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ABSTRACT: Low-valent vanadium(III) with d2 electronic configuration, which can generate significant magnetic anisotropy, is 
highly desirable for the construction of high-performance molecule-based magnetic materials. Such lightweight and flexible 
magnetic materials cannot be realized by conventional inorganic or alloy-based permanent magnets. However, owing to the 
facile oxidation of vanadium(III), the synthesis of stable complexes containing highly reduced V(III) or mixed low-valent V(III,IV) 
centers remains extremely challenging. To date, only a limited number of V(III) or V(III,IV)-based coordination complexes or clusters 
have been isolated, most of which possess a nuclearity lower than eighteen. Herein, we report the self-assembly of a giant V(III,IV) 
cluster, namely {VIII20VIV2O8(OH)8(CH3COO)24(CH3CH2O)20}·5CH3CH2OH (V22), from a trinuclear vanadium precursor. The 
resulting large V22 cyclic coordination cluster exhibits an unusual small triplet ground spin state, which arises from antiferromagnetic 
exchange interactions. Moreover, this cluster system is detectable by electron paramagnetic resonance (EPR) spectroscopy 
and displays prominent quantum characteristics. 
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1 Instruction 
Cluster-based materials represent a cutting-edge research hotspot, 
valued for their unique molecular architectures and considerable 
potential in magnetism, catalysis, and energy [1-8]. Upon the 
assembly of metal ions into cyclic frameworks, the aggregates 
exhibit distinctive properties such as electrical conductivity, 
biological activity, photosensitivity, and quantum oscillations [9-
12]. However, targeted synthesis of cyclic coordination clusters 
(CCCs) remains challenging [13], and most known examples are 
serendipitous. Solvent evaporation affords cycles including {Cr7M} 
(M = Zn, Mn, Ni) [14], {Ni24} [15], {Fe28} [16], {Mn84} [17] and 

{Pd84} [18]. Anion-templated solvothermal synthesis yields 
lanthanide rings {Dy72} [19], {Gd140} [20], along with 
heterometallic analogues {Cr8Ln8} [21] and {Ni36Gd102} [22]. 
Molybdenum oxide cyclic clusters {Mo154} [23] and {Mo176} [24] 
form via pH-tuned condensation of inorganic oxoacids. Despite 
these advances, vanadium-based CCCs are rare [25], and low-
valent V(III) analogues are especially scarce [26,27]. 

Vanadium-based chemistry is usually dominated by higher 
oxidation states, such as vanadium pentoxide and the extensive 
family of oxyanions including orthovanadate and vanadyl ions 
[28]. However, the V(V) cation possesses no electrons in the 3d 
orbitals and thus cannot serve as a source of magnetic moments 
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for magnetic materials. There is considerable interest in studying 
the magnetic properties of low-valent V(III) species owing to their 
predicted large zero-field splitting parameters, a key factor for 
designing magnetic materials with strong anisotropy [26,27,29-
40]. However, the synthesis of such low-valent V(III) complexes 
remains very challenging because V(III) is highly reductive and 
readily reacts with oxygen and other redox-active species [26]. 

To date, known vanadium complexes include “fully oxidized” 
V(V) [25], “mixed higher-valent” V(V,IV) [41-45], and “purely 
reduced” V(IV) [46-51], which represent the most commonly 
encountered oxidation states. Only a limited number of V(III) or 
V(III,IV) complexes have been reported; these species were 
synthesized from precursors including trivalent [VCl3] [52], 
[VCl3(thf)3] [39,53-54], [V(acac)3] [40], [V3O(O2CPh)6(H2O)3]Cl, 
[V3O(O2CMe)6(py)3]ReO4 [27,53], and tetravalent VOSO4 [55]. 
However, most of the reported complexes exhibit nuclearity lower 
than 18; examples include ring-like V(III) clusters such as {VIII

10}, 
{VIII

8} [27], and species like {VIII
3VIV

8} [56], {VIII
12VIV} [53], 

{VIII
8VIV

8} [56], {VIII
16VIV

2} [54], among others. 
Inspired by these pioneering works, we used a water-

coordinated trinuclear precursor [V3O(H2O)3(CH3COO)6] 
Cl·3.5H2O as the starting material [57], and introduced reductive 
organic amines to convert high-valent vanadium ions into low-
valent ones. Under solvothermal conditions, the preformed V(III) 
clusters dissociated, partially oxidized, and reassembled into a 
larger cluster, namely {VIII

20VIV
2O8(OH)8(CH3COO)24(CH3C 

H2O)20}·5CH3CH2OH (V22), which has the record high nuclearity 
for V(III)-based clusters. Beyond its large nuclearity, V22 is a CCC 
with an interesting boat-shaped architecture and a low-lying 
triplet ground spin state that can be probed by electron 
paramagnetic resonance (EPR) spectroscopy. The remarkable 

quantum behavior of V22 stems from strong antiferromagnetic 
interactions among the vanadium sites, especially within the 
V(III)-V(III) pairs (vide infra). 

2 Results and discussion 
2.1 Crystal Structure and Solution Stability 

Single crystal X-ray diffraction analysis shows that the CCC V22 
crystallizes in the orthorhombic space group Pccn (Table S1 in the 
ESM), and features a novel ring-like metal core containing twenty 
V(III) ions and two V(IV) ions. The polyhedral representation in 
Fig. 1 shows that the ring-shaped metal core of V22 can be divided 
into two {VIII

2}, four {VIII
3} and two {VIII

2VIV} fragments linked 
together by four µ-OH−, six µ3-O2− and twenty µ-carboxylates. The 
{VIII

2} units consist of two edge-sharing regular {VO6} octahedra 
bound by two µ-ethoxides and one µ-carboxylate, and two 
adjacent {VIII

2} units are connected by two {VIII
3} triangles through 

the µ-OH− groups. The {VIII
3} unit is further formed by three µ-

ethoxide groups located in opposite direction to the central µ3-
OH− group, thus holding together three edge-sharing regular 
{VO6} octahedra to form the truncated {VIII

3} cubane. Each V(III) 
ion in the {VIII

3} units is also linked to the neighboring {VIII
2VIV} 

and {VIII
3} fragments. The two mixed-valent {VIII

2VIV} triangles 
consist of two {VIIIO6} polyhedra and one trigonal-bipyramid 
{VIVO5} polyhedron by edge-sharing via ethoxide group and one 
2.11 (Harris notation [58]) acetate ligands. All the vanadyl centers 
has an averaged 1.60 Å V=O bond and other four V–O bonds 
ranging from 1.91 Å to 2.21 Å. 

The cyclic-like cluster core can also be viewed as two distorted 
Anderson-type {VIII

6VIV} units [58-60], which are bridged by a 
pair of {VIII

4} chains to form this macrocyclic architecture (Fig. S1 
in the ESM). Three {VIIIO6} octahedra share  

 
Figure 1 Molecular structure of V22 in ball-and-stick (a) and polyhedron (b) styles. The cyclic-like core can be viewed as assembled from two {VIII

2}, four {VIII
3} 

and two {VIII
2VIV} fragments. Color codes: VIII, blue; VIV, yellow; O, red; C, gray; H, white. 

an edge to generate {VIII
2} dimeric units, which are further linked to a cyclic {VIII

6} ring. At the center of this {VIII
6} ring resides a 

Ju
st

 A
cc

ep
te

d



Chen et al. 

   

3  

distorted {VIVO5} polyhedron via edge-sharing with two adjacent 
{VIII

2} units, thereby completing the distorted Anderson-type 
architecture. Importantly, the V‒O‒V angles and separations 
between V(III)···V(III) and V(III)···V(IV) range from 96.7° to 
126.3°, 2.97 to 3.47 Å, and 3.05 to 3.41 Å (Fig. S2 in the ESM), 
respectively; all these values fall within ranges similar to those 
reported for other compounds [52-56]. The space-filling diagram 
of V22 reveals that the size of this molecule is ca. 3.0 nm in length 
and ca. 1.2 nm in thickness (Fig. S3 in the ESM). 

The vanadium ions in V22 predominantly exhibit a formal +3 
oxidation state, except for two tetravalent sites, labelled V8 and 
V19 (see Table S2 for bond valence sums). This finding is further 
corroborated by X-ray photoelectron spectroscopy (XPS) 
characterization of the V22 cluster (Fig. 2(a)). The deconvoluted 
XPS results reveal that the V22 cluster is dominated by V(III) 
species alongside a minor fraction of V(IV). The corresponding 
binding energies of V2p3/2 and V2p1/2 are 514.63 eV and 522.3 eV 
for V(III), and 516.34 eV and 524.46 eV for V(IV) (Fig. S4 and 
Table S3 in the ESM), consistent with literature precedents [62]. 
Moreover, the coordination modes of these vanadium centers are 
highly characteristic of their respective oxidation states because 
the V(III) centers favour regular octahedral {VO6} geometry, 
while V(IV) ions form highly distorted square-pyramidal {VO5}. 

 
Figure 2 (a) The XPS spectrum of V22. The vanadium V2p energy 
window is shown inset; (b) Positive-mode ESI-MS spectrum of V22 in 
acetonitrile solution. Inset: ESI-MS spectra in the range from 1850 to 
1855 (m/z). Pink: experimental peaks. Black: calculated peaks. 

Under sonication, the solid V22 is sparingly soluble in CH3CN, 

but insoluble in H2O. Electrospray ionization mass spectrometry 
(ESI-MS) shows dominant peaks at m/z 1852.38 and 3703.8 (Fig. 
2(b)), which correspond to the plausible molecular formulas of 
{H2V22O8(OH)8(CH3COO)24(CH3CH2O)20}2+ (calcd. m/z = 
1852.52) and {HV22O8(OH)8(CH3COO)24(CH3CH2O)20}+ (calcd. 
m/z = 3704.04), respectively. Notably, all peaks are in good 
agreement with the calculated isotope patterns (Figs. 2(b) and S5 
in the ESM), implying that V22 maintains its structural integrity in 
CH3CN. 

2.2 Magnetic Properties 

The room-temperature χmT product of the polycrystalline V22 
sample was measured to be 16.4 cm3·K·mol–1, which is lower than 
the theoretical value (20.75 cm3·K·mol–1) for the sum of uncoupled 
20 V(III) (S = 1) and 2 V(IV) (S = 1/2) ions, assuming g = 2 (as 
shown in Fig. 3(a)). Upon cooling, the χmT products steadily 
decreased to a minimum of 2.2 cm3·K·mol–1 at 2 K, indicating 
substantial antiferromagnetic interactions. The molar 
susceptibility from 150 to 300 K was well-fitted by the Curie-
Weiss equation with C = 30.6 cm3·K·mol–1 and θ = –262.0 K (Fig. 
3(a), inset). The large negative θ value suggests strong 
antiferromagnetic coupling among the vanadium ions. The 
isothermal field-dependent magnetization (M vs. H) at 2 K 
reaches 4.62 NμB at 7 T without saturation (Fig. 3(b)), also 
indicative of significant antiferromagnetic coupling within the 
cluster. Alternating current (ac) susceptibility measurements for 
V22 under zero dc field reveal no frequency-dependent 
susceptibility signals, indicating the absence of single-molecule 
magnet behavior down to 2 K (Fig. S6 in the ESM). 

 
Figure 3 (a) The temperature-dependent molar susceptibility under 1000 Oe 
magnetic field and in the temperature range from 2 to 300 K. Inset: the plot of 
χm

–1 vs. T; (b) The isothermal field-dependent magnetization at 2 – 10 K. 
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2.3 Electronic Paramagnetic Resonance Spectra 

The continuous wave (CW) electron paramagnetic resonance 
spectra of V22 polycrystalline powder were recorded in the 
standard first-derivative mode over the temperature range from 
3.8 to 20 K, as shown in Fig. 4. The spectra are symmetric and 
composed of two-peak structure. The first peak was located in the 
vicinity of 350 mT, while the second one appears around 180 mT. 
Upon heating, the shape of the spectra remains consistent 
throughout the specified temperature range, with strong decay of 
the overall signal intensity already at ~20 K. Presumably, the 
observed temperature behavior can be attributed to the 
population, at higher temperatures, of the low-lying high-spin 
states within the V22 system. These states cause the X-band EPR 
signal to vanish due to the zero-field splitting present in the 
corresponding V(III) ions. The reliable detection of an X-band 
EPR signal at T < 20 K is consistent with the presence of V(IV) 
Kramers ions in V22 structure, and also demonstrates that they 
retain their paramagnetic character despite the very strong 
antiferromagnetic coupling that dominates in the V22 system (Fig. 
3(a)). The observation of a “half-field” EPR line at 180 mT 
suggests that the paramagnetic species remaining at very low 
temperature form a triplet (or higher multiplicity) ground state. 

Furthermore, the high-frequency/field electron paramagnetic 
resonance (HF-EPR) spectra of V22 powder were recorded at 
series of high frequencies (60-260 GHz and 300-380 GHz on two 
different spectrometers, see ESM) and low temperature (4.2 K),  

 
Figure 4 (a) Temperature-dependent X-band CW EPR of V22, where the grey-
shaded areas represent regions containing the signals of the EPR resonator; (b) 
HF-EPR spectra of V22 recorded at 4.2 K under different frequencies (60 – 380 
GHz). Inset: Microwave frequency versus resonance field for the most 
absorbed point observed. 

as depicted in Fig. S7 in the ESM. The curves show a broad first-
differential spectrum with a large peak-to-peak width, and the 
simulation curves calculated with the best-fit parameters of g = 
1.98. The temperature-dependent HF-EPR spectra were also 
measured (Fig. S7 in the ESM), the shapes of curves changed due 
to the temperature-dependent Boltzmann population of different 
spin states in the system. 

2.4 Ab initio calculations on magnetic anisotropy 

The individual magnetic anisotropies of the V(III) ions were 
investigated using the OPENMOLCAS package [62]. The mono-
nuclear fragments of separated individual V(III) are used in the 
calculations, which are totally ten asymmetric V(III) ions in V22, 
as shown in Figs 5b and S8-S11 in the ESM. 

The neighboring metal ions were replaced using the closed-
shell Ga(III) and Ge(IV)-embedding ab initio model potential 
(AIMP) [63]. The electronic structures of mononuclear V(III) 
fragments were calculated via the complete active space self- 

 
Figure 5. The magnetic coupling scheme of the metal centers in V22, with J1 – 
J5 defined according to the connection ways of the metal centers. The bottom 
shows broken-symmetry (BS) and high-spin (HS) density map of selected di-
nuclear fragments from the whole V22 structure. The isovalue surface 
represented corresponds to a value of 0.01 e–/bohr3. The red regions indicate 
positive spin populations while green regions indicate negative ones. 
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consistent field (CASSCF) approach [64]. Thus, the g tensors and 
zero field splitting (ZFS) tensors (D) for individual V(III) ions are 
obtained using SINGLE_ANISO program [65]. From Table S4 in 
the ESM we can see all the g (gx, gy, gz) values are close to 1.99.  

For V10 and V11, though ligand field excitation levels of 
triplets are not largely split (Table S5 in the ESM), the magnitude 
of D values were determined to be around –0.95 cm–1. For V1, V2, 
V3, V6, V7 and V9 of which sites are locating in two {V3} triangles 
an enhanced easy axis D value of –1.32 cm–1 in average is found. 
For the rest two metal sites (V4 and V5), the D = –0.89 cm–1 are 
derived, which is even smaller than V10 and V11. Together with 
the exchange coupling results from broken-symmetry 
calculations (see below), the magnetic anisotropies of the V(III) 
ions are negligible compared with exchange coupling of V(III)-
V(III) and V(III)-V(IV). 

2.5 Broken-symmetry calculations on exchange couplings 

The exchange coupling constants (J) were computed using the 
broken-symmetry method, concentrating on selected di-nuclear 
fragments from the overall V22 structure while excluding other 
atoms to optimize computational efficiency, as depicted in Fig. 5. 
Based on the calculated J values provided in Table 1, we conclude 
that the DFT approach employing the B3LYP functional yields 
results indicative of solely antiferromagnetic interactions among 
various configurations of V(III)-V(III) and V(III)-V(IV). 
The variations observed in the J values for V(III)-V(III) 
interactions can be ascribed to the presence of different bridging 
types, as previously detailed. Specifically, the shorter bond 
distances of 2.97 Å associated with bridging types I and III result 
in significantly pronounced antiferromagnetic interactions (J1 = J3 
= –27.9 cm–1) when compared to the longer distance of 3.38 Å 
found in type II (J2 = –14.9 cm–1). Regarding the interactions 
between V(III) and V(IV), although J values demonstrate 
significantly weaker magnitudes, they are primarily characterized 
by antiferromagnetic contributions. As such, the ground state 
could be viewed as two distant V(IV) ions (spin-1/2) 
ferromagnetic coupled via a bridge formed by twenty 
antiferromagnetic coupled V(III) ions, leading to an unusual 
small triplet ground spin state as observed by EPR spectra. 

Table 1 Exchange coupling constants (J) for the five types of exchange 
pathways in the V22 system. 

 Bridging ligands Distance* Magnitude 

J1 
2 µ-ethoxides, 

1 µ-carboxylate 
2.97 Å –27.9 cm–1 

J2 
1 µ-ethoxide, 

2 µ-carboxylates 
3.38 Å –14.9 cm–1 

J3 
1 µ-ethoxide, 

1 µ-OH− 
2.97 Å –27.9 cm–1 

J4 
1 µ-ethoxide, 

1 µ-OH– 
3.05 Å –3.7 cm–1 

J5 1 µ-OH– 3.41 Å –1.7 cm–1 

* The V-V distances presented here are averaged; for further details, please 
refer to Table S6 in the ESM. 

At low temperature, the magnetic behavior is dominated by 
the strong V(III)–V(III) exchange pathways J1 - J3, which have the 
largest antiferromagnetic magnitudes and correspond to the 

shortest V···V distance. These pathways generate a strongly 
antiferromagnetic V(III) network and are mainly responsible for 
the pronounced decrease of χmT, the large negative Weiss constant, 
and the unsaturated magnetization. In contrast, the V(III)–V(IV) 
couplings J4 and J5 are much weaker, and primarily determine the 
low-lying spin-state structure and the residual triplet ground state 
rather than the overall susceptibility. 

3 Conclusions 
To summarize, the largest mixed-valent vanadium (III, IV) cluster 
featuring a cyclic-like structure has been isolated through a 
precursor-based alcohol-thermal reaction. Magnetic 
measurement, along with EPR spectra, ab initio and DFT 
calculations, reveal strong antiferromagnetic exchange coupling 
within the V(III)-V(III) pairs, while the couplings involving 
V(III)-V(IV) are much weaker. Such a competing scenario finally 
results in an unusual small triplet ground spin state. Therefore, we 
believe this cluster-based vanadium(III,IV) material could be 
further used as a source of low-valent vanadium and potential 
quantum objects. 
 
Electronic Supplementary Material: Supplementary material 
(Experiment section, synthesis schematic, crystal structural 
figures, ESI-MS spectra, HF-EPR spectra, supporting tables) is 
available in the online version of this article at 
https://doi.org/10.26599/POM.2026.9140171. 
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A high-nuclearity V22 cyclic coordination cluster containing mixed-valent V(III)/V(IV) centers has been synthesized, exhibiting an 
intriguing small ground spin state. 
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