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In situ ligand exchange-mediated 0D/1D
transformation of a polyoxovanadate†

M. Wendt,a P. Polzin,a J. van Leusen,b C. Näther,a P. Kögerler*b and W. Bensch*a

The antimonato-polyoxovanadate {NiII(en)3}3[VIV
15Sb

III
6 O42(H2O)]·ca.15H2O was utilized as a synthon for the

solvothermal in situ generation of the new compound {NiII(phen)3}2[{NiII(en)2}VIV
15Sb

III
6 O42(H2O)]·19H2O, a

rearrangement induced by ligand metathesis. While in the precursor structure cations and anions are iso-

lated, the solid-state structure of the product is characterized by 1D chains consisting of alternating

[V15Sb6O42(H2O)]6− cluster shells and [Ni(en)2]
2+ units covalently linked to neighboring clusters via term-

inal oxygen atoms. Water clusters composed of sixteen hydrogen-bonded H2O molecules are located in

void spaces of the structure. The magnetic properties indicate weak antiferromagnetic interactions of the

bridging Ni2+ center and adjacent polyoxovanadate anions, as well as small magnetic anisotropy of the

individual Ni2+ centers.

Introduction

The structures and physico-chemical properties of high-nucle-
arity polyoxovanadate (POV) clusters can be significantly
altered by introducing hetero-atoms like e.g. Si, Ge, As, or Sb.1

Charge compensation of the negatively charged POV clusters is
realized by ammonium,2–4 alkali metals cations,5–8 protonated
amine molecules9–12 or transition metal amine complexes.13–15

There are also reports that bond formation between the POV
cores and cations16–18 leads to charge-neutral complexes. The
main synthetic route for preparation of such hetero-POVs is
the solvothermal approach applying vanadium and antimony
compounds such as NH4VO3, V2O5 or Sb2O3 as educts. Hetero-
POVs are synthesized at pH > 8 using VV-containing sources,
and a reducing agent is required for generation of the magneti-
cally highly interesting partially reduced or fully reduced com-
pounds, i.e. those comprising VIV centers. Hence, the POV
chemistry significantly differs from polyoxomolybdate and
polyoxotungstate chemistry, where preformed cluster anions or
in situ generated building blocks are used as synthons for the
preparation of chemically modified high-nuclearity clusters.

Recently, we discovered a Sb-POV exhibiting good solubility
in water.19 In a first synthesis we reacted this compound,
{Ni(en)3}3[V15Sb6O42(H2O)]·ca.15H2O (I), at T = 150 °C leading

to in situ reorganization of the cluster shell and formation of
the β-isomer of the [V14Sb8O42]

4− anion.20 In the presence of
[Ni(phen)3](ClO4)2·0.5H2O (phen = 1,10-phenanthroline) and
Sb2O3 the α-isomer of [V14Sb8O42]

4− could be obtained.21

To further develop this Sb-POV chemistry, we reacted I with
[Ni(phen)3](ClO4)2·0.5H2O, which leads to the formation of the
new compound {Ni(phen)3}2[{Ni(en)2}V15Sb6O42(H2O)]·19H2O
(II). The partial replacement of the [Ni(en)3]

2+ complexes in I
here leads to interconnection of the {V15Sb6O42} anions into a
1D chain-based solid-state structure, in which large (H2O)16
water clusters are located. Here, we report the synthesis, crystal
structure and the magnetic properties of the new compound
{Ni(phen)3}2[{Ni(en)2}V15Sb6O42(H2O)]·19H2O (II) representing
the first successful in situ transformation of an isolated
{V15Sb6O42} moiety into a higher hierarchical structure.

Results and discussion

The title compound {Ni(phen)3}2[{Ni(en)2}V15Sb6O42(H2O)]·19H2O
(II) can be prepared according to several synthesis routes. Heating
I for 1 d at 150 °C in the presence of pure phenanthroline,
[Ni(phen)3]

2+, [Cr(phen)2Cl2]
1+ or [Eu(phen)2(NO3)3] afforded

formation of II (see Experimental section for details). The results
of the different synthesis routes strongly indicate that an in situ
ligand exchange reaction takes place.

Compound II crystallizes in the monoclinic space group
C2/c with four formula units per unit cell (Table S3†) with all
atoms except V2, Ni1, O7, O13 and the oxygen water atoms
O38–O42 located on general positions. The structure features
the [V15Sb6O42(H2O)]

6− cluster shell as central structural motif
(Fig. 1). Two condensed V6 hexagons formed by edge-sharing

†Electronic supplementary information (ESI) available. CCDC 1504150. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c6dt04412c
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VO5 polyhedra are joined by three VO5 pyramids and three
Sb2O5 units forming the sequence V6–V3–V6 in the cluster
anions. The terminal VvO bonds are shorter (average:
1.619 Å) than the bridging V–µ3-O bonds (average: 1.950 Å)
(Table S4†). The Sb–O bonds scatter in a narrow range
(1.930–1.944 Å; average: 1.938 Å, Table S4†). All geometric
parameters of the anion agree well with literature data of
Sb-POVs.22–27 The oxidation states were determined by bond
valance sum calculation (BVS)28 leading to the formulation
[VIV

15Sb
III
6 O42]

6− (Table S4†). The presence of VIV centers is sup-
ported by the strong characteristic vanadyl stretching vibration
at 973 cm−1 in the IR spectrum (Fig. S3†).

The cluster anions are joined by [Ni(en)2]
2+ complex cations

into chains that elongate along [101] with the [Ni(phen)3]
2+

complexes ‘decorating’ the chains (Fig. 2 and S6†). The Ni2+

cations are octahedrally coordinated by two en ligands and
two O atoms from two adjacent trans-positioned polyanions.
The Ni–N (2.085(3)–2.095(3) Å) and Ni–O bonds (2.158(2) Å) are
in line with the literature.29 In the crystallographically indepen-
dent [Ni(phen)3]

2+ complex, Ni2+ is in a distorted octahedral
environment with Ni–N bond lengths ranging from 2.079(3) to
2.114(3) Å, equatorial N–Ni–N angles between 79.01(12) and
98.58(13)°, and trans N–Ni–N angles from 166.96(13) to
171.66(13)° (see Table S5†).

Within the (101) plane a layered arrangement of alternating
[Ni(phen)3]

2+ complexes and chains is observed (Fig. 3).
The voids between the POV clusters (Fig. 3) are occupied by

(H2O)16 clusters, consisting of two unique and seven sym-
metry-related H2O molecules (Fig. S7†). The geometric para-
meters of the hydrogen bonding interactions of the water
cluster (Fig. 4) are listed in Table S7.† All values are typical for

strong hydrogen bonds reported for water clusters.30–34

Following the nomenclature suggested by Infantes et al.35–37

the cluster can be defined as U0 type for cross-linked discrete
rings, namely U02(2)2(2)5(2)5(2)5(3)5(3)8(6). The water cluster
has a stabilizing effect caused by further H bonds to oxygen
atoms of the Sb-POV cluster core, to O16 connecting the
{V15Sb6O42} clusters with bridging [Ni(en)2]

2+, and to the N–H
atoms of the [Ni(en)2]

2+ complex and to the C–H atoms of the
[Ni(phen)3]

2+ cations (Table S6†).
In many structures of POVs water molecules are observed,

which are frequently disordered preventing the identification
of water clusters. Hence, the occurrence of the (H2O)16 cluster
is unusual in Sb-POV chemistry.

The remaining water molecules (O40 and O41) are not
involved in H bonding interactions. Besides the hydrogen
bonding network involving the water cluster, the [Ni(en)2]

2+

and the [Ni(phen)3]
2+ complexes form H bonds with oxygen

atoms of the POV cluster shell (Table S7†). Furthermore,
pronounced π–π stacking interactions between the aromatic
phenanthroline ligands are present (Fig. 5). There are three
types of intermolecular distances: sandwich type arrangements
(average: 3.906 Å, shortest: 3.687 Å), parallel oriented phen
molecules (average: 3.841 Å; shortest: 3.666 Å) and T-shaped
arrangements (3.970 Å). For such π–π interactions, energies in
the order of 10 kcal mol−1 were calculated and significantly
contribute to the structural arrangements.38–42

Fig. 1 Crystal structure of the cluster anion of [V15Sb6O42]
6− in II. The

two V6 hexagons and the three VO5 pyramids joining the hexagons are
drawn in different colors. Red: oxygen; orange: Sb (the central H2O
molecule is omitted for clarity).

Fig. 2 Crystal structure of II with view of the chains and the decorating
[Ni(phen)3]

2+ complexes (H atoms are omitted for clarity).

Fig. 3 View of the arrangement of the chains in the (101) plane (H
atoms are omitted for clarity).

Fig. 4 Water cluster in II constructed by hydrogen bonding interactions
between the water molecules located in the free spaces in Fig. 3 (red: O,
gray: H).
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During the transformation of {Ni(en)3}3[V15Sb6O42(H2O)]·ca.-
15H2O (I) into {Ni(phen)3}2[{Ni(en)2}V15Sb6O42(H2O)]·19H2O (II),
two of the [Ni(en)3]

2+ complexes are formally substituted by
[Ni(phen)3]

2+ complexes. The third [Ni(en)3]
2+ complex loses one

ethylenediamine ligand and connects adjacent anions to form a
chain. The observation that not all en ligands in the [Ni(en)3]

2+

complexes are exchanged is somewhat surprising because
[Ni(phen)3]

2+ was supplied in a threefold excess. The formation of
an intermediate with composition [{Ni(en)2}V15Sb6O42(H2O)]

4−

cannot be excluded. But based on our observations made in
ref. 21 where I was transformed into the [V14Sb8O42]

4− cluster, the
formation of such an intermediate is not likely. It seems that an
en ligand of one of the [Ni(en)3]

2+ complexes is detached followed
by bond formation to POV oxygen sites. Applying [Ni(phen)3]

2+ in
the reaction the other [Ni(en)3]

2+ complexes are either exchanged
or en is replaced by phen. In addition, syntheses with phen,
[Cr(phen)2Cl2]

1+ or [Eu(phen)2(NO3)3] also afforded crystallization
of II requiring an in situ ligand exchange of en by phen.

Many Sb-POVs contain isolated cations and anions,43–45 but
1D,31,46 2D 16 and 3D networks17,27 are less common. Fig. 6
summarizes the structures obtained until now using I as
synthon and Ni2+-centered en and phen complexes. The com-
pound [{Ni(en)2}2V14Sb8O42]·5.5H2O

20 (III) crystallized with a
Sb-richer cluster shell and the complexes join adjacent anions
thus generating a layered structure. A different isomer of
the [V14Sb8O42]

4− anion was observed in {Ni(phen)3}2
[V14Sb8O42]·phen·12H2O

21 (IV), and cations and the anion are
separated. In the title compound the cluster anion of the
synthon is retained and the ligand exchange pattern yields a
1D structure.

To get a better understanding of the reaction conditions the
ratio of precursor compound I : [Ni(phen)3](ClO4)2·0.5H2O and
the reaction temperature were altered. The lower the tem-
perature, the lower was the yield, but II was always obtained
between 80 and 140 °C. At the lowest temperatures compound
II crystallized in a low yield in a mixture with the precursor I.
Change of the ratio of the starting materials also leads to a
lower yield, yet crystallization of II was always observed.

Magnetic measurements

The temperature-dependent magnetic susceptibility data for
compound II at 0.1 Tesla and the molar magnetization Mm vs.
magnetic field B at 2.0 K are shown in Fig. 7. At 290 K, the χmT

value of 6.11 cm3 K mol−1 is higher than expected47 for three
non-interacting high-spin Ni2+ centers (the expectation range
for NiII is 2.94–4.60 cm3 K mol−1). Taking into account the con-
tribution of 15 (hypothetically) non-interacting V4+ centers,
this value is, however, significantly below the corresponding
expected range 8.36–10.22 cm3 K mol−1. The deviation is
readily explained by the magnetism of the {V15Sb6} polyoxova-
nadate anion, as it is characterized as a system of 15 spin-1/2
vanadyl groups that exhibit strong antiferromagnetic coup-
ling,23 leading to low χmT values at room temperature. Upon
decreasing the temperature, the χmT vs. T curve for II is
approximatively linear down to 25 K, and subsequently sharply
decreases to 4.17 cm3 K mol−1 at 2.0 K. The low-temperature

Fig. 5 Possible π–π stacking interactions between the aromatic phe-
nanthroline ligands in the structure of II (T-shaped: pink, parallel: green,
sandwich: orange).

Fig. 7 Magnetic data of II: χmT vs. temperature T at 0.1 T; inset: molar
magnetization Mm vs. magnetic field B at 2.0 K. Black circles: experi-
mental data; green circles: χmT ([V15Sb6O42]

6−) (scaled).23

Fig. 6 Compounds derived from the precursor {Ni(en)3}3[V15Sb6O42

(H2O)]·ca.15H2O
19 (I): {Ni(phen)3}2[{Ni(en)2}V15Sb6O42(H2O)]·19H2O (II),

[{Ni(en)2}2V14Sb8O42]·5.5H2O
20 (III) and {Ni(phen)3}2[V14Sb8O42]·

phen·12H2O
21 (IV).
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characteristics of χmT are potentially due to weak antiferro-
magnetic interactions of the bridging Ni2+ center and the two
neighboring polyoxovanadate anions as well as a small an-
isotropy of the single Ni2+ centers due to ligand field effects
and spin–orbit coupling. For T > 25 K, non-interacting octa-
hedrally coordinated Ni2+ centers are expected to yield an
almost constant χmT vs. T curve, thus the data seem to indicate
a temperature-independent paramagnetic (TIP) contribution.
This assumption is, however, disproved by the fact that the
remaining χmT ≈ 5.1 cm3 K mol−1 is far too large for three Ni2+

ions. In addition, we consider the magnetic data of the iso-
lated {V15Sb6} polyoxovanadate anion23 depicted in Fig. 7 as
green circles: on the one hand, the χmT vs. T curve is not a
straight line through the origin (which would correspond to a
TIP). On the other hand, the distinct bend of the curve at
approx. 160 K does not appear in the data for II. We thus
assume that the bridging Ni2+ center either affects the
exchange interactions within the {V15Sb6} anion, or this effect is
directly due to the {V15Sb6}–Ni–{V15Sb6} exchange pathway. The
molar magnetization at 2.0 K (Fig. 7, inset) is a linear function of
the applied field up to ca. 2 T, and reaches Mm = 8.4NAμB at 5.0 T
without saturation. This value is larger than for the range 6.0–7.4
NAμB expected for three non-interacting (or ferromagnetically
coupled) Ni2+ cations, therefore indicating a significant
contribution caused by the {V15Sb6} anions at 2.0 K. Using
CONDON,48,49 we explore several model scenarios to reproduce
the magnetic data (see ESI†), but the simple model of additive
contributions (of NiII and {V15Sb6}), which usually works well for
transition metal-augmented Sb-POVs, does not satisfactorily
reproduce the magnetic characteristics of II.

Conclusions

We demonstrated that the soluble precursor {Ni(en)3}3
[V15Sb6O42(H2O)]·ca.15H2O can be transformed in situ into
{Ni(phen)3}2[{Ni(en)2}V15Sb6O42(H2O)]·19H2O in the presence
of phen or phen containing complexes within 1 d, a transform-
ation that apparently is driven by step-wise ligand exchange.
This reorganization of the constituents induces formation of a
chain structure consisting of Ni2+-centered complexes and
anionic cluster shells, in which large and highly ordered water
clusters are embedded. The usage of soluble precursors for the
synthesis of new POV compounds leads to a dramatic shorten-
ing of the reaction time compared to usual POV synthesis.

Experimental

Both precursor compounds {Ni(en)3}3[V15Sb6O42(H2O)]·ca.15H2O
(I) and [Ni(phen)3](ClO4)2·0.5H2O were synthesized as described
in literature.19,50 The compound {Ni(phen)3}2[{Ni(en)2}
V15Sb6O42(H2O)]·19H2O (II) was prepared under solvothermal con-
ditions in DURAN glass tubes (inner volume 11 mL) at 150 °C.
[Eu(phen)2(NO3)3] was synthesized by dissolving 5.009 g
(14.80 mmol) Eu(NO3)3·6H2O in 50 mL ethanol and adding a

solution of 2.027 g phen in 20 mL ethanol. The colorless precipi-
tate was obtained after 1 d (32% yield). The [Cr(phen)2Cl2]Cl
complex was synthesized by refluxing a mixture of 0.040 g
(2.5 mmol) CrCl3·6H2O, 0.010 g (1.5 mmol) Zn powder in 25 mL
methanol for 20 min. Subsequently 0.901 g (5.0 mmol) phen were
added and refluxed for 1 h.51

Synthesis of II: 0.167 g (0.055 mmol) of I were mixed with
0.1140 g (0.165 mmol) of [Ni(phen)3](ClO4)2·0.5H2O in 4 mL
dist. H2O and heated at 150 °C for 1 d. Yield: 83%, based on
V. Elemental analyses: C 23.14, H 2.34, N 5.62%; calcd for
C76H104Ni3N16O62Sb6V15: C 23.38, H 2.34, N 5.74%.

Further experiments were performed to investigate the
ligand exchange reaction (reaction time: 1 d; T = 150 °C).
Varying the amount of [Ni(phen)3](ClO4)2·0.5H2O from 50 to
150% always afforded crystallization of II with no significant
changes of the yield. However, using larger concentrations of the
complex leads to crystallization of the excess together with
compound II. Adding en (0.1–0.5 mL) blocks the formation of II.

When using [Eu(phen)2(NO3)3] or [Cr(phen)2Cl2]Cl as pre-
cursor complexes, compound II is formed. Most importantly,
adding only phen instead of any preformed complexes also
leads to crystallization of II. Applying a large excess of phen
(0.33–0.66 mmol) formation of II is also observed.

Compound II was characterized by elemental (CHN) ana-
lysis, energy dispersive X-ray analysis (EDX), differential
thermoanalysis and thermogravimetry (DTA-TG) and IR
spectroscopy as well as single crystal structure analysis (see ESI
Fig. S1–S3 and Tables S1, S2†). X-ray powder diffraction patterns
(XRPD) of the products obtained after the different syntheses are
displayed in Fig. S4 and S5.† All chemicals were purchased
(NH4VO3, NiCl2·6H2O, Sb2O3, CrCl3·6H2O, Eu(NO3)3·6H2O
(Merck), ethylenediamine (Fluka), phenanthroline, Ni(ClO4)2·
6H2O (ABCR)) and used without further purification.

Spectroscopic investigations

The IR spectra were measured in the 400–4000 cm−1 range
using a Genesis FTIRTM spectrometer (ATI Mattson).

Elemental analysis

CHN analyses were performed using an EURO EA Elemental
Analyzer from EURO VECTOR Instruments.

Differential thermoanalysis and thermogravimetry

Thermogravimetry analysis were performed in Al2O3 crucibles
using a Netzsch STA-409CD instrument heating the sample
under a nitrogen atmosphere with a constant flow rate of
75 mL min−1 and a heating rate of 1 K min−1.

EDX analyses

EDX measurements were performed using a Philips
Environmental Scanning Electron Microscope ESEM XL30
equipped with an EDAX detector.

X-ray powder diffraction

The X-ray powder patterns were recorded using a STOE
STADI-P diffractometer (transmission geometry, Cu-Kα radi-
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ation (λ = 1.540598 Å)) to determine the phase purity of the
reaction product comparing the experimental pattern with that
calculated from single crystal X-ray data.

Magnetic measurements

A Quantum Design MPMS-5XL SQUID magnetometer was used
to collect magnetic susceptibility data of II. The polycrystalline
sample was compacted and immobilized into cylindrical PTFE
capsules. The data were acquired as a function of the field
(0.1–5.0 T at 2.0 K) and temperature (2.0–290 K at 0.1 T).
The data were corrected for the diamagnetic contributions of
the sample holder and the compound (χdia = −1.93 × 10−3

cm3 mol−1).

Single crystal structure analysis

Data collection was performed with a STOE Imaging
Plate Diffraction System (IPDS-1) with Mo-Kα radiation (λ =
0.71073 Å). A numerical absorption correction was performed
(Tmin/max: 0.5232/0.7241). The crystal structure was solved with
the SHELXS-97 51 and refined against F2 using SHELXL-2014.52

All non H atoms were refined anisotropic. The C–H and N–H
H atoms were positioned with idealized geometry and refined
isotropic using a riding model. Most of the O–H H atoms were
located in difference maps, their bond lengths were set to
ideal values and finally, they were refined isotropic using a
riding model. One water molecule is disordered over two posi-
tions and was refined using a split model. Two additional
water positions are not fully occupied. For the last three O
atoms the H atoms could not be located but were considered
in the calculation of the formula.

Crystallographic data (excluding structure factors) for the
structure in this paper have been deposited with the CCDC
(No. 1504150).
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