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ABSTRACT: Due to their potential future applications in high-density data storage devices, single-ion magnets (SIMs) have become
one of the most exciting classes of materials for research at present. V anadium complexes, with their unique multiple oxidation states
and coordination geometries, are excellent candidates for investigating such properties. In the present study, we have explored the
SIM properties of two mixed-valent organo-polyoxovanadyl complexes, viz. (NH,),[Hs(V"VO,)(VY,05),{O;P-C(O)(CH,-2-
CsNH,)-PO;},]-9H,0 (1) and (NH,),[Hg(VVO,) (VV205)2{03P-C(O)(CH2-3-C5NH4)-PO3}2]'8H20 (2), each of which contains
four vanadium (V) atoms and one vanadium(IV) atom. One unpaired electron on the central Kramers vanadium(IV)(S = 1/2) atom
gives the molecule its magnetic moment, which is responsible for the reversal of its magnetization/spin at low temperatures. As such,
the investigation of these complexes has involved a combination of experimental techniques, including superconducting quantum
interference device (SQUID) magnetometry, electron paramagnetic resonance (EPR) spectroscopy, and a computational technique
that used the CASSCF-based wave function theory and included relativistic effects by considering NEVPT?2 for more accurate results.
AC magnetic susceptibility measurements have revealed the single ion magnet (SIM) behaviors of both the complexes under the
application of an external DC magnetic field, which were characterized by maxima in the plots of the “out-of-phase” magnetic
susceptibility against the AC frequency (" vs v) at different temperatures. The spin relaxation time (7) has been determined to be in
the range of 2—10 K. From the fitting of the plot of relaxation time (z) versus temperature to different models, we have tried to
understand the type of slow relaxation process present in the system under a particular applied DC magnetic field. Finally, the ab
initio method, viz. the CASSCF-based computational methods, has been employed to justify/rationalize and correlate the
experimental results.

1. INTRODUCTION

Single-molecule magnets (SMMs), which are characterized by their ability to display slow relaxation of magnetization and magnetic
hysteresis loop, have attracted massive research interest over the past three decades.' The significance of SMMs lies in their potential
applications in nanomagnetism,” spintronics,” and quantum information processing.*”” The robustness of the SMMs is measured in
terms of their chemical



stability, desired magnetization dynamics, and ability to be
deposited on surfaces or filled in nanogaps.® However, the
primary impediment toward the greater application of such
materials is that their SMM behavior manifests only at
temperatures significantly lower than room temperature.
Therefore, efforts in this field have been primarily focused
on increasing the operating temperatures of SMMs to liquid
nitrogen temperature or preferably room temperature. The
performance of SMMs is typically defined by two parameters:
the effective energy barrier to slow relaxation of magnetization,
U.g and the magnetic blocking temperature, Tg.” While these
two variables are linked, only Ty directly reflects the
performance of the SMM material for practical use. The so-
called magnetic blocking temperature Tj is thus defined as the
temperature below which the relaxation of the magnetization
becomes slow compared to the time scale of the particular
investigation technique. Therefore, considerable efforts toward
increasing the Tj of such materials are currently underway.

SMM:s that contain a single paramagnetic center responsible
for slow relaxation of their magnetizations are called single-ion
magnets (SIMs). In particular, lanthanide-based SIMs have
emerged as one of the most successful classes of SIMs in terms
of the energy barrier for relaxation of magnetization (U,g) and
the blocking temperature (Tg). Therefore, they are considered
to be the most suitable candidates for nanomagnet
applications, which can take advantage of the favorable
unquenched angular orbital momentum.'’™"* Looking at the
most recent examples of SMMs, a dilanthanide complex
containing a metal—metal bond, reported by Long et al. in
2022, has an energy barrier and a blocking temperature of 1631
em™ and 72 K, respectively.”> A dysprosium metallocene-
based SIM, reported in 2018, for which the magnetic hysteresis
has been achieved at liquid nitrogen temperature afforded an
effective energy barrier of Uy = 1543 cm™.'0 Although
magnetic hysteresis at liquid nitrogen temperature is a record
improvement in the blocking temperature, room-temperature
hysteresis in SMMs has yet to be realized, which limits their
practical usability in high-density data storage devices. To
overcome these limitations, chemists have been putting in
continuous efforts by employing different strategies such as
tuning the anisotropy and geometry of the complexes, which
requires the careful selection of metal ion and ligand systems
when undertaking the synthesis.'*'> The key point in these
synthetic approaches involves minimizing the quantum
tunnelling of magnetization (QTM) so that the effective
energy barrier can be raised, since the QTM regime greatly
weakens the performance of SMMs and sometimes causes slow
relaxation to disappear at zero applied field. In such cases, the
application of an external DC field may result in the
observance of slow spin or relaxation of magnetization.16

While the phenomenon of QTM in SMMs is considered a
problem for data storage applications, because it leads to the
loss of information, it is an essential prerequisite for the read-
out and manipulation of nuclear states in quantum information
processing schemes.'” Therefore, the process of QTM has the
potential to realize quantum computers, which are being
pursued due to their unparalleled computing capabilities,
wherein the electronic and nuclear spins can be used as
quantum bits (qubits) within the lifetime of quantum
superposition.

The unpaired electronic spins present in certain coordina-
tion complexes are inherently quantum objects containing two
states, Mg = +1/2; therefore, they can be put into quantum

superposition states through the use of pulsed microwaves.'®

Since coordination complexes are highly tunable, the molecular
qubits can be chemically coupled to give functional devices.'”
Particularly, vanadium(IV)-based SMMs are potential nuclear
spin systems for glubits, due to their ability to afford longer
coherence times.”’ Literature reports suggest that vanadium-
(IV) complexes containing spin-free ligand systems can exhibit
coherence times at low temperatures, that are long enough to
perform quantum operations.”*'~** Similarly, SIMs based on
vanadium(IIT) have also been reported to display interesting
magnetization dynamics.24_26

Keeping in mind such interesting magnetic properties of
vanadium(IV)-based SMMs, we explored the SIM properties
of two mixed-valent organo-polyoxovanadate(IV/V) com-
plexes, viz. (NH,),[Hs(VV0,)(V",05),{0;P-C(O)(CH,-2-
CsNH4)‘P03}2]'9H20 (1), and (NH4)4[H6(VIV02)‘
(V%,05),{0,P-C(0)(CH,-3-C{NH,)-PO,},]-8H,0 (2).
Such a mixed-valent assembly is essentially stabilized by the
supporting organic diphosphonate ligand(s). The investigation
of the dynamics of magnetization revealed that the complexes
only display slow relaxation of magnetization when an external
DC magnetic field is applied.

2. RESULTS AND DISCUSSION

2.1. Structural Description. The overall structures of the
complexes, (NH,),[Hs(V"V0,)(VY,05),{0;P-C(O)(CH,-2-
CsNH,)-PO;},]-9H,0 (1) and (NH,),[Hs(V'VO,)-
(V¥,05),{03P-C(O)(CH,-3-CsNH,)-PO;},]-8H,0 (2),
were determined by single-crystal X-ray diffraction.””** Both
the complexes were found to be isostructural with each other
and crystallized in the same noncentrosymmetric orthorhom-
bic space group of P2,2,2, with the only difference being in the
locations of the counterions and cocrystallized solvent water
molecules.

The structures of complexes 1 and 2 have been previously
reported in the literature.”” The asymmetric unit of the
polyanionic moieties in both complexes 1 and 2 consists of 51
non-hydrogen atoms comprising S vanadium, 4 phosphorus, 26
oxygen, 2 nitrogen, and 14 carbon atoms. As mentioned earlier,
the polyanionic complexes 1 and 2 are observed to be mixed-
valent in nature. Of the total five vanadium atoms present in
each polyanionic complex, V(1) is in the +4 oxidation state
and V(2)—(5) are in the +S oxidation state, as determined by
bond-valence sum calculations (see Supporting Information
Tables S2 and S3). Furthermore, the coordination environ-
ments of the different valent vanadium atoms were also
observed to be dissimilar, with the vanadium(IV) atom
adopting a six-coordinate distorted octahedral geometry and
the vanadium(V) atoms adopting a five-coordinate square
pyramidal geometry. The structures of the polyanionic
complexes 1 and 2 are thus composed of two dimeric
{Vv¥,04} units and a single octahedral {V'VOg} unit, which are
connected alternatively via the two diphosphonate ligands at
opposite sides. The diphosphonate units are connected via
both P—O-V and C—O-V linkages and are oriented in
opposite directions, leading to the overall structures that
resemble an S-shape and have an idealized point-group
symmetry of C,, for both polyanionic structures (see Figure
la and 1b for polyanion complexes 1 and 2, respectively).
Ostensibly, due to the presence of the diphosphonate
ligand(s), which connect the different-oxidation-state vana-
dium atoms with varying coordination environments within
the same polyanionic complex (five- and six-coordinate for



Figure 1. Ball-and-stick representation of (a) polyanion complex [(V'YO,)(V¥,0;),{O;P-C(O)(CH,-2-CsNH,)-PO;},]** (1) and (b) polyanion
complex [(VV0,)(VY,05),{0;P-C(0)(CH,-3-C;NH,)-PO,},]'> (2). The color code is as follows: vanadium(V), teal; vanadium(IV), green;
phosphorus, magenta; oxygen, red; nitrogen, blue; and carbon, gray. Hydrogen atoms on carbon have been omitted for clarity. Adapted from ref 27.
Copyright 2021 American Chemical Society. Also adapted from ref 28. Copyright 2021 Elsevier.

V(V) and V(IV), respectively), the polyoxovanadates 1 and 2
are some of the few examples of stable mixed-valent oxo-
vanadate complexes reported thus far.”"****3°

For complex 1, the vanadium—oxygen bond distances for
V(V) atoms are in the range of 1.59—2.041 A, with an average
bond length of 1.837 A, while the vanadium—oxygen bond
distance for the V(IV) atoms are in the range of 1.583—2.363
A, with an average bond distance of 1.983 A (see Supporting
Information Table S4). Similarly, for complex 2, the
vanadium—oxygen bond distances corresponding to V(V)
atoms are in the range of 1.54—2.03 A, with an average bond
length of 1.833 A, while the vanadium—oxygen bond distances
corresponding to V(IV) atom are in the range of 1.57—2.38 4,
with an average bond distance of 1.983 A (see Supporting
Information Table SS). The vanadium—oxygen bond distances
are typical of other oxo-vanadate complexes.”' ~** Interestingly,
both extremely short and an extremely long vanadium—oxygen
bonds for the vanadium(IV) atom were observed in these
structures, with bond-distances of 1.58 and 1.57 A for the short
bond(s) and 2.363 and 2.38 A for the long bond(s) for
complexes 1 and 2, respectively. These bonds lead to a
significantly Jahn—Teller distorted octahedral environment for
the vanadium(IV) atom(s). For the centrally located
vanadium(IV) atom, the bond angle between the axial ligands,
which are trans to each other, is 177.2°, whereas those for the
similar trans ligands present on the equatorial plane are 159.4°
and 160.9°, respectively. This suggests the development of
possible significant anisotropy around this centrally located
vanadium(IV) atom (see Supporting Information Tables S6
and S7 for 1 and 2, respectively). Given the extreme short and
long opposite vanadium(IV)—oxygen bond(s), the vanadium-
(IV) atom can thus be ascertained to form a double bond with
the proximal oxygen, and the distal oxygen atom can be
ascertained to be a water ligand. This was further confirmed by
the elemental analysis data, which showed the presence of extra
hydrogen atoms in the formula. As such, there are very few
examples of such vanadium-oxo—water complexes in the
literature.”* The S-shaped structures of complexes 1 and 2
have also been reported with other diphosphonate ligands, as
for example, the polyanion [(V;0,(OH),(H,0){O;P-C(O)-
(C3HgNH;)-PO;},]* with 1-hydroxy-2-(imidazole-1-yl)-
ethane-1,1-diphosphonic acid, reported by Mialane and co-
workers.*° In this structure, similar short and long vanadium—
oxygen bonds for the central vanadium(IV) atom were
observed (bond distances of 1.575 and 2.348 A, respec-
tively).*> However, unlike complexes 1 and 2, in this structure
the authors assigned one of the oxygens bonded to the central

vanadium(IV) as a hydroxo ligand and another as a water
ligand.

The complexes 1 and 2 are obviously not ideally shaped.
Therefore, to further describe the structural distortion in the
coordination geometry of complex 1, we quantified the
distortion with continuous shape measures (CShM), as
described by Avnir et al*>*° The complex was investigated
for distortion with respect to ideal octahedron S$(O,) and
trigonal prism S(Dj;,) geometries. The values obtained from
the analysis provide an estimation of deviation from the
respective geometry, where O represents the ideal geometry.
The CShM data (see Table 1) show that the complex is closest
to an ideal octahedron with a value of 0.524, whereas trigonal
prismatic (TPR) geometry was estimated to have a value of
15.773, indicating that the complex is definitely not closer to
being TPR.

Table 1. Computed CShM Parameters for Complex 1

considered geometry S
octahedron (OC-6) 0.524
trigonal prism (TPR-6) 15.773

2.1.1. AILFT and Natural Bonding Orbital (NBO)
Structural Analysis. The AILFT and NBO computational
studies are fundamentally different from each other and were
employed with the help of two different theories, viz. ab initio
and DFT, respectively. The AILFT approach essentially
focuses on the effect of the ligand field environment at the
energy levels of the metal and is hence very helpful for
mapping the electronic behavior. Subsequently, one is able to
extract the LFT parameters, including the one electron matrix,
Racah gparameters, and the spin—orbit coupling parameter
(£).>7°° Meanwhile, the NBO approach is based on the mixing
of orbitals and predicts the atoms involved in the interaction.
Therefore, AILFT will take precedence for tracing the electron
presence in metal orbitals, whereas NBO analysis will take
precedence for taking into account various bonding properties
and their populations.

The geometry optimization of complex 1 suggests that the
central vanadium(IV) atom is coordinated by four equatorial
oxygen atoms (VVY—O bond distances of 1.972—2.018 A),
which agrees with the structurally characterized distance of
1.984—1.995 A.*** The calculated V(IV)=0 bond distance
toward the axially coordinated oxygen is 1.611 A, which is
slightly hi§her than the corresponding experimental distance of
1.582 A.*'™* The optimization resulted in the dissociation of



the coordinated water molecule, suggesting a weak bond
interaction between the solvent molecule and the respective
metal center. This in turn results in a minorly distorted square
pyramidal coordination geometry, which was verified by once
again making use of CShM (see Supporting Information S13),
instead of the characterized distorted octahedral coordination
geometry for the central vanadium(IV) atom present within
the polyanion complex, as derived from the crystal information
file.

The structural deviation of the molecule from the ideal
geometry will also distort the energy levels. To better
understand the ligand—metal interactions, the orbital energy
levels of the ideal square pyramidal geometry and dominating
ground-state configuration computed with AILFT module in
the CASSCF + NEVPT2 calculation were compared (see
Figure 2). For better reference, the ligand field was considered
to be a one-electron eigenfunction table (see Table S8 in
Supporting Information Table S8). Observing the table, it is
pretty evident that the ground state is dominated with the
configuration having the single electron in the orbital “d,* —
},2”. Another noticeable point is that the orbital energies are
mentioned in the relative reference with the ground-state
orbital (0 eV).

Ar dx’-y? dyz(3.879 eV)
dz* (2.197 eV)
dz?
dxy (2.077 eV)
dxz (2.063 eV)
dxy
dyz dxz dx*-y* (0 eV)
Ideal Square Pyramidal Computed d-orbital splitting

(a) (b)

Figure 2. Energy level splitting of (a) an ideal square pyramidal
structure and (b) the vanadium(IV) center. Energy level splittings
were calculated with the AILFT module in the ground-state wave
function.

From the CAS-SCF block, the coefficient of contribution for
multiple configurations can be exactly noted down. The root 0
(ground state) wave function is made up of

) = VOS5 1D;)++/0241D,)++/0.19 [D,) ++/0.01 ;)
++/0.003 1D,)

where every l¢h;) is the representation of a different electronic
configuration.

Supporting Information Table S9 contains the respective
information on the electronic configurations of all electronic
states. Further, the Racah parameter, B, comes out to be zero,
essentially meaning there is no electron—electron repulsion.
This is already evident from the fact that there is only one
electron in the active space.

After the structural study and its effect on the energy levels
of central metal, the better bonding nature in complex 1 was
analyzed using NBO calculations (see Figure 3).** The

V(IV)—O bond has an occupancy of 0.98, which is polarized
toward the oxygen atom (75%) (see Table 2). Major
participation of d-orbitals was observed for the vanadium(IV)
atom, whereas the p-orbital contribution dominated in the
oxygen atom. The negative value of the natural charge on
oxygen suggests that the electron density flows from vanadium
to the oxygen ligand. Molecular orbital analysis denotes the
presence of an unpaired electron in the @-SOMO (d,,) orbital.
a-SOMO-1 and a-SOMO-2 represent the lone-pair orbitals on
the respective oxygen atoms. a-SOMO-4 denotes the hydrogen
bonding interaction between the hydrogen atom of the
displaced water molecule and the oxygen atom (connected
with the phosphorus atom). @-LUMO+2 and a-LUMO+3
indicate the presence of vacant d,, orbitals on the neighboring

2y
V(V) metal atoms (see Figure 4)."

Table 2. NBO Results for [H,(V'V0,)(VY,0;),R,]* [R=
0,P-C(0)(CH,-2-C{NH,)-PO;] (1) in the Doublet State”

polarization and

complex  bond ON hybridization (%) WBI gonO
1 V-0 098 V:25 0: 7§ 0.53 —0.445
s(4.4), s(5.4),
p(15.5), p(94.6)
d(80.1)
V-0 098 V:25 0: 75
s(12), p(8),  s(163),
d(sof p(83.7)
V-0 098 V:25 0: 75
s(4), p(15.4), s(4.7),
d(80.6) p(95.3)

“Calculated at the BP86/Def2TZVPP level of theory using water as
the solvent medium. ON = occupation number. g = partial charge.

2.2. Magnetic Property Study. The static and dynamic
magnetic properties of the complexes (NH,),[Hs(V'VO,)-
(VV205)2{03P'C(O)(CHz'Z'CsNH4)'PO3}2]'9H20 (1) and
(NH,)4[Hg(V'Y0,)(V",05),{O;P-C(0) (CH,-3-CsNH,)-
PO,},]-8H,0 (2) were studied with a superconducting
quantum interference device (SQUID) magnetometer. Since
both complexes 1 and 2 are iso-structural, except for a slight
change in the orientation of the ligand, and contain the same
magnetically active V(IV) atom(s) with similar coordination
environments, both complexes exhibit similar trends in their
magnetization dynamics. Therefore, we discuss the magnetic
properties of complex 1 here, and the magnetic properties of
complex 2 are discussed in the Supporting Information.

The variable-temperature DC magnetic susceptibility
measurements were performed with a polycrystalline sample
of 1 under an applied DC field of 1000 Oe in the temperature
range of 2—300 K (see Supporting Information Figure S3).
The y T value of 0.38 cm® K mol™ obtained at 300 K is close
to the theoretically calculated value of 0.35 cm® K mol™! for a
single isolated V!V metal (3d, $ = 1/2, ?D;,, and g = 1.930).*
This almost equal value suggests the absence of spin—orbit
coupling or any external interference. The expression used to
calculate the yT product theoretically is given in eq 1

2

8

(1)
The y\T value under an applied field of 1000 Oe was also
calculated to verify the experimentally observed susceptibility
product values. At a temperature as low as 2 K, the yyT value
was found to be 0.359 cm® K mol™}, whereas at room



temperature the value increased linearly to 0.373 cm® K mol™*
(see Supporting Information Figure S4). All three y\,T values
at 300 K are compared in Table 3.

Table 3. y,T values at 300 K for [H,(V'V0,)(VY,05),{O;P-
C(0)(CH,-2-C¢NH,)-PO;},]* (1)

method
theoretically experimentally computationally
parameter expected observed calculated
0.35 0.38 0.373

pavey
(cm® K mol™")

These values match the y\T values of S = 1/2 systems
reported in the literature.”” Upon cooling, the experimental
T value slowly decreases to become 0.34 cm® K mol™" at
240 K. The y\T value remains almost same upon further
cooling and becomes 0.32 cm® K mol™" at 2 K. There are no
other paramagnetic metal centers around the V(IV) atom in
the polyanionic complex 1; hence, no exchange interactions
were observed within the system. The correlation between the
experimental and computational field dependence of molar
magnetization at different temperatures (see Supporting

Information Figures SS and S6) is obviously not exact,
however the values are definitely in very close proximity (see
Supporting Information Table $12). The magnetization in the
low field limit shows linear behavior, but after a certain
threshold of applied field the path becomes nonlinear. This
threshold field is different for different temperature data sets.
As long as the magnetization changes with the variation in the
field, the magnetic moments are still in a state of flux such that
they still align themselves with respect to the field. At an
applied field of 7 T and a temperature of 2 K, the saturation
point was almost reached for the experimental and computa-
tional data sets, with values of 0.88 and 0.96 i, respectively.
This saturation point is known as the ceiling of magnetization
for complex 1 for that particular temperature.

As mentioned earlier, since the mixed-valent structure of
complex 1 contains four diamagnetic vanadium(V) atoms and
a solitary paramagnetic vanadium(IV) atom, the unpaired
electron on the central vanadium(IV) (S = 1/2) atom gives the
molecule its magnetic moment, which is responsible for
reversal of its magnetization or spin at low temperatures. This
unique mixed-valent assembly is stabilized by the organic
diphosphonate ligand, with the vanadium(IV) atom having a
six-coordinate distorted octahedral environment while the

Figure 3. (a) Molecular and (b) NBO-optimized structures of [(V"O,)(V",05),{0,P-C(0)(CH,-2-CsNH,)-PO;},]*~ (1).



&-SOMO-4 (-6 14 eV)

o-LUMO+2 (-2.78 eV)

o-LUMO=3 (-2.71 eV)

Figure 4. SOMO LUMO pictures obtained from NBO calculations of [(VVO,)(V",05),{0;P-C(0)(CH,-2-C;NH,)-PO,},1* (1).

vanadium(V) atoms have a five-coordinate distorted square
pyramidal environment, essentially leading to the formation of
the (V¥,05) dimeric unit(s) within the structure (vide supra).
The entire magnetic property of polyanion complex 1 thus
stems from the solitary vanadium(IV) atom present. Therefore,
to understand the magnetization dynamics of 1, AC
susceptibility measurements were performed. Under zero DC
field, no imaginary component (y”) of the magnetic
susceptibility was observed up to the lowest investigated
temperature of 2 K (see Supporting Information Figure S7).
Being a Kramers ion with S = 1/2, V"V produces one Kramer
doublet, which essentially means that the system has at least
two degenerate-energy eigen states. The advantage of having a
Kramers system over non-Kramers system is that a half-integer
spin state should be able to minimize the quantum tunneling
effect,*® which goes on to help improve the SIM properties. In
the absence of higher Kramers doublets, i.e., integer half-spin
molecules with S > 1/2 or a spin multiplicity >3 in the ground
state, the Orbach process-assisted slow relaxation of spin states
is prohibited at zero DC field,” due to the absence of an
effective energy barrier against the spin reversal. Hence, the
molecule shows fast relaxation of magnetization at zero field,
which is made possible with the help of direct and quantum
tunnelling relaxation effects. This can be effectively proven
with the computationally obtained energy of spin eigen states
by calculating the energy barrier (see Supporting Information
Figure S20). Usually, the computing energy barrier of states
directly gives us an idea of ZFS parameters D and E, i.e., axial
and orthorhombic parameters, respectively. They enter the
spin Hamiltonian formalism and define the spin—spin
interaction under zero-field when S > 1/2. The spin
Hamiltonian can be expressed by eq 2.
A a2 1 a2 a2 a2

H D(SZ 38 ) + E(S¢ — Sy) 2)
The ab initio energy barrier graph computed at zero field
(see Supporting Information Figure S20) verifies that the spin
eigen states are present at 0 cm™ energy, which implies that

this spin system has no energy barrier; hence, very fast
relaxation between opposite spin magnetic moments is
observed. This also means that the D and E parameters are
nonexistent and therefore cannot be computed.

However, upon the application of a static magnetic field, the
degenerate energy levels are split up and relaxation
mechanisms such as direct, thermal, and Raman relaxation
processes could occur.”” Therefore, slow relaxation of
magnetization is induced upon the application of a static
field, which manifest in the form of an increase in the peak in
the imaginary component (y”) of the susceptibility and a
concomitant decrease of the real component of the
susceptibility (') (see Figure Sa and Sb). The optimal
external field was found to be 3400 Oe (see Supporting
Information Figure S8); therefore, AC susceptibility measure-
ments were performed at Hpc = 3400 Oe in the temperature
range of 2—10 K. The thermal dependence of the AC
susceptibility was also judged based on the shift of the
maximum of the imaginary AC susceptibility component with
the change in temperature. The discussed a-parameters and
relaxation times were obtained by simultaneously fitting ¥’ and
" to a generalized Debye model.

The Cole—Cole plots (y” vs y’) obtained within the
temperature range of 2—10 K possess an asymmetric
semicircular shape with low a values in the range of 0.06—
0.23, implying a narrow distribution of relaxation times and
suggesting presence of wider relaxation regimes in the system
(see Figure 6). Generally, for a slow relaxation phase, the a
values (>0) are higher and are distributed in a wider range.50
As previously pointed out, for a system with one Kramers pair
spin state, the energy barrier is bound to be negligible. To
verify this point for certainty with experimental data set, the
energy barrier against the spin reversal of magnetization was
estimated by fitting the relaxation time variation with
temperature (see Figure 7a) using the Orbach relaxation
shown in eq 3.
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Figure S. (a) In-phase, and (b) out-of-phase AC susceptibility
parameters obtained for (NH,),[Hs(V™VO,)(VY,05),{05P-C(0)-
(CH,-2-C{NH,)-PO;},]-9H,0 (1) plotted against the frequency
(Hz) at various temperatures under applied Hpc = 3400 Oe. Solid
lines represent the best fit determined using a Debye model.

AE
In(7) = In(z,) + kB_T )

Here AE and 7, are the parameters entering in the equation as
the energy barrier and the relaxation time at 0 K, respectively.

For complex 1, the values of the parameters extracted after
fitting, estimates the energy barrier and 7, at 4.71 cm™' and
0.45 ms, respectively. The energy barrier is almost negligible
and therefore the reversal of the spin will not depend on the
Orbach-directed path for the dominant relaxation process.
Thereafter, with a more considerate look at the nature of the
relaxation time (7) versus temperature plot, the curve was
fitted with the equations of direct and raman relaxation
processes using eq 4.

= aT + bT" 4)
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Figure 6. Cole—Cole plot for (NH,),[Hs(VVO,)(VY,05),{O;P-
C(0)(CH,-2-C{NH,)-PO;},]-9H,0 (1) (Hpc = 3400 Oe). Solid
lines are a guides for the eye.

The graph of 77! (s™") versus T (K) gave the parameters a, b,
and n, where the a (64.82 s™' K™') parameter estimates the
direct process contribution and the b (= 0.58 s™' K™") and n (=
3.27) parameters estimate the contribution of the Raman
process in the overall field-induced slow relaxation of
magnetization (see Figure 7b).

In the graph, the almost linearity of the plot verifies the
dominance of the direct process, although at temperature
above 6 K the plot behavior changes to an exponential
curvature, which essentially indicates the dominance of the
Raman process beyond this temperature. Since the behavior of
the plot never shows temperature independence in the whole
thermal range, the possibility of quantum tunneling of
magnetization between the +M; spin states is completely
ruled out.

Another way to explain the slow relaxation time of
magnetization, qualitatively, is to quantify the g-tensor
components of the SIM,*' which aid the anisotropic
understanding of a magnet. From previous studies, it has
been established that the spin of the system alone is not able to
justify and predict the magnetic behavior of the SIM.
Therefore, we have come to the view that maximum anisotropy
is a good parameter with which to judge the SIM behavior.”!
The components of the g-tensor can be computationally
extracted by calculating the Zeeman interaction (interaction of
the electronic magnetic moment with the magnetic field)
entering the effective Spin Hamiltonian formalism, which is
given by eq 5.

H1/2 = ﬂBBogisoS (5)

The two components of g, (g, and g,) and g (g.)
represent the g-tensors of the molecule perpendicular to and
along the applied magnetic field, respectively. The derived g, =
1982802, g, = 1.981447, g, = 1.9199, and g, = 1.961401
values, with the largest g-shift in g,, principle axis direction (see
Supporting Information Table S11), reveal that the molecule
does not contain a pure easy axis or exhibit easy plane
anisotropic behavior.”' Rather, there exists a rhombic
distribution of the magnetic moment in the system.’” For
the pictorial vector representation of the g-tensor along its
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Figure 7. Temperature dependence of the magnetic relaxation time 7
under Hpc = 3400 Oe for [Hy(VVO,)(VY,05),{O;P-C(O)(CH,-2-
CNH,)-PO;},]*" (1). Temperature dependence is shown as (a)
In(z) vs T7' (K™'), and (b) 77! (s7*) vs T (K).

principle axes, we used computationally obtained eigen vectors
(see Figure 8). The molecules that possess an easy-axis
anisotropy exhibit better SIM progerties in comparison to
those with easy-plane anisotropy.”"””” The value of the g-tensor
computed for the optimized geometry of complex 1 is
consistent with previously reported V(IV) single-ion magnets,
such as the range of the previouslzf reported five coordinated
vanadium complex VO(dpm),.**>

To further characterize the magnetic property of the
complex with respect to temperature, the magnetic ordering
in the complex was investigated with the help of y,, data
obtained both instrumentally and computationally. The
Curie—Weiss expression is one of the most useful tools for
quantifying the critical temperature or the Neel temperature of
ferromagnetic or antiferromagnetic ordering, respectively.

Figure 8. Orientation of the g-tensor components in the ground
Kramer state for [Hg(VVO,)(VY,0;),{0;P-C(0O)(CH,-2-C;NH,)-
PO,L]" (1).

Hence, it is being used here to explain the anomalous
magnetic behavior at low temperatures.

4 T-6
Zim C 6)

Here C is the Curie constant and 6 is the Weiss constant.

The graph of y,,”" versus T was plotted and fitted using eq 6
(see Figure 9a and b for instrumental and computational data,
respectively). & was found to be negative in both analytical
methods (see Table 4), indicating the presence of
antiferromagnetic ordering at low temperatures. Additionally,
the Neel temperature (Ty) of the antiferromagnetic ordering is
given as negative of 6. This could be due to the single-ion
anisotropy of the V(IV) ion along with the weak
intermolecular dipolar interactions.

2.3. Electron Paramagnetic Resonance Studies.
Electron paramagnetic resonance (EPR) spectra were recorded
to understand the spin behavior of the metal atoms in
complexes 1 and 2. The 3d" configuration of the central V(IV)
atom creates a § = 1/2 system for both the complexes, where
the spin density is dominantly localized on the vanadium(IV)
atom (see Supporting Information Figure S9). The interaction
between a magnetic field and the molecule is described by a
simple spin Hamiltonian that includes only the Zeeman and
hyperfine terms originating from the I = 7/2 nuclear spin of
$1V.>5 The hyperfine coupling visible in the spectrum is a
consequence of the interaction between the electronic
magnetic moment and the nuclear magnetic moment, which
are given by the electronic and nuclear spin components eqs 7
and 8, respectively, as follows:

Hg = —gHyS (7)

Hy = gehnT (8)

where, yiy is the Bohr magneton, uy is the nuclear magneton, I
is the nuclear spin operator, S is the electronic spin operator,
and g is the g-tensor,

Sirnilasrlgr, the Spin Hamiltonian for S = 1/2 systems is shown
by eq 9.

Ifll/z = gﬂB§~Bo + z IAS
j )
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Figure 9. Curie—Weiss graph plotted with y,, values obtained (a)
instrumentally, and (b) computationally for [Hg(VVO,)-
(V",05),{03P-C(0)(CH,-2-CsNH,)-PO; 1,]* (1).

Table 4. Comparison of Constants Derived from the Curie—
Weiss Plots with the ym Value Obtained for
EH)G(V“’OZ)(VV205)2{03P-C(O)(CH2-2-C5NH4)-PO3}2]“‘

1

parameters instrumentally obtained computationally derived
C 0.373 0.359
0 -1.86 —-3.66
Ty 1.86 3.66

Here A is the hyperfine tensor and By is the strength of the
external magnetic field.

Since there is no electron—electron interaction present in
the V!V centers of polyanionic complexes 1 and 2, electronic
spin—spin interaction terms are not included in eq 9.

The room-temperature EPR spectrum of 2 in H,O exhibit
eight hyperfine lines (see Figure 10) as expected. Every line of
the pattern consists of two peaks; hence, there is a total of 16
peaks. Every peak is an indication of a different energy level,
which is obtained as a consequence of coupling between the
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Figure 10. EPR spectrum of [(VV0,)(V",0;),{O;P-C(0O)(CH,-3-
C¢NH,)-PO;},]*" (2) in aqueous solution.

3d! electron spin, S = 1/2 and the vanadium atom having spin
active >'V-nuclei with I = 7/2. Under the electromagnetic
radiation impact, there would be transitions between energy
states following the selection rule of My = +1 and M; = 0,
which will give the expected eight lines observed in the
spectrum. Therefore, the expression (25 + 1)-(2nyI + 1) gives
the total number of energy levels as 16, justifying the 8 line
pattern obtained (see Figure 10).°7°% To determine the g-and
A-tensor values, the experimentally obtained EPR spectrum
was simulated using “Easy Spin” (see Figure 11).

\' | —— Experimental spectra
‘ ‘ Simulated spectra

Intensity[a.u.]
OAA

200 250 300 350 400 450 500
magnetic field [mT]

Figure 11. Computationally simulated solution-phase EPR spectrum
of [(VV0,)(V",05),{0;P-C(O)(CH,-2-CsNH,)-PO;},]*~ (2).

The simulated spectrum takes the corresponding values: g,
=g, = 1.98, g = 1.95, g, = 1.97, Ay = 175 MHz, Ayy = A, =
370 MHz, and Ajso = 305 MHz, where the isotropic values are
given by eqs 10 and 11. The reported g-values are consistent
with the already studied V'V system.”

1
8iso = g(gxx + 8y +8,) (10)

1
A = —(A A A
1SO 3( x + Ay + Azz) (11)



In the solid-state EPR spectrum, two sets of eight lines are
visible. However, the spectrum is distorted; therefore, the
electron must be interacting with two different active nuclei to
give two separate hyperfine constant values. The second
interaction (other than the central vanadium atom nucleus)
must be very weakly coupled, because the widths of the
additional lines are not properly resolved. We have three
possible nuclei to consider: *'P and 'H with I = 1/2, and 3'V
with I = 7/2. Since there are four equivalent nuclei of *'P and
IV present in the system, the solid-state EPR spectrum is
expected to show 40 and 224 lines as the consequence of
transition between 80 and 448 Zeeman states, respectively,
following the expression (2S + 1)-(2n,1; + 1)-(2n,1, + 1). The
recorded spectra for complexes 1 and 2 (see Supporting
Information Figure S10 and Figure 12 for solid-state EPR
spectra of complexes 1 and 2, respectively) do not show this
behavior, leaving coupling with the nearest proton to be the
only plausible explanation. The hyperfine coupling with the
nearest proton is bound to be weak given the fact that the
central vanadium atom is four bonds away.>
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Figure 12. EPR spectrum of [(VV0,)(V",05),{0;P-C(0O)(CH,-3-
C;NH,)-PO;},]*" (2) in the solid state.

3. MATERIALS AND METHODS

Synthesis of (NH,),[Hs(V'VO,)(VY,05),{0;P-C(O)(CH,-2-
CsNH,)-PO3},19H,0 (1). The complex was synthesized using a
previously reported procedure.”” In brief, to 0.1003 g of V,05:xH,0
(0.5 mmol) taken in 10 mL of 2 M ammonium acetate buffer (pH
4.7), was added 0.1390 g of 1-hydroxy-2-(2-pyridyl) ethylidene-1,1-
bisphosphonic acid (0.5 mmol). The solution was stirred at 80 °C for
30 min. Green crystals were collected after 20 days. Yield: 0.1021 g
(20% based on V). Elemental analysis (%) Calcd for 1: V, 20.49; P,
9.97; C, 13.53; H, 422; N, 6.76; O, 45.04. Found: V, 20.27; P, 9.85;
C, 13.83; H, 3.72; N, 6.65; O, 45.56.

Synthesis of (NH,),[He(V'VO,)(VY,05),{0;P-C(0)(CH,-3-
CsNH,)-PO3},]1-8H,0 (2). This complex was also synthesized using
a previously reported procedure,27 analogous with respect to that used
for 1, except 1-hydroxy-2-(2-pyridyl) ethylidene-1,1-bisphosphonic
acid was subsituted with 1-hydroxy-2-(3-pyridyl) ethylidene-1,1-
bisphosphonic acid. Yield: 0.1526 g (50% based on V). Elemental
analysis (%) Calcd for 2: V, 20.79; P, 10.11; C, 13.72; H, 4.11; N,
6.86; O, 44.40. Found: V, 20.61; P, 9.90; C, 13.66; H, 3.48; N, 6.34;
0, 44.50.

Single-Crystal X-ray Diffraction Analysis. Single crystals of 1 and
2 were mounted on a Bruker AXS (D8 Quest System) X-ray

diffractometer equipped with a PHOTON 100 CMOS detector using
Mo Ka radiation (4 = 0.71073 A) at 293(2) K. Direct methods were
used to solve the structures and locate the heavy atoms (SHELXS97),
and the remaining atoms were found from successive difference maps
(SHELXL97).60 Routine Lorentz and polarization corrections were
applied, and an absorption correction was performed using the
SADABS program.®’ The hydrogens of all the C and O atoms were
added in calculated positions and refined using a riding model.
Crystallographic data are summarized in Supporting Information
Table S1. CCDC 2018570 and 2018571 contain the supplementary
crystallographic data for complexes 1 and 2. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or
by emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: + 44 1223 336033.

Powder X-ray Diffraction Analysis. Powder X-ray diffraction
(PXRD) studies were performed to determine the phase purity of the
complexes [see Figures S1 and S2 in Supporting Information for 1
and 2, respectively]. PXRD data was collected on Bruker DSECO
with Cu Ka source radiation (1 = 1.54056 A) from angular range 5—
50° at 298 K.

Elemental Analysis Studies. Elemental analysis data were used to
determine accurate formulas for the complexes. Elemental analysis for
C, H, N, and O was performed on a Thermo Scientific Flash 2000
Organic Elemental Analyzer (CHNS/O Mode). Elemental analysis
for V and P was performed using a quadrupole inductively coupled
plasma-mass spectrometer (ICP-MS, Thermo X Series II).

Magnetism Studies. Temperature-dependent susceptibility and
AC susceptibility measurements were carried out on a Quantum
Design MPMS-XL 3 SQUID magnetometer. My; data were collected
on a Quantum Design MPMS3 VSM magnetometer. The polycrystal-
line samples were ground to a powder and fixed in a gelatin capsule.
All data were corrected for diamagnetic contributions of the sample
holder and the sample itself using Pascal’s constants.

Electron Paramagnetic Resonance Studies. The X-band EPR
spectra were recorded with JEOL JES-FA series at 9.45 GHZ, and
both complexes 1—2 were measured in solid and solution phase.
Solution-phase EPR spectra data for 1 were not recorded, ostensibly
due to poor solubility.

Computational Studies. Complexes (NH,),[Hqs(V'VO,)-
(VV205)2{03P—C(O)(CHZ—Z—CSNH4)—PO3}2]-9H7_O (1), and
(NH,),[Hq(V"0,)(V,05),{03P-C(O)(CH,-3-CsNH,)-PO, }, ]
8H,0 (2) are structurally similar. It is hard to locate the positions of
the protons to charge balance such materials. However, the central
V(IV) center is S = 1/2 with a double-bonded O atom (O=VY,
1.582 A) and a weakly bonded H,0 molecule (VIY—OH,, 2.363 A in
the solid state) on the opposite site. We optimized the experimentally
characterized vanadium complex [Hg(V'VO,)(VY,04),R,]*" [R =
-O;P-C(0)(CH,-2-C{NH,)-PO,;] (1) in the doublet state at the
BP86/Def2-TZVPP level of theory using water as the solvent medium
[Figure 11797 The optimized geometry has a five-coordinate
paramagnetic vanadium(IV) center, and a six-coordinate H,O ligand
dissociates away from central metal and subsequently bonds within
the complex sphere by hydrogen bonding. To optimize the geometry
of complex 1 at the BP86 level, the state-averaged CASSCF with the
Ahlrichs polarized basis set def2-tzvpp®>®* was used with the ORCA
5.0.0. package.”® The auxiliary basis set def2-tzvpp/c was used in
conjunction with the RI approximation. Since we are using a wave
function-based theory and dealing with the movement of large set of
electrons, it is necessary to consider relativistic corrections in the
computation of the molecule to improve the accuracy and reliability
of the data. To recover the majority of the dynamic correlation, we
use a substantially constricted version of N-electron valence
perturbation theory to second-order (NEVPT2-SC).*® The Doug-
las—Kroll—Hess procedure was used to account for scalar relativistic
effects. The active space chosen for the CASSCF calculation was CAS
(1,5), i.e., one electron in five 3d orbitals of the central vanadium(IV)
metal. All five roots arising from *D ground state term of
vanadium(IV) were considered. Dynamic correlation was included
through NEVPT?2 approximations; only the perturbed energies were



entered in the calculations while the wave functions remained at the
CASSCF level. The EPR parameters of the considered complexes
were also calculated using the same methods with an effective spin
Hamiltonian and a quasi-degenerate perturbation theory (QDPT)
approach. Using the SINGLE_ANISO module, the DC magnetic
susceptibility was computed at an applied field of 0.1 T. For the EPR
simulation, Easy Spin software was used.®’

4. CONCLUSION

We have investigated the electronic, magnetic, and EPR
spectroscopic properties of two organo-polyoxovanadate
complexes, (NH,),[Hs(VV0,)(VY,05),{0;P-C(O)(CH,-2-
CsNH,)-PO;3},]-9H,0 (1) and (NH4)4[H6(VIV02)'
(V%,05),{03P-C(0) (CH,-3-C;NH,)-PO4},]-8H,0 (2).
Each of the complexes consists of two types of vanadium-
oxo fragments, namely, one {VVO4} fragment and two
{V,YO,} fragments. The central vanadium(IV )atom was
observed to be hexa-coordinated in the crystal structure, with
significant axial distortion. However, upon optimization to find
the equilibrium geometry, taking water as the solvent medium
at the BP86/Def2TZV PP level of theory, the vanadium(IV)
atom was left as a penta-coordinate center. DC and AC
magnetic susceptibility measurements in the solid-state in the
temperature range of 2—300 K were performed to shed light
on the dynamic magnetic properties of both the complexes.
The maxima in the “out-of-phase” magnetic susceptibility
plotted against frequency (y” vs v), obtained at an applied
static field of 3400 Oe, suggest the presence of slow relaxation
of spin. Owing to the single electron and one Kramers doublet
system, such a complex effectively d oes n ot have any energy
barrier and consequently will not have any zero-field splitting
contribution to the anisotropy. Hence, to justify the anisotropy
and SIM behavior, we depended on the g-tensor quantification
and visualization, which revealed the system to be neither easy
axis nor easy plane but instead somewhere in between.'”"® The
fitting of 7' versus T suggests that the low-temperature (2—6
K) and high-temperature (6—10 K) domains of relaxations are
dominated by direct and multiphonon Raman processes,
respectively. The EPR spectrum in solution-phase at room
temperature of the polyanionic complex 2 has eight hyperfine
lines, which is in perfect agreement with a S = 1/2 system
involved in a hyperfine interaction witha I = 7 /2 vanadium
nucleus. Meanwhile, the solid-state EPR spectrum shows two
sets of eight hyperfinel ines,s uggesting t hatt he system
potentially also interacts with a neighboring proton/
phosphorous nucleus, which is four bonds away from the
central vanadium. The EPR spectra were simulated to get an
idea of the values of the g and A-tensors. The simulated g-
tensor values were found to be in accordance with previously
reported studies; however, the A tensor values deviated a bit,
perhaps due to unusual anisotropy in the systems under
investigation. The slow relaxation of magnetizations of
complexes 1 and 2 are comparable to those of pentacoordinate
VYV complexes recently reported for their unusually slow
relaxation time.'”"®
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