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First crystal structures of oxo-bridged [Cr''Ta"]
dinuclear complexes: spectroscopic, magnetic and
theoretical investigations of the Cr—O-Ta coref
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Heterodinuclear complexes [Cr(bpy)2(H20)(1-O)Ta(C04)31-3.5H,O (1) and [Ha(terpy)l[Criterpy)(Co04)-
(1-O)Ta(Cx04)3]-0.5H,C,04-2.5H,0 (2) (bpy = 2,2’-bipyridine; terpy = 2,2":6',2"-terpyridine) have been
synthesised through a reaction of a tris(oxalate)oxotantalate(v) anion and a complex chromium(in) cation with
corresponding aromatic N-donor ligands. These are the first examples of a Cr—O-Ta bridge in molecular
compounds, and the first report of heterodinuclear complexes prepared from a tris(oxalate)oxotantalate(v)
anion as a building block. Structural analysis of both compounds revealed that Ta¥ in pentagonal bipyramid

geometry is connected through a slightly bent pu-O bridge to Cr"

having a distorted octahedral environment.
The geometry optimization performed with density functional theory (DFT) calculations gave very good
agreement with the experimentally obtained structure of 1. Room temperature solid state UV-Vis spectra were
recorded for both compounds and compared to those of starting reagents, in order to test for possible
new electronic transitions attributed to the metal-to-metal charge transfer between Cr'" and Ta through
the oxo-bridge. Infrared (IR) spectroscopy supported with DFT calculations was used to assign vibrational
modes to all spectral features, especially those coming from the molecular p-oxo bridge. Temperature
dependence of magnetic properties of 1 and 2 were probed with magnetic susceptibility measurements
on a SQUID magnetometer. Additionally, zero-field splitting parameters were determined from electron

paramagnetic resonance (EPR) spectra of compound 1 and experimentally obtained values were

rsc.li/njc confirmed by DFT calculations.

Introduction

Oxo-bridged metal units are interesting intramolecular motifs
appearing in several bioinorganic molecules such as metallopro-
teins (Fe-O-Fe core) and in various inorganic systems, especially
as polyoxometallates, materials with outstanding properties and
functions."” Recent studies addressing the assembly of oxo-bridged
heterobimetallic molecules on the surfaces of mesoporous silica
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have revealed that such systems possess metal-to-metal charge
transfer (MMCT) absorptions across the visible region.>” This type
of multicomponent materials have provided valuable insight into
the development of artificial photosynthesis; particularly since such
robust charge-transfer chromophores can drive multi-electron
transfer catalysts for water oxidation, carbon dioxide reduction or
hydrogen evolution with visible light.> Moreover, computational
studies on doped oxides, such as Ce*,Yb*"-codoped Y;Al;0;,
(YAG), have confirmed that MMCT transitions play an important
role in energy-transfer processes responsible for superior optical
properties of these materials.® Metal oxo complexes can be in a
particular manner considered as isolated or discrete fragments of
oxides, and therefore a similar pattern of behaviour can be expected
to occur.” For instance, photochemical behaviour was observed in
the oxo-bridged complexes of the first row transition metals.®™*
The redox properties of such complexes can be tuned by changing
the ligands and metals, allowing thus the design of new materials
for solar energy conversion applications.'® Even though there are
several reports of light- and temperature-induced MMCT in metal-
organic complexes, the occurrence of this intriguing phenomenon
is hard to predict and the relationship between electron transfer
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and molecular structure is not yet understood."” Apart from inter-
esting electronic and optical properties, oxo bridged compounds
possess another feature important for potential applications; the oxo
bridge can be effective in mediating magnetic exchange interactions
between paramagnetic metal centres in complexes.®® Direct
correlation of magnetic properties with light absorption in
molecule-based compounds is a great challenge and represents
a new concept in tuning magnetic properties of materials with
potential technological interest.

Our research group has been traditionally involved in studies
related to (oxalato)tantalate(v) species, with the aim of obtaining
new heterometallic coordination systems with specific (electrical,
optical, catalytic and/or magnetic) properties, as well as molecular
precursors for mixed-metal oxides.*"” The reactivity of the
tris(oxalate)oxotantalate(v) anion, [TaO(C,0,);]°~, which is the most
abundant species in the starting reagent — aqueous (oxalato)tantalate
solution, strongly depends on the reaction conditions (solvents,
other reagents). The oxo group in [TaO(C,0,);]>~ can be protonated
or replaced with other ligands in the coordination sphere of
tantalum(v) and accordingly reactions are directed to products with
different topologies and nuclearities."*™"”

Herein, we report the synthesis, spectroscopic (IR and UV-Vis)
and structural characterization of novel heterodinuclear compounds
[Cr(bpy)»(H,0)(1-0)Ta(C,04)3],-3-5H,0 (1) and [H,(terpy)][Cr(terpy)-
(C204)(1-0)Ta(C,04)5]-0.5H,C,0,4-2.5H,0 (2) (bpy = 2,2-bipyridine;
terpy = 2,2':6',2"-terpyridine), where the oxo group, from the
[TaO(C,0,);]>~ anion is bridged to a chromium(m) ion. This is the
first definitive report of the synthesis of a heterodinuclear complex
using a tris(oxalate)oxotantalate(v) anion and the first structural
refinement providing a crystallographic description of a structure
containing Cr-O-Ta moieties. Temperature dependent behaviour
of compounds 1 and 2 containing the Cr'™-O-Ta" fragment
was tested by means of magnetic susceptibility measurements
on a SQUID magnetometer. Additionally, electron paramagnetic
resonance spectroscopy was used to determine the zero-field
splitting parameters in compound 1, which was supported by
density functional theory (DFT) calculations.

Experimental and theoretical methods
Materials and physical measurements

The (oxalato)tantalate(v) solution was prepared by dissolving
freshly precipitated Ta,05-nH,O in H,C,0,4-2H,0, according to
the literature."® The solution of [Cr(bpy),(H,0),](NO;); was
prepared by refluxing a water-ethanol (8:2) solution (8 mL)
of Cr(NO;);-9H,0 [c(Cr) = 0.05 M] and bipyridine in the molar
ratio 1:2, following the procedure described previously.'® The
solution of [Cr(terpy)(H,0);](NOs); was prepared by refluxing a
water-ethanol (8:2) solution (8 mL) of Cr(NOs);-9H,O and
terpyridine in equimolar ratio [¢(Cr) = 0.05 M]. 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. Diffuse reflectance
UV-Vis-NIR spectra were obtained at 20 °C using a Shimadzu

View Article Online

NJC

UV-Vis-NIR spectrometer (model UV-3600) equipped with an
integrated sphere. Barium sulphate was used as a reference.

Synthesis

[Cr(bpy),(H,0)(p-0)Ta(C,0,)5],-3.5H,0 (1). An aqueous solution
(2 mL) containing [H30]5[TaO(C,0,)s] [72(Ta) = 0.2 mmol] was added
to water—ethanol (8:2) solution (8 mL) with [Cr(bpy),(H,0),](NO3);
[#(Cr) = 0.4 mmol], and stirred for a short period of time.
Immediately, a small amount of an orange precipitate was formed
and removed by filtration. From the resulting clear red solution,
orange prismatic crystals of 1 rapidly appeared and the process of
crystallization was completed within a period of 2 days. The crystals
were separated from the solution by filtration, washed with water,
and left to dry in air. The yield was 0.068 g (39.0%). Anal. caled for
Cs,H,3Cr,Ta,NgOs, 5t C, 35.69; H, 2.48; N, 6.40%. Found: C, 35.42;
H, 2.60; N, 6.68%. IR, cm*: 3448 (m, br), 3121 (w), 3086 (W),
1752 (s), 1720 (vs), 1689 (s), 1679 (vs), 1605 (s), 1567 (w), 1501 (w),
1474 (m), 1447 (s), 1384 (vs), 1343 (s), 1319 (m), 1244 (m), 1225 (m),
1178 (w), 1162 (w), 1106 (w), 1068 (W), 1036 (m), 1022 (W), 935 (m),
902 (m), 886 (s), 869 (vs), 806 (m), 774 (s), 730 (m), 669 (W), 653 (W),
577 (W), 556 (m), 539 (m), 474 (m), 454 (W), 419 (W), 384 ().

[Ha(terpy)][Cr(terpy)(C204)(p-O)Ta(C,04)5]-0.5H,C,0,4-2.5H,0
(2). An aqueous solution (2 mL) containing [H30]5[TaO(C,0,);]
[7(Ta) = 0.2 mmol] was added to water-ethanol (8:2) solution
(8 mL) with [Cr(terpy)(H,0)3](NO;); [7(Cr) = 0.4 mmol], and the
reaction mixture was stirred for a short period of time. Immediately,
a small amount of a greyish precipitate was formed and removed by
filtration. From the resulting clear red solution, dark red stick-like
crystals of 2 started to appear within two days. The crystals were
separated from the solution by filtration, washed with water, and left
to dry in air. The yield was 0.053 g (23%). Anal. caled for
C30H;,CrTaNgO,, 50 C, 40.39; H, 2.60; N, 7.23%. Found: C, 39.92;
H, 2.77; N, 7.38%. IR, cm™: 3446 (m, br), 3093 (w), 1750 (m, sh),
1716 (vs), 1686 (vs), 1614 (m), 1588 (m), 1574 (w), 1538 (m), 1505 (W),
1476 (m), 1450 (m), 1371 (s), 1365 (s), 1322 (m), 1295 (m), 1246 (m),
1166 (W), 1125 (w), 1098 (w), 1042 (w), 1028 (w), 994 (W), 940 (m), 874
(s), 803 (s), 781 (s), 736 (W), 682 (W), 657 (W), 614 (W), 580 (W), 556 (m),
513 (w), 505 (W), 482 (m), 465 (W), 445 (m), 429 (W), 418 (W), 410 (W).

Single-crystal X-ray study

The X-ray data of a single crystal of 1 were collected by w-scans
on an Oxford Diffraction Xcalibur Nova R diffractometer with a
mirror monochromator using Cu-Ko. radiation (2 = 1.54179 A,
microfocus tube, CCD detector) at 103(2) K. Crystals of 2 were
measured on a D8 Venture Bruker diffractometer with dual
microsource Ag-Mo radiation (using Mo-Ka radiation, 4 =
0.71073 A, CCD detector) at 298(2) K. Data reduction, including
the absorption correction, was performed with the CrysAlisPRO
software®® package for compound 1, and with the SAINT
software package for compound 2. 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 (SHELXI1-2017/1).>> Both
programs were operated under the WinGX>* program package.
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Table 1 Crystallographic data and structure refinement details for
[Cr(bpy)2(H20)(1-O)Ta(C204)312-3.5H,0 (1) and [Ha(terpy)l[Criterpy)(C>04)-
(-O)Ta(C204)3)-0.5H,C,04-2.5H,0 (2)

Compound 1 2

T/K 103(2) 298(2)
Crystal colour, habit Orange, prism Red, stick
Empirical formula Cs5,H,3Cr,TasNgOsq.5 C30H30CrTaNgO54 50
Formula weight/g mol " 1749.82 1159.63
Crystal system Monoclinic Triclinic
Space group P2,/c Pi

alA 20.224(5) 10.798(2)
b/A 17.273(5) 10.916(2)
c/A 18.775(5) 18.810(3)
o/® 90 88.151(8)
Bl° 115.430(5) 82.753(8)
/e 90 78.767(9)
VIA? 5923(3) 2157.2(7)
zZ 4 2

Pealealg €M 1.961 1.748
wmm~* 10.485 2.88
F(000) 3424 1148

0 range/° 3.51-75.74 2.10-27.48
Measured reflections 69 042 143881
Independent reflections 12277 9849
Observed reflections 12035 8629

No. of parameters 899 643

No. of restraints 14 9

Rine 0.0368 0.0351

R, WR [I > 20(I)] 0.0371, 0.0992 0.0411, 0.1006
R, WR [all data] 0.0377, 0.0998 0.0517, 0.1099
Goodness of fit, S 1.085 1.099

ApPmaxs Apmin/e A7 2.294, —1.545 3.874; —1.947

Hydrogen atoms attached to the C atoms of the bpy/terpy ligands
were treated as riding in idealized positions, with C-H distances of
0.93 A and displacement parameters assigned as Uyo(H) =
1.2Uq(C). Hydrogen atoms for water molecules with an occupancy
factor of 0.5 were not determined. All other hydrogen atoms of the
water molecules were identified based on difference Fourier maps
[O-H distances 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 generated using VESTA?®
and CCDC-Mercury”” programs.

Magnetic susceptibility and EPR spectroscopy

The magnetization M of a powder sample of compounds 1 and
2 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 depen-
dence of magnetization, M(7T), was measured under different
magnetic fields, from 1 Oe to 50 kOe, in the temperature range
2-300 K. Additionally, the field dependences of magnetization,
M(H), was measured at several fixed temperatures in fields up
to 50 kOe.

The electron paramagnetic resonance (EPR) spectra were
recorded on a polycrystalline sample of 1 using a commercial
resonance-cavity based Bruker Elexsys E580 spectrometer working
in the X-band (9.74 GHz) and a high-frequency (52-416 GHz)
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custom-made transmission-type spectrometer.”® The latter mea-
surements were performed 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. Both types of experiments were done in a
temperature range between 5 K and room temperature (RT) using
continuous He-flow cryostats. The spectra were simulated with the
EasySpin software®® by calculating the allowed dipolar transitions
between all energy levels and powder averaging the results.

First-principles calculations

Spin-polarized calculations were performed using density
functional theory (DFT) within the Perdew-Burke-Ernzerhof
Approximation (PBE)*® and the Projected Augmented Wave
(PAW)*" method as implemented in the Vienna Ab initio
Simulation Package (VASP).*>** The well-known inaccuracy in
the treatment of the electronic delocalization of 3d states was
improved using the HSE06>* screened hybrid functional and
the PBE+U® method using the Dudarev scheme. Regarding the
last method, a Hubbard effective parameter Us = 3.5 €V was set
for chromium 3d states, as previously done for the tetranuclear
complex [Cr,(bpy)s(1-0)sNby(C,0,)4]-3H,0.%° Theoretical inves-
tigations were based on the low-temperature experimental
structure, and molecules with occupation factor 0.5 were
neglected. Because complexes are too far from each other to
interact magnetically, our study was restricted to a purely
antiferromagnetic case (i.e. antiparallel magnetic moments on
the two crystallographic inequivalent Cr sites). The geometry
optimization was performed within the PBE+U level and with
an energy cut-off of 300 eV. Only ionic positions were allowed to
relax to reach a convergence criterion of 0.001 eV A~' on the
atomic forces. Once geometrical relaxations were done, electro-
nic, vibrational and magnetic properties were studied using
more accurate computational conditions and considering only
one complex extracted from the experimental and optimized crystal
structures. Vibrational transitions were determined using an
increased energy cut-off of 350 eV. The harmonic frequencies were
determined using the finite central difference method and an
atomic displacement set to 0.015 A. The single-ion anisotropy of
the Cr atom of a complex was studied using non-ultrasoft pseudo-
potentials which lead to increase the cut-off energy at 500 eV,
including also the spin-orbit coupling in a perturbative approach.
During the study, the choice of the Uy value was checked
comparing results obtained with the hybrid functional HSEO6.
For all calculations, only the Gamma point was taken into account.

Results and discussion
Synthesis

The heterodinuclear oxo-bridged compound [Cr(bpy),(H,O)-
(u-O)Ta(C,04)3],-3.5H,0 (1) is obtained as the primary product
when aqueous solutions containing [TaO(C,0,);]*~ anions and
water/ethanol solution of [Cr(bpy),(H0),](NOs); are mixed together
(Scheme 1). Compound [H(terpy)][Cr(terpy)(C,O4)(1-O)Ta(C,04)3]:
0.5H,C,0,4-2.5H,0 (2) is prepared following the same procedure,
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but using [Cr(terpy)(H,0);](NO3); as a source of chromium(ur) ions.
The best yield is achieved if Cr:Ta ratio of 2:1 is taken. New
compounds are insoluble in common organic solvents and only
slightly soluble in acidic media.

(Oxalato)tantalates(v) are one of the few systems of tantalum
stable in aqueous solution, and they are prepared by dissolving
freshly precipitated tantalum oxide (Ta,O5-nH,0) in excess of
oxalic acid.>” As a consequence, such a solution contains more
oxalate anions than that needed for coordinating the tantalum(v)
ion. In our previous studies we have shown that the (oxalato)-
tantalate solution can contain at least three different (oxalato)-
tantalate anions: the most abundant [TaO(C,04);]>~ and two
other forms [Ta(C,0,),]’~ and [Ta(OH)(C,0,);]*"."*""” Herein,
the [TaO(C,0,);]’~ anions, with a terminal oxo group, act as a
Lewis base to chromium(m) ions. One water molecule from the
[Cr(bpy),(H,0),]*" cation is replaced with the bridging p-O atom
and the neutral dinuclear compound 1 with a Cr-O-Ta core is
formed. The precursor solution of [Cr(terpy)(H,0)s]>" cations
undergoes ligand rearrangements in the reaction mixture: one
oxalate anion, available from the (oxalato)tantalate solution, replaces
two water molecules in the coordination sphere of chromium.
The new [Cr(terpy)(C,04)(H,0)]" complex cation reacts with
[TaO(C,04);]>~ anions, resulting in the formation of an oxo-
bridged complex anion [Cr(terpy)(C,04)(1-O)Ta(C,04)s], crystalliz-
ing along with di-protonated terpyridine cations, oxalic acid and
water molecules as compound 2. The presence of free terpyridinium
cations in the reaction mixture points to the lower stability of
the initial [Cr(terpy)(H,O);]*" precursor solution, compared to
the solution of [Cr(bpy),(H,0),]*" cations.

Crystal structures

Compound 1 crystallizes in the monoclinic P2,/c space group as
orange crystals (Table 1). The asymmetric unit consists of two
dinuclear [Cr(bpy),(H,0)(n-O)Ta(C,0,)3] moieties (Fig. 1), and
3.5 water molecules of crystallization. Compound 2 crystallizes
in triclinic P1 space groups, having a terpyridinium cation and a
dinuclear [Cr(terpy)(C,04)(1-0)Ta(C,0,);]* anion (Fig. 2), one half
of oxalic acid and two and a half of water molecules of crystal-
lization in the asymmetric unit.

The Cr'™ ion displays a distorted octahedral coordination in both
compounds: in 1 involving four N atoms from two coordinated bpy
molecules, one bridging oxo atom and one O atom (O1 in Fig. 1)
from a coordinated water molecule; in 2 three N atoms from a terpy
molecule, two O atoms from a coordinated oxalate group and one
bridging oxo atom. The values of the Cr-N bond distances are

Scheme 1 Synthesis of compound 1 through the reaction of
bis(bipyridine)chromium(ii) cations and tris(oxalate)oxotantalate(v) anions
in water/ethanol solution.

View Article Online

NJC

Fig. 1 VESTA® drawing of the heterodinuclear [Cr(bpy)a(H,0)(u-O)Ta(C204)s]
units in 1, showing atoms as ellipsoids with 50% probability. Coordination
polyhedra around metal centres are depicted: the octahedron around Cr in
green and the pentagonal bipyramid around Ta in red colours. Hydrogen atoms
belonging to bpy molecules are omitted for clarity.

Fig. 2 VESTA?® drawing of the [Ha(terpy)]>* cation and [Cr(terpy)(C>04)-
(1-O)Ta(C,04)31%~ anion in 2, showing atoms as ellipsoids with 50%
probability. Coordination polyhedra around metal centres are depicted:
the octahedron around Cr in green and the pentagonal bipyramid around
Ta in red colours. Aromatic hydrogen atoms belonging to terpy and
[H,(terpy)1** molecules are omitted for clarity.

in good agreement with bond lengths in similar chromium(m)
complexes.’®?®?® The Cr-Oy,er bond distances in 1 are, as
expected, longer than Cr-O,y, (Table 2). Compared to compound
[Cr(bpy),(1-0),Nb(C,04),]-3H,0,%° the Cr-O,,, bond lengths in 1
and 2 are slightly shorter, whereas Ta-O,y, are of similar values to
Nb-O,x, bond lengths (Table 2). The shorter Cr-O,y, bond length
can be explained by the less rigid geometry of the dinuclear unit
compared to the tetranuclear unit. This is confirmed by the fact
that in the trinuclear [Cr,(terpy),(C,04),(1-0),Nb(C,04),]” unit®®
the Cr-O., bond lengths are approximately the same as in 1 and 2.
Selected bond lengths and angles describing the coordination
geometry around metal centres in 1 and 2 are given in the ESI}
(Tables S1-S3).

Based on the bond valence analysis*® the Ta-O,,, bonds in 1
and 2, even though longer than the double Ta-O bond lengths
in [TaO(C,0,4);]’~ anions,">'® still show an indication of some
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Table 2 Selected bond lengths (A) and valences (valence unit) in 1, 2 and
structurally related compounds

Length Valence Length Valence Length Valence

Compound Ta-Ooxo Cr-Ooxo Cr-Owater

1 1.805(3) 1.36
1.809(3) 1.35

1.902(3) 0.62
1.893(3) 0.63

1.964(3) 0.52
1.960(4) 0.53

2 1.797(3) 1.39 1.905(3) 0.61 —
Nb-Oqyo
Ref. 36° 1.794(4) 1.37 1.897(4) 0.63 —

(4)

1.797(4) 1.36 1.907(4) 0.61
1.800(4) 1.35 1.912(4) 0.60
1.801(4) 1.35 (4) 0.59

Ref. 38” 1.792(2) 1.38 1.927(2) 0.58 1.975(3) 0.51
1.808(2) 1.32 1.922(2) 0.59
Ta=—0O

Ref. 16° 1.748(5) 1.59 — —

Ref. 157 1.742(4) 1.63 — —

@ [Cr(bpy)a(1-0),Nb(C504),],-3H,0. ” [Cr(terpy)(C,04)(H,0)][Cra(terpy),-
(C204)x(1-0),NDB(C50,),}-3H,0. € [Ni(bpy);L[Ta0(C,04);] 11H,0. ¢ {Bay(H,0);s-
[Ta0(C,0,)5JHC, 0, HLO.

amount of double bond character (Table 2). The distorted
pentagonal bipyramid geometry around Ta" in 1 and 2 is close
to other structurally characterized seven-coordinated tantalum(v)
complexes, having two oxalate ligands in the equatorial plane,
one bridging oxo ligand in the axial position and one oxalate
ligand sharing axial and equatorial positions (Fig. 1 and 2)."*™"”
Probably due to the more rigid and bulkier terpy geometry, the
Cr-O-Ta bridge in 2 is less linear [153.5(2)°] than in 1 [169.7(2)
and 170.2(9)°].

The atomic structure of 1 has been used as the starting point
for the theoretical geometry optimization. For this purpose the
PBE+U functional with U.g = 3.5 €V for 3d(Cr) states was used. A
comparison of the bond lengths involved in the first coordina-
tion sphere of tantalum and chromium atoms is provided in
Table S1 of the ESL{ Very small deviations between experi-
mental and theoretical data are observed (less than 2.2%),
confirming the validity of the present theoretical approach. In
addition, bond distances are slightly overestimated as expected
when using the GGA-PBE functional. Interestingly, our calcula-
tions allow providing relaxed atomic positions of the hydrogen
atoms of the water molecules in their equilibrium geometry.
Indeed, experimentally, the hydrogen atoms were fixed based
on geometrical arguments with a defined Oyaer—H bond length
value of 0.85 A. The average optimized Oaeer—H bond length
value is 1.024 A.

An interesting hydrogen bonding network between water
molecules and dinuclear [Cr(bpy),(H,0)(n-O)Ta(C,0,4)3] units is
observed in 1: each crystallization water molecule acts as a
proton donor for one neighbouring solvate water molecule and
one neighbouring oxalate ligand from the dinuclear unit. The
crystallization water molecules are interconnected forming
isolated hexagonal rings (Fig. 3a). It should be noted that such
a motif has been observed in very few structures in the CSD.*
Each dinuclear [Cr(bpy),(H,0)(n-O)Ta(C,04);] unit contains one

10916 | New J. Chem., 2018, 42, 1091210921

View Article Online

Paper

(a) (b)

Fig. 3 Hydrogen bonding between [Cr(bpy)>(H,O)(p-O)Ta(C204)3] units and
water molecules of crystallization in 1 (a), and between [Cr(terpy)(C,04)-
(1-O)TalC,04)31>~ anions, terpyridinium cations, oxalic acid and crystallization
water molecules in 2 (b). Cr atoms are depicted in green and Ta atoms in pink.

coordinated water molecule, which forms additional hydrogen
bonds with two neighbouring dinuclear units. The overall supra-
molecular hydrogen bonding architecture is two-dimensional in
the bc plane. Water molecules with an occupancy factor of 0.5 are
located outside the 2D-hydrogen bonding network, filling residual
voids between layers. Extended hydrogen bonding is observed in 2,
involving [Cr(terpy)(C,04)(1-0)Ta(C,04);]>~ anions, terpyridinium
cations, oxalic acid and crystallization water molecules (Fig. 3b). In
2 m-stacking interactions additionally stabilize the crystal structure
(Fig. 4). Geometric parameters describing the hydrogen bonding
network and stacking interactions are given in Tables S4 and S5 in
the ESL¥

UV-Vis spectroscopy

Oxo-bridged compounds with a d*-d° electronic configuration
inside the M~O-M’ core, having Cr™" as the electron donor and
Ti" as the electron acceptor,”'° have shown to be MMCT active.
Along with the electronic configuration, these compounds also
exhibit a similar ligand environment (O, N donors) around the
metal centres to that in 1 and 2, which prompted us to study
related energy transfer processes in 1 and 2 with UV-Vis
spectroscopy. The UV-Vis absorption spectra shown in Fig. 5
were measured in the solid state. The visible part of the
electronic spectrum of compounds 1 and 2 is very similar to

Fig. 4 Representation of aromatic stacking interactions in 2.
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Fig. 5 Solid state UV-Vis absorption spectra of compounds: [Cr(bpy),-
(H20)(p-O)Ta(Ca04)312-3.5H,0 (1), [Ha(terpy)l[Criterpy)(Co04)(n-O)Ta(Co04)3)-
0.5H;C,04-2.5H,0 (2), [Cr(bpy)o(C204)1ICHbpy)(Co04)21-3H,0 and  (NH,)s-
INbO(C,04)3)-H,0.*

the spectrum of [Cr(bpy),(C,04)][Cr(bpy)(C.0.),]- 3H,0," indicating
the presence of six-coordinated chromium(m) complexes with two
different donor atoms. Since precursor [TaO(C,0,);" anions
are not isolated in the solid state, the analogous Nb-containing
compound (NH,);[NbO(C,0,);]-H,O was used as a reference.”!

Due to the distorted octahedral geometry of chromium(m),
the lowest “T,, « “A,, transition is split into *E, « *B,y and
B,y < 'Big, and the corresponding bands are located at 511
and 450 nm, respectively. Similarly, the second spin-allowed
transition 4T1g «— 4AZg is also split, appearing at 399 and
420 nm. In the UV part of the spectrum stronger absorption
bands are found, corresponding to ligand to metal charge
transfer transitions (N — Cr at 308 nm and O — Ta at
268 nm). The titled compound contains no additional lines
other than those already present in compounds similar to
starting reagents: [Cr(bpy),(C,0.,)][Cr(bpy)(C,04),]-3H,0" and
(NH,4)3[NbO(C,04);]-H,0.** Collected UV-Vis spectra do not
point to the occurrence of light-induced MMCT at room tem-
perature in compounds with a Cr-O-Ta bridge.

IR spectroscopy

The IR spectra of the two complexes are in agreement with the
results of the X-ray analysis, and show the absorption bands
that can be attributed to the vibrations of bidentate oxalate
groups, bridging oxo atoms, and N-donor aromatic (bpy in 1,
terpy in 2) ligands. The bands of medium intensity found in the
region 3670-3150 cm ' originate from the O-H stretching
vibration [(OH)] of water molecules and oxalic acid molecules
(in 2). The absorption band characteristics for the bidentate
oxalate ligands are given in Table 3.'*""” Asymmetric stretching
vibration bands of the Cr-O-Ta core appear at 869 cm ' in 1
and 874 cm ™" in 2, pointing to similar vibrational behaviour of
the oxo-bridge in both compounds. Other absorption bands of
significant intensity in the spectra correspond to different
vibrations of coordinated 2,2’-bipyridine or terpyridine.*?

DFT simulations were performed to support assignments of
the IR absorption bands in compound 1. Before analysing the DFT
results, simulations based on the experimentally refined and the
DFT optimized structures have been compared. For these two
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PBE+U simulations of one isolated heterodinuclear [Cr(bpy),(H,O)-
(1-O)Ta(Cy04)3] unit in a box with cell parameters have been
considered, which allows avoiding artificial interactions between
the periodically duplicate units (10 A at least). While these two
atomic structures are very close in terms of bond lengths, their
vibrational signatures are significantly different. In particular, the
IR spectrum related to the optimized model is in very good
agreement with the experimental IR spectrum, in contrast to
the simulation related to the experimental structure. Such an
observation is a consequence of the difficulty to accurately
describe the atomic position of light elements with X-ray diffrac-
tion, in particular when heavier elements are also present in the
sample (Cr and Ta here). While such a loss of contrast does not
influence drastically the average bond lengths, it has a large
impact on the description of the vibrational modes. For
instance, the O-H stretching vibrations [¢(OH)] of water mole-
cules evidenced in Fig. 6, which are experimentally observed in
the region 3670-3150 cm ™, are simulated at frequencies going
beyond 4000 cm™* (7478 and 5129 cm '), and in the region
3500-3000 cm ', when considering the experimental and the
optimized structures, respectively.

Similarly, a huge number of imaginary modes (negative
frequencies) are found when using the experimental structural
parameters in the IR spectrum calculations (48 modes in the
range 2650-9 cm™ '), while only very few for the optimized
model (18 modes in the range 24-480 cm ‘). The fact that
imaginary modes are still obtained with the optimized struc-
ture is related to our strategy which consists of extracting one
[Cr(bpy),(H,0)(n-0)Ta(C,0,);] unit from the crystal (which has
been optimized) to do the IR spectrum simulation. Indeed,
such vibrational mode calculations are highly demanding both
in terms of computational power and memory if considering
the full crystal. Our strategy leads to neglect the interconnec-
tions between the units and the hydrogen-bonding network.
The description of the vibrational modes of the outer part of the
molecule (mainly C-H groups) is thus influenced. It explains
the 18 imaginary frequencies in the region 24-480 cm™ . It
should be noticed that it has no consequence on the descrip-
tion of the vibrational modes related to the first coordination
sphere of Cr and Ta atoms. In particular, as shown in Fig. 6, the
vibrational modes implying the ligands coordinated to Cr and
Ta are well reproduced when the optimized atomic structure
was considered. To summarize, the main interest in the com-
parison between IR experiments and simulations is to confirm
that the atomic structure after geometry optimization properly
describes the experimental data (IR spectrum) and thus can be
used with confidence for the determination of the magnetic
properties. In addition, the optimized structure provides better
atomic positions for the hydrogen atoms, essential for the
proper description of the properties of the compound.

Magnetization study

Magnetization of compounds 1 and 2 was measured as a
function of temperature M(7) in different magnetic fields,
and although the behaviour is paramagnetic-like, two modes
of measurement were applied: after cooling in zero field (ZFC)
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Table 3 Absorption bands (cm™?) of the bidentate oxalate groups in compounds 1 and 2. Comparison between experimental vibrational frequencies
with theoretical ones deduced from the optimized (opt) and experimental (exp) atomic structures of 1

Comp- ’/asymmetric(CO) Vsymmetric(co) 5(0(30)
Experimental

1 1752, 1720, 1689, 1679 1384, 1343, 1225 806

2 1750, 1716, 1686 1371, 1365, 1246 803

DFT

1, opt 1728, 1680, 1640, 1627 1359, 1328, 1238, 1229, 1194, 1180 786, 780, 771
1, exp 2006, 1983, 1965, 1920, 1849, 1784 1383, 1374, 1350, 1337, 1300, 1245 742, 741, 740

Intensity (a. u.)
-
3

C-H \\/\/’ U W’W
— (O-H)no
Cr-O-Ta
. Cr-N ) y .
7250 5000 3000 1000

Wavenumber (cm™)

Fig. 6 Comparison of the experimental (a) and theoretical projected IR
spectra of 1 based on the optimized model (b) and the experimental
refined structure (c).

and after cooling in field (FC) (field-cooled) modes, to check
their complete overlapping down to 2 K. Also, the field depen-
dences 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, and
points to paramagnetic-like behaviour. Due to the measured
linearity of M(H) at different temperatures considerably above
1000 Oe, the magnetic susceptibility y was calculated in a field
of 1000 Oe (shown in Fig. 7) as a good physical quantity for the
Van Vleck type of analysis. In accordance with the structure of
compounds 1 and 2, the magnetic susceptibility shown in Fig. 7

T(K)

Fig. 7 Temperature dependence of molar magnetic susceptibility (ym) for
1 and 2 (calculated per two Cr atoms) measured in the field of 1000 Oe.
The inset shows temperature dependence of the susceptibility and tem-
perature product. The solid black and red lines represent the corres-
ponding fitting curves for 1 and 2, respectively.

10918 | New J. Chem., 2018, 42, 10912-10921

was modelled supposing the spin S = 3/2 of Cr'"" ions having the

zero-field splitting type of single ion anisotropy with a
neglected transversal term, using the powder approximation.
Therefore, the following formulas®® were used:

(T) = (1= + 221)/3 1)

_ Ng*ug® 14 9exp(—2D/kT)

° 4kT 1+exp(—2D/kT) )
~ Ng*ug® 14 3kT/AD(1 — exp(—2D/kT) @)
L= 7gr 1+ exp(—2D/kT)

where g is the g-factor, D is the axial zero-field splitting parameter,
and other quantities have their usual meaning (N Avogadro number,
k Boltzmann constant, g Bohr magneton). For compound 1 the best
fitting was obtained for parameters |D| = 1.37(2) cm ™, g = 1.976(1),
which is in accordance with the usual value for chromium(m).>**+*>
The obtained zero-field splitting term D is in good accordance with
EPR results (see Electron paramagnetic resonance study), and also in
very good correlation with previously determined D for Cr™ in
similar environments.*****> In compound 2 fitting gave a slightly
higher value of parameter D [3.34(5) cm™'] and a g value of
1.990(3).*® Values of the magnetization and a very good overlap
between the measured data and the fitted function confirm that spin
comes only from the Cr™ ions and that there is no possibility of
superexchange over the oxo-bridge due to charge transfer to the Ta”
ion. Also, other paths of non-negligible interactions among neigh-
bouring Cr'™ ions are excluded, since the shortest Cr: - -Cr intermo-
lecular distance is 9.066(2) A in 1 and 7.517(2) A in 2.

Electron paramagnetic resonance study

The EPR measurements were performed to characterize the
magnetic anisotropy of compound 1, which stems from a local
environment. Namely, this spectroscopic technique is invalu-
able in quantifying magnetic anisotropy, as well as in distin-
guishing among various possible anisotropy terms.**' The
intensity of the room-temperature X-band EPR spectrum of 1,
yepr = 6(1) x 1072 emu mol ', which corresponds to the static
magnetic susceptibility,*®>" was calibrated with a reference
paramagnetic sample. This value nicely corresponds to the
value of 6.2 x 10~° emu mol ', predicted by the Curie law for
isolated Cr™ ions. The X-band EPR spectrum, shown in Fig. 8a,
is typical for a paramagnetic centre with sizable magnetic
anisotropy. If the latter was absent, a single spectral component
would emerge at the field value of B, = Av/gug = 0.352mT, with &
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Fig. 8 The temperature and frequency dependence of normalized EPR
spectra of 1. The spectra were recorded in the X-band (a) and at various
high frequencies (b and c). Thick (grey) lines correspond to the experi-
mental data, while thin (green) lines show simulations, as described in the
text. The two spectral components of the fit (corresponding to the two
crystallographically inequivalent Cr sites) are also shown separately in (c).
The vertical dashed line in (c) indicates a small shift of a selected peak with
temperature.

and ug being the Planck constant and the Bohr magneton,
respectively, and g = 1.98 the g-factor of the Cr'™ (S = 3/2)
magnetic moments. Such a g-factor is slightly reduced from the
free electron value and is typical for a Cr'" ion,”" and it has been
recently observed in a structurally related complex having a
{Cr,(1-0)4Nb,} core.*® In the latter case, the room-temperature
X-band EPR spectrum is indeed centred around B, due to
sizable intradimer exchange interactions, while this is not the
case in 1.

Further insight into the magnetic anisotropy of the investi-
gated compound is provided by high-frequency measurements,
which allow much better spectral resolution (Fig. 8b and c). The
overall shape of the spectrum at a given frequency remains
unchanged within the whole temperature range, as only small
changes of the relative peak intensities and peak positions are
observed (Fig. 8c). This is again due to the fact that the paramagnetic
centres are isolated, in contrast to the recently published complex in
which two Cr'™ ions are connected by two triatomic ~O-Nb"-O-
bridges.*® The multi-feature high-frequency spectra are due to single-
ion anisotropy, given by the Hamiltonian:

A = uyB{g}S + D{S‘f +%S(S + 1)} + E(Sﬁ - Sf) @)
The high-frequency spectra at 10 K for two crystallographically
inequivalent Cr sites were simulated using this Hamiltonian, giving
the following anisotropy constants D¢y = 1.2 em™ *, Ecy = 0.15 cm™
and D¢, = 0.9 em™ ' K, Ecp, = 0.12 cm™ ! and g = 1.98 (Fig. 8b and c).
These anisotropy values are of the same order of magnitude as
the ones in the structurally related compound with Cr-O-Nb
bridges®® and are typical for a Cr'" ion in a distorted octahedral
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crystal field.*>*>*' The same parameters also explain the shape
of the X-band spectrum (Fig. 8a), although this spectrum alone
could be reproduced already with a single (D, E) anisotropy pair
due to its reduced spectral resolution.

Finally, the zero-field splitting parameters have been estimated
from the DFT calculations using the optimized structural model.
Even though compound 1 has two Cr'™-Ta" dinuclear moieties in
the asymmetric unit, the atomic structures of the two Cr'™ sites are
very close to each other from a structural point of view. Crystal-
lographic inequivalence comes from the fact that compound 1
crystalizes in a low symmetry (P2,/c), as a consequence of the
organic part of the molecule and not of the first shell of Cr'™ atoms.
This is evident from the geometry around metal centres, which are
very similar for the two inequivalent Cr™-Ta" dinuclear moieties.
Such small structural differences in the coordination sphere of Cr'™
ions are below the accuracy of DFT calculations, which prevents us
to distinguish two sets of zero-field splitting parameters for the two
inequivalent Cr'™ ions. A similar strategy to a previously reported
oxo-bridged Cr-Nb compound was used,*® based on the estimates
of the D and E parameters from the knowledge of the single-ion
anisotropy, represented in Fig. 9a. Such an estimation relies on a
specific convention, which defines the principal axes of the zero-
field splitting tensor. Here, the z-axis is defined as the most
different one and x as the harder magnetization axis with respect
to the y direction. Such a convention leads to D > 0, D > 3E. In
that way, axial (D = 0.54 cm ') and rhombic (E = 0.05 cm ") zero-
field splitting parameters have been determined, showing good
agreement with the experimental values obtained from EPR
spectroscopy. The fact that the easy and hard magnetization axes
point along the Cr-OH, and Cr-O-Ta bonds, respectively, can be
explained considering the orbital moment of the Cr'™ ion. Indeed,
as demonstrated in Bruno’s theory,”> when the magnetic aniso-
tropy is dictated by the spin-orbit coupling, the easy magnetic
moment axis is defined by the direction for which the orbital
moment is maximum. To emphasize the present argument, the
orbital moment anisotropy (OMA) is drawn in Fig. 9b, which is
defined as:

OMA[uvw] = My [uwww] — ml,[uovowo]

where [uvw] is a general direction and [uevew,] the direction
giving the smallest orbital moment value. It clearly points that
the easy magnetization axis (red colour in Fig. 9a) is directly
related to the direction of the largest orbital moment value
(blue colour in Fig. 9b). Such large orbital moment direction is

Fig. 9 (a) Single-ion anisotropy and (b) orbital moment anisotropy of the
complex extracted from the optimized structure.
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a consequence of the occupancy of the “t,,-like” orbitals in the
distorted octahedral environment by three unpaired electrons.

Finally, regarding the high-frequency EPR spectra, we note
that with increasing temperature from 10 to 295 K the lowest-
field spectral peak slightly shifts to higher fields, which can be
understood as a reduction of the single-ion anisotropy para-
meters due to lattice expansion.

Conclusion

Air and moisture stable tantalum complexes are quite limited.
The aqueous (oxalato)tantalate(v) solution has again proved to
be an excellent choice of tantalum containing mononuclear
anions for preparation of different heterometallic compounds.
Moreover, herein we report the oxo-bridged Cr-O-Ta core
which is for the first time isolated in the molecular compound.
The terminal Ta-O from the [TaO(C,0,);F’~ anion reacts with Cr'™
from [Cr(bpy),(H,0),]** and [Cr{terpy)(C,0,)(H,O)]" cations, forming
dinuclear complexes [Cr(bpy),(H,O)(1-O)Ta(C,0,)s),-3.5H,0 (1) and
[Hy(terpy)][Cr(terpy)(C.04)(1-O)Ta(Cy0,4)5]-0.5H,Cr04-2.5H,0 (2).

Oxo-bridged metals are well known functional intramolecular
motifs, exhibiting interesting properties in complexes, and discovery
of new combinations of metals with different electronic configura-
tions and redox potentials represents a valuable contribution to the
design of new materials. Occurrence of MMCT in compounds 1 and
2 was tested with solid state UV-Vis spectroscopy; however, no
additional features compared to spectra of starting reagents were
observed. Magnetic susceptibility measurements on SQUID have
shown typical paramagnetic behaviour for both compounds, with
no unusual magnetic features, indicating that charge transfer from
cr'™ to Ta" through the oxo-bridge does not take place as the
temperature is lowered. In order to characterize the new Cr-O-Ta
core in more detail, structural, vibrational and magnetic properties
of compound 1 have further been investigated with DFT calculations,
showing a very good match with the experimental data.
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