, contained in bis- and tris(oxalato)niobates found in the
Cambridge Structural Database (CSD),6 are shorter than 1.722(2) A (in average 1.713 A), showing that Nb—
O bond character in 1 is closer to a single bond. Though designated as a double bond, similar bond length of

Nb—Oyxo (in average 1.785 A) was found in the only known compound containing Crmszvz molecular

square, [Crz(dms0)g(,u—O)4Nb2(C204)4],16 but its crystal structure (PT) differs significantly from the
structure of 1 (Pcab). The Nb—Ogxarare and Cr—Ogy, bond lengths in 1 are in good agreement with those
observed in the mentioned compound (on average 2.113 A and 1.908 A, respectively).'® Our DFT results
confirm the present discussion with Nb—Q,y, bonds lengths of 1.87 10%, shorter than the Cr—O,,, bonds (1.91
A). As expected, all the optimized distances are slightly overestimated due to the use of the PBE-GGA

functional in our calculations (Tables S1-S4, Supporting Information).
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The average metal---metal distance across the oxo bridge is 3.673 A (Table S5, Supporting Information).
Two Cr' atoms are diagonally separated by 5.406(2) A (5.434 A theoretically), and intramolecular
cr'...cr™ distances through the —~O-Nb'-O- bridges are 7.410(2) and 7.419(2) A (close to 7.555 A with
DFT calculations).

Overall, the structure of the square motif, namely bond lengths, did not show significant changes as a
function of temperature (Tables 1 and S1-S5, Supporting Information) ruling out the heat induced MMCT
occurrence in this temperature range. At 293 K deviation from the planarity of the {Cry(u-O)sNb,} core
[greatest is 0.231(3) A for 04, Figure S1 in the Supporting Information] and values of the O-Nb-O
[102.24(11) and 102.34(11)°, Tables S3 and S4 in the Supporting Information] as well as the Cr—O-Nb
angles [range 158.53(16)-174.33(14)°, Table S5, Supporting Information] indicate a distorted square
geometry. The molecular squares are quite well isolated from each other, with shortest distance between two
molecules (centers of gravity of squares) being 10.030 A. Separation of two atoms from these molecules is
also the shortest and equals 8.294(1) A [Cr2.--Cr2].

Water molecules are involved in hydrogen bonds with uncoordinated oxygen atoms of oxalate ligands
forming a three-dimensional (3D) supramolecular arrangement. Square units in 1 are additionally connected
through aromatic stacking interactions along the a axis. Geometric parameters and graphical representation
of hydrogen bonding and stacking interactions are given in the Supporting Information (Table S6 and S7,
Figures S2 and S3).

IR and UV/Vis Spectroscopic Studies. The IR spectrum of compound 1 exhibits the absorption bands
characteristic of chelating bidentate oxalate groups, bridging oxo atoms, and 2,2"-bipyridine ligands. The
band of medium intensity found in the region 3670-3150 cm™" originates from the O—H stretching vibration
[V(OH)] of water molecules. The spectrum shows several absorption bands ascribed to the vibrations of
bidentate oxalate groups: v,s(CO) at 1723, 1708 and 1677 cm_l, vs(CO) at 1349 and 1210 cm_l, 0(0CO) at
790 cm™".'* The relatively broad absorption band in the region 930-770 cm™ originates from vibrations of

oxo bridges, with maximum at 860 cm™ corresponding to the Cr—O—Nb asymmetric stretching vibration.*’
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Other absorption bands of significant intensity in the spectra correspond to different vibrations of
coordinated 2,2'-bipyridine molecules.*

Solid state UV/Vis spectrum of compound 1 exhibits very similar pattern to other octahedral
chromium(IIl) complexes with four N and two O donor atoms in the chromium coordination sphere (Figure
S4 in the Supporting Information).?* Chromium(III) ion (3d) in octahedral geometry shows three transitions:
4T2g<—4A2g, 4Tlg(F)<—4A2g and 4Tlg(P)<—4A2g. Latter transition usually occurs at the higher energy (UV)
region, and is overlapped with more intense ligand transitions. Due to trigonal distortion of octahedral

M in 1, splitting of the 4T2g level in 4A1 and 4E, and the level 4T1g, in 4A2 and “E occurs,

geometry around Cr
and four bands at 519, 450, 393 and 419 nm are recognized accordingly.** In the UV part of the spectrum
stronger absorption bands are present corresponding to ligand-to-metal charge transfer (LMCT) transitions:
N - Cr at 309 nm and O - Nb at 261 nm.*”**

For some Prussian-blue analogues of similar square shaped structure, absorption of 500-800 nm light was
found to induce the intramolecular metal-to-metal charge transfer. This was accompanied by switch of non-

19,20

magnetic ground state of compound to a magnetic state. The same effect was observed in several

17,1821
1821 Even

transition metal oxo bridged compounds, but appearing under somewhat lower wavelenghths.
though compound 1 was a good candidate to expect the occurrence of MMCT phenomena, having both; the
square shape core structure, and oxo bridges between transition metals (Cr'" and Nb"), this type of transfer
was not observed. Almost perfect overlap of UV/Vis spectra of 1 and the starting compounds (Figure S4),
excludes the presence of additional absorption band, which could be assigned to MMCT.

Magnetization Study. Magnetization as a function of temperature M(7T) for compound 1 has been
investigated for a broad range of static magnetic fields. Two series of measurement have been carried out, in
ZFC (zero-field-cooled) and FC (field-cooled) regimes, always leading to an overlapping of the ZFC and FC
curves, which is the signature of no freezing of magnetic moments in the system. In addition, we observe no

sharp peak in the M(T) for any field and almost the same shape of M(T)/H for all measurements, which

altogether evidences low-dimensional magnetic coupling in this compound. Similarly, the field dependences
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of magnetization, M(H), i.e. magnetic hysteresis loops are reversible at all measured temperatures down to 2
K, which also indicates the absence of long-range magnetic order. Moreover, they are linear above 7 K up to
applied 5 T field, confirming additionally purity of the sample. Therefore, the temperature dependence of
magnetization was analyzed using a spin Hamiltonian model appropriate for heteropolynuclear isolated
magnetic units.

As shown in Figure 2, the magnetization tends to be zero in the 0-K limit, which indicates an
antiferromagnetic singlet ground state and confirms that the sample is free of paramagnetic impurities. The
observed antiferromagnetic ground state can be interpreted using two different models, the first one based on

g

the interaction of two chromium(IIl) ions of spin 3/2, Cr'---Cr'™, through two diamagnetic bridges (Figure

1), and the second one based on metal-to-metal charge transfer from chromium to niobium atoms induced by

17-20 making the square of four magnetic ions Cr'---Nb"---Cr'v---Nb""--- with spins

temperature decrease,
(1, 1/2, 1, 1/2), respectively, interacting ferromagnetically through the two oxo- and antiferromagnetically
through the other two oxo-bridges. Both models allow fitting the measured magnetization data. However,

our EPR and DFT results confirm the first model, involving only magnetic Cr' jons.

The related spin Hamiltonian is thus given by
H=_ffi'f:‘|‘HE{§1+§:}'Q'§+§1'D'§1+§:'D'j:: (D)

where §1 and §2 are the spins of the two Cr'"" magnetic sites within each dimer, J is the magnetic exchange

interaction, ug the Bohr magneton, g the gyromagnetic factor of Cr'

, B the applied field, and D the single-
ions anisotropy tensor, assumed as diagonal, where the transversal term in anisotropy was neglected (see
EPR study). Alternative approach in modeling of magnetization is a giant-spin model, as was thoroughly
studied previously.*” However, here the Hamiltonian (1) was diagonalised directly, and without further
approximations. The parameters of the calculated magnetization are fitted to the measured M(T) above 4.5

K, using our own developed Python software (full matrix diagonalization without approximation of low field

B or low exchange interaction J). The best fit of equation 1 to the experimental data (solid line in Figure 2)
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was obtained with gc. = 1.992(3), J = —-12.77(5) cm™, and |D| = 0.17(4) cm™'. The normalized sum of

squared deviations between data and model is:

2)
The so-obtained J value is in good agreement with the recently published value of —12.0 cm™ in a similar

16
compound.

5.0 T T T T T T

M (emu/mol)

0 50 100 150 200 250 300 350
T(K)

Figure 2. Temperature dependence of the magnetization for 1 measured in 0.01 T. The solid line represents

the best fitted model curve.

It should be noted that introduction of the square spin tetramer model gives an even better fit with R =
4.8-10°°. In this case, a very strong ferromagnetic exchange interaction (around 280 K) should couple
neighbouring Cr'¥ and Nb" ions, thus forming a (Nb—Cr) magnetic entity that carried an effective spin 3/2.
The two (Nb—Cr) entities in the tetramer should then interact through a smaller antiferromagnetic exchange
(around 39 K), leading again to the spin-singlet ground state. According to numerical M(T) simulations,
measurements at higher temperatures, above 400 K, are needed in order to differentiate between the two
models, but this is not possible due to the thermal decomposition of the compound. Moreover, the nonlinear

low temperature M(H) dependences can also be accurately described using both models. EPR measurements
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and DFT calculations have thus been performed extensively to determine the real mechanism of magnetic
coupling within the system.
Although the systems with similar mechanisms of even stronger magnetic coupling of paramagnetic

centers via the long bridges incorporating the diamagnetic metal ion are known,'®**’

our system, due to its
interesting structural feature, has prompted us to consider two different models. Having in mind that
proposed tetramer model can be possible if both metal centers are in oxidation state 4+, electron transfer
(MMCT) from Cr'™ (¢*) to Nb" (d°) should take place a priori. Since MMCT requires external stimuli such
as light or heat to be exhibited, and no special electronic absorption in the spectrum either structural changes
with temperature (93—293K) are noticed for compound 1, the dimer model is more probable.”’21

EPR Study. Contrary to magnetization measurements, EPR allows the determination of the magnetic
anisotropy terms in strongly exchange—coupled systems,48 that are much smaller than the isotropic
Heisenberg exchange interaction.”*® This technique is also able to provide a clear distinction between

50-52 . ..
0-52 and between different ionic valence states.>”

various possible magnetic anisotropy terms

The evolution of the EPR spectra of 1 with temperature and microwave frequency is shown in Figures 3
and 4. In contrast to isolated EPR centers whose EPR line shape is temperature independent and the intensity
follows the Curie-law, the EPR signal is much more complex in our case. The EPR intensity, ygpr, Which
was determined by double-integration of the derivative EPR spectra and is proportional to the static

susceptibility,“g’5 4

qualitatively follows the temperature dependence of the bulk susceptibility, ypux (see
Magnetization study), with a pronounced maximum around 30 K (Figure 3a). This corroborates the intrinsic
nature of the EPR signal. Quantitative disagreements between ygpr and ypux are due to the fact that part of
the X-band EPR spectrum lies outside the experimental window (see below). Moreover, the line shape of the

X-band spectra is atypical of isolated Cr™

ions and changes considerably between high and low
temperatures. At high temperatures it consists of two peaks, one positioned around the expected g-factor

value of 1.98°* and the other at a much higher effective g-factor of 3.35. Increased resolution of the Q-band
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spectrum reveals that the latter spectral component is more complex, as several high-“g-value” features are

observed (Figure 3b).
(a) (b)
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Figure 3. (a) The temperature dependence of the X-band (9.37 GHz) EPR susceptibility (intensity)
compared to the bulk susceptibility. The corresponding high- and low-temperature spectra are displayed. (b)
Comparison of the X- and Q-band EPR spectra at RT (grey symbols) and corresponding fits (green lines) of

the Cr'™.-Cr'™ dimer model (see text for details).

A full, well-resolved EPR spectrum of the investigated compound could be recorded only in the high-
frequency setup (Figure 4). The central line corresponding to the allowed Am ==1 transitions is split into
several components and accompanied by the forbidden Am =%2 line, whose resonance field shifts twice
slower with increasing frequency (Figure 4b). Similarly as in the X-band, the shape of the EPR spectrum
changes considerably with temperature, with the line-shape crossover occurring around the temperature
corresponding to the exchange coupling J of the dimer model (Figure 4a). Indeed, using the Cr'™.-Cr™
dimer model, we can fit the EPR spectra at 104.00 GHz in the entire temperature range, with the

Hamiltonian (3)
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H=-]5 -5, +us(5 +5,)-9-F+ H 3)

The single-ion anisotropy of the form

56 +1)
3

Ho = D|SH? + 657 -2 +E[6P? + 657 - (57) - (52)]

“)

was used. The experimental spectra were simulated with the EasySpin software’® by calculating the allowed
dipolar transitions between all energy levels and powder averaging the results. Our best fit yields the two
eigenvalues of the anisotropy tensor D = —0.31 cm™ and E = 0.024 cm™, and the g-factor g = 1.98. The

obtained g factor is slightly below the free-electron value, as usually found for the Cr'™ jon.”*

(a)s. R R L)
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295 K ‘
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216 GHz /

30K

UL . 97.6 GHz

EPR signal (arb. units)
N
EPR signal (arb. units)
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Figure 4. (a) The temperature dependence of the EPR spectra measured at 104.00 GHz and (b) the
frequency dependence of the high-frequency EPR spectra at 10 K. The solid green lines are fits of the

cr'™..cr™ dimer model (see text for details).

As the same set of parameters D, E corresponds well to high- and low-temperature spectra, the line-shape
crossover around 7 = J is obviously due to changing of population of different energy levels with

temperature. The same parameters explain also the spectra at higher frequencies (Figure 4b), as well as the
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multi-feature X-band and Q-band spectra (Figure 3b). The single-ion anisotropy in the investigated
compound is close to being uniaxial. The derived magnitude of the anisotropy parameter D has a value,
which is typical of a Cr'" ion in an octahedral oxygen environment.”* Very similar magnitudes between
0.35-0.38 cm™ were reported for Cr,Zn, heterometallic complexes with distorted octahedral geometries and

mixed O/N coordination,’® similar as in compound 1. In addition to the single-ion anisotropy, anisotropy of

the form

S +1)
Dy [szsz -2

&)

11

due to the dipolar interaction and the anisotropic exchange interaction within the Cr'™--Cr'™ dimer is also

expected. The dipolar contribution is exactly calculated :

DEP — _

1z

.Iu'ﬂ 2
3 5= Wis)
*‘ﬁ—.“ﬂ = —0,032 cm !

(6)

g

where o is the vacuum permeability and r = 5.41 A is the Cr'™---Cr'"" intradimer distance. Moreover, the

symmetric anisotropic exchange is estimated as:

_ﬂ b
Df;'nr(—‘g) J = 0.0014 cm™
g (7

Thus, the single-ion anisotropy D is far superior to Dy, in the investigated compound.

Interestingly, we note that identical spectra can be simulated with a Cr' ---Nb"-.-Cr"---Nb'V--- spin-
tetramer model. The obtained single-ion anisotropy of the Cr'" ion in this model is somewhat larger than for
the Cr'™..Cr™ dimer model, namely, = —0.94 cm™' and E = 0.07 cm™'. However these values are
incompatible with our DFT calculations (see below) and an order of magnitude larger single-ion anisotropy
has been reported for this non-Kramers ion.”* This makes the spin-tetramer model highly unlikely.

DFT Calculations. Figure 5a shows the total and partial densities of states determined using the hybrid
functional HSEO6 for a spin-polarized calculation, considering the magnetic moments of the two chromium

sites in an antiferromagnetic (AFM) situation [the most stable magnetic order compared to the ferromagnetic
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(FM) one]. The band gap appears to be mainly defined by the organic part of the system and is about 3.2 eV.
The Cr(3d) and Nb(4d) states distribution leads to the conclusion that the oxidation states of these two
elements in compound 1 are 3+ and 5+, respectively. In particular the Nb(4d) states are empty and centered
at about 5 eV, well above the Fermi level. A small Nb(4d) contribution is observed in the valence band and
is the signature of orbital overlap with the O(2p) states. Calculations have also been done using GGA+U
formalism with various U values for Cr atoms, the comparisons are presented in Table 2. The HSE06
magnetic moment (|2.86| up/Cr) is well-reproduced for a Hubbard effective term U equal to 3.5 eV (|2.87|

us/Cr). As expected no magnetic moment is observed on the Nb sites (4d° electronic configuration). The

(a) 30— ———————————

Total DOS
Nb 4d B
Cr3d
O2p
N 2p

-1

20~

10

Density of states / states.eV

(b)

Figure 5. (a) Total DOS and projected PDOS onto specific atomic orbitals calculated in the HSE06
approximation. Carbon and hydrogen atoms are not represented for simplicity. (b) Representation of the

local environment of the square shaped {Cr,(u-O)4Nb,} core. For each Cr'™ ions the single-ion anisotropy is
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represented. The easy and hard magnetization axes are emphasized in red and dark blue regions,

respectively.

magnetic properties are thus related to the interaction between the two Cr magnetic moments, which can be
described considering a super-superexchange (SSE) Cr—O---O—Cr path. To assess the related magnetic
coupling, Jer...cr, a mapping analysis based on an Ising Hamiltonian has been considered.”’ Here, only two
magnetic arrangements, FM and AFM, are needed to extract the Jc,...c; value, results for different U values
within GGA+U and using HSE06 hybrid functional given in Table 2. The AFM configuration is more stable

than the FM. The following energy difference was used to estimate the superexchange parameter :

Jer.cr = 2I9(Earmu—Ery ). ()
The U value has a strong impact on Jc;...c, larger than the one observed for the magnetic moment. In
particular the Jcy..cr value is twice larger with Ug = 2.5 eV compared to the one with Ug = 5.5 eV.
Actually, increasing the U.s term induces a contraction of Cr(3d) orbitals which leads to a reduction of the
SSE coupling with the other magnetic centre. Experimentally the best fit for the dimer model leads to a
Jor...cr value of —12.5 cm .

Table 2 Magnetic Moment of Cr Atoms and SSE Coupling Calculated by Varying Uy Parameter in

GGA+U and HSE06 Calculations

Uetii™" (eV) 2.5 3.5 4.5 55 HSE
ucr (up) 281 286 291 2095 2.87

Jo..ciem™) =250 -195 -160 -125 -10.4

It should be noted that we rejected the fitted experimental value of —19.5 cm™' obtained for the
tetramer model due to the absence of magnetic moment on Nb sites in our calculations. The absence
of magnetic moment can also be evidenced looking at the magnetic dipole momentum distribution

M in the square plane of compound 1 for FM and AFM configurations (Figure 6). Previously the
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best comparison between GGA+U and HSE06 was obtained with U = 3.5 eV, for the amplitude of
Ucr. Interestingly, for the Jer...cr value, GGA+U requires a larger U, value of 5.5 eV to reach the
HSEOQO6 value, with, respectively, —12.5 and —10.4 cm ™. These two values are in very good agreement
with the experimental estimation corresponding to the dimer model (=12.5 cm™). In HSE06 both
Cr(3d) and O(2p) orbitals, which are involved in the SSE magnetic path, felt a contraction, which
leads to decrease the magnetic coupling compared to a regular DFT calculation using a GGA
functional. In contrast, only the Cr(3d) states felt a contraction in GGA+U. This is the reason why
using «artificially» a larger U, value to compensate the fact that the O(2p) states are not involved in

the GGA+U correction is necessary.

\

| !
. (
\ \
PR
v \ \g F B \

Figure 6. Magnetic dipole momentum distribution M in the square plane of 1. The antiferromagnetic

configuration is shown in left and ferromagnetic configuration in right panel.

Another way to confirm the validity of the dimer model is to estimate theoretically the single-ion
anisotropy tensor. Experimentally, we obtained D =-0.31 cm™ and E = 0.024 cm™ for the dimer model and
D =-094 cm™ and E = 0.07 cm™ for the tetramer model (see the EPR part). To estimate D and E
parameters, DFT calculations including the spin-orbit coupling (DFT+SO) have been carried out. More
specifically, the single-ion anisotropy (SIA) has been calculated using a similar strategy as the one of
Weingart ef al.”® In this approach one Cr site is isolated by substituting the other Cr'" ion by a diamagnetic

ion having the same oxidation state and very closed ionic radius, i.e. Ga®" ion.
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Figure 5b shows the single-ion anisotropy tensor shapes for the two Cr sites, with SIA = Ejyyw — Emins
where Epw) is the energy deduced from spin—orbit calculations with the magnetization along the [uvw]
crystallographic direction, and E,;, the energy for the easy magnetization direction(s). From the knowledge
of the single-ion anisotropy, the D and E parameters have been deduced based on an approach developed for
the Magnetocrystalline Anisotropy Energy (MAE).””® Both MAE and single-ion anisotropy are calculated

by energy differences between different spin orientations, but the magnetization is induced by the overall of

spins and an isolated spin respectively. The ground state energy W(f.@) for a specific spin orientation

depends directly on this orientation,

W@.¢) =W, + W8 ¢) =W, +DS (5' - %) (60529 - %) +ES (5' — %) cos(2¢p) sin?s ©)

where € and @ are the spherical angles, Wz the Zeeman energy which is independent of the magnetic field
direction. By performing a mapping analysis with energy calculations for specific spin orientations, we can

easily extract the zero-field splitting parameters,

E= ;1 x (W@ =90.¢ = 0)— W@ = 90, ¢ = 90))

25(5-3) (10)
D= ;1 X (W{B =0,¢= n]—%{i-t—?(&: 90,¢=0)+W({E=90,¢ = gn]})

5(5-3) (11)

For a given Cr site, the single-ion anisotropy can be expressed in a coordinate frame leading to a diagonal D
matrix. In such a situation, we can define three magnetization axes with the following coordinates
(Weosy, 8= 0.0 =0) (Wypr,6=90,¢=0) and Wine, 8 =90, =90). D and E parameters can thus be

expressed using:

E=——= X Wagra — Wine)
25(5-3) (12)
1 1
l=—x (L'L'FEES ; —_(H"Fagrﬁl + [’Fmr])
ra Rl w
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The resulting single-ion anisotropy parameters are D = —0.29 cm™" and E = 0.08 cm™ which clearly validates

the dimer model (experimental values: D = -0.31 cm ™ and E =0.024 cm_l).

CONCLUSIONS

Very few structurally characterized oxo-bridged complexes are known, despite their relatively simple
structure; so their synthesis is always a challenge. Even more interesting is that among structurally
characterized systems only few include magnetic studies.

We have synthesized and characterized a new oxo-bridged compound [Cr,(bpy)a(1-O)sNbo(C104)4]-3H,O
(1) and confirmed, experimentally and computationally, that triatomic bridge -O— Nb"—O- is an effective
mediator of the magnetic exchange interaction between chromium(III) jons.'¢

The tris(oxalato)oxoniobate(V) anion, [NbO(CzO4)3]3_ as a building block mostly forms heterometallic
complexes through the bridging oxalate group, except in the reaction with chromium(IIl) precursor when
oxo-bridged complexes are formed with six-coordinated Nb¥. Magnetic structure of 1 is based on a dimer
model involving Cr'" sites with spin 3/2 interacting through —O-Nb'—O- bridges. The antiferromagnetic
super-exchange coupling J = —12.77 cm ™', has been estimated from magnetization and EPR experiments and

...cr™ model and provide evidence that this

confirmed by DFT calculations. The EPR spectra verify the Cr
system exhibits single-ion anisotropy with D = —0.31 cm ™ and E = 0.024 cm ™', thus being very close to
uniaxial symmetry. These results are confirmed by DFT calculations including spin-orbit coupling which
provide similar axial and thombic ZFS parameters (D = —-0.29 cm ™" and E = 0.08 cm™).

We have considered additional model for the interpretation of magnetic behavior of 1, driven by light or
heat induced intramolecular metal-to-metal charge transfer, resulting with change of metal oxidation states

from {CrHI—(,u—O)—NbV} to {CrW—(,u—O)—NbIV}. From the experimental solid state UV/Vis, which was

supported with DFT calculations, the occurrence of light induced MMCT was not observed, since compared
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to the spectra of starting compounds no additional absorption bands are recognized. Also, with lowering the
temperature down to 100 K, the molecular structure of 1 stays unchanged, excluding the presence of

thermally induced MMCT in this system.
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A new heterotetranuclear compound [Cry(bpy)a(1-O)sNbo(C204)4]-3H,0O exhibits an antiferromagnetic

111

ground state, coming from two Cr'" ions interacting through two —O-Nb'—O- diamagnetic bridges, as

revealed from magnetization modeling and confirmed by EPR spectra and DFT calculations.
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