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Two supramolecular compounds  [Fe(2,2'- blpy)3]2[VVVf)VO;g(Cl)] 4.67TH,O (1) and
[Ni(enMe)3]2[H4V¥V 036(CD)]-2H,0 (2) have been prepared under hydrothermal conditions
and characterized by elemental analyses, IR, TGA, ESR, magnetic properties, and single crystal
X ray diffraction analyses. Crystal data for 1: tetragonal, [-42d, a=13.6043(19),

=13.6043(19), ¢=50. 544(10)A V'=9354(3) A%, for 2: hexagonal, P6(3)/m, a=12.6046(12),
b_ 12. 6046(12) c=22. 563(5)A V'=3104.4(7) A3 Compound 1 is constructed from cations
[Fe(2,2-bipy)s]**, polyoxovanadates [V5 V9V033(Cl)] and water molecules. Compound 2 is
composed of cations [Ni(enMe);]**, clusters [H4Vy VIIXO%(CI)] and water molecules. There
are hydrogen-bonding interactions between polyoxovanadates, organic moieties, and/or water
molecules in 1 and 2, forming different 2-D layered networks.

Keywords: Crystal structure; Hydrothermal synthesis; Polyoxovanadates; Hydrogen bonds;
Supramolecular framework

1. Introduction

In the past 30 years supramolecular chemistry has developed at a tremendous rate,
driven by the growing knowledge regarding synthetic and characterization methods for
complex structures [1]. The directed assembly of supramolecular arrays from discrete
molecular building blocks is of significant interest with potential applications in
catalysis, molecular electronics, sensor design, and optics [2, 3]. In construction of
supramolecular materials, one strategy is using low-dimensional building blocks to
extend to high-dimensional networks through weak intermolecular interactions,
including hydrogen-bonding, = ---m stacking, and van der Waals interactions, etc.
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The hydrogen bond is the most familiar organizing force in supramolecular assemblies
by virtue of its strength and directionality to control short-range packing [4].

The spherical surface of POMs gives an opportunity for hydrogen bonds and
extensive efforts have focused on the design and assembly of such kind of
supramolecular architectures [5, 6].

Usually, POMs are based on early transition metals such as V, Mo, W, Nb, or Ta, or
mixtures of these elements [7], and polyoxovanadates, especially mixed-valence ones,
form a prominent subclass due to their topological structures and rich electronic
and magnetic properties [8, 9]. A charming feature of polyoxovanadates is the
occurrence of different types of polyhedra ({VO4}, {VOs}, and {VOg}), of which the
{VOs} pyramids with partly or fully reduced V'V polymerize into shell or cage clusters
which have topological similarities to fullerenes and structural relations to layers
of V,0s5 [10, 11].

We are interested in assembly of polyoxovanadate-based supramolecular hybrid
complexes containing transition metal coordination subunits, for such complexes may
exhibit interesting supramolecular structures [12, 13]. As a continuous effort on
polyoxovanadate clusters [12], we succeeded in synthesizing two new POM-based
supramolecular compounds, [Fe(2,2’—bipy)3]2[V¥VgVO3g(Cl)]~4.67H20 (1) and
[Ni(enMe)3]2[H4V¥VIIX036(Cl)]-2H20 (2), and this article deals with syntheses and
structures of 1 and 2. The crystal structure analyses reveal that the clusters, metal-
organic coordination complexes, and/or water molecules construct high-dimensional
supramolecular networks through hydrogen bonds, resulting in 2-D layered structures
for 1 and 2, respectively.

2. Experimental

2.1. Material and methods

All chemicals were of reagent grade. C, H, and N elemental analyses were carried out on
a Perkin-Elmer 2400 CHN clemental analyzer. Infrared spectra were recorded as KBr
pellets on a Perkin-Elmer SPECTRUM ONE FTIR spectrophotometer. TG curves
were performed on a Perkin-Elmer TGA-7000 thermogravimetric analyzer in flowing
air with a temperature ramp of 10°Cmin~'. ESR spectra were completed on a Bruker
ER 200D-SRC spectrometer.

2.2. Syntheses

2.2.1. Synthesis of [Fe(2,2'-bipy)s]s[V) Vi¥ O35(C)]+4.67H,0 (1). Compound 1 was
hydrothermally synthesized in 75% yield (based on V). A mixture of FeCls-2H,0
(0.46 g, 2.84 mmol), NH4VO; (0.39 g, 3.33 mmol), H,C,0,4-2H,O (0.21 g, 1.67 mmol),
2,2'-bipy (0.156 g, 1 mmol), and H,O (15mL, 167 mmol) was adjusted to pH =15 with
vigorous stirring and then sealed in a 25 mL Teflon-lined stainless steel autoclave and
heated at 160°C for 3 days. After cooling to room temperature, black block crystals
were isolated, washed with water, and dried at ambient temperature. Anal. Calcd
for C60H57A32C1FC2N12042A67V16 (%) C, 278, H, 223, N, 649, V, 3145, Cl, 1.37.
Found (%): C, 27.71; H, 2.31; N, 6.54; V, 31.39; Cl, 1.43.
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2.2.2. Synthesis of [Ni(enMe)s]o[HsVY VLY O36(CD]I-2H,O (2). Compound 2 was
prepared in the same way (pH =35, 160°C for 3 days) as that of 1 in 81% yield (based
on V), but using NiCl, - 6H,O (0.39 g, 1.65 mmol), NH;VOs (0.72 g, 6.15 mmol), enMe
(0.36 mL, 4.23 mmol), H,C>O4-2H,0 (0.24 g, 1.90 mmol), and H,O (15mL, 167 mmol)
as the reactants. Black block crystals were obtained. Anal. Caled for
C18H67,98C1N12Ni2038\715 (0/0): C, 1094, H, 347, N, 850, V, 3865, Cl, 1.83.
Found (%): C, 10.86; H, 3.50; N, 8.52; V, 38.57; CI, 1.79.

2.3. X-ray crystallography

The reflection intensity data of 1 and 2 were collected on a Bruker Apex II
diffractometer equipped with graphite monochromated Mo-Ka (41=0.71073 A)
radiation at room temperature. A total of 39,018 (4648 unique, R;, =0.0744)
reflections of 1 (—1<h<16,—-16<k<16,—62<[<62, 2.27 < < 26.11) were mea-
sured, while a total of 26,282 (2108 unique, R;,;=0.0790) reflections of 2
(—15<h=<15,—-15<k<15,-27<1<27, 2.07 <60 <26.05 were measured. Both
structures were solved by direct methods and refined using full-matrix least-squares
on F* using SHELXTL-97 crystallographic software package. Anisotropic thermal
parameters were refined for all non-hydrogen atoms except OW1, OW2, and OW3 in 1
and Olw in 2. All hydrogens of the ligands were placed in geometrically calculated
positions and refined with fixed isotropic displacement parameters using a riding model;
those of water molecules were not located. A summary of the crystallographic data and
structure refinements for 1 and 2 are given in table 1.

Table 1. Crystal data and structure refinement parameters for 1 and 2.

Compound 1 2

Empirical formula
Formula weight

C15H14.33Clg 25Fe).sN3010.67V4
647.85

C3Hi.33Clo.17N2Nig 3306.33V2 5
329.64

Crystal system Tetragonal Hexagonal
Space group . 1-42d P6(3)/m
Unit cell dimensions (A)

a 13.6043(19) 12.6046(12)
b 13.6043(19) 12.6046(12)
c 50.544(10) 22.563(5)
v (A%) 9354(3) 3104.4(7)
V4 16 12

Dcatea (kgm™3) 1.840 2.116
Absorbance coefficient (mm™") 1.933 2.869

0 range (°) 2.27-26.11 2.07-26.05
Completeness 99.7% 99.9%
F(000) 5119 1964
Crystal size (mm?) 0.601 x 0.256 x 0.449 0.33 x 0.31 x0.31
Reflection collected 39,018 26,282
R(int) 0.0744 0.0790
Independent reflections 4648 2108
Goodness-of-fit 0.858 1.082

Final R indices [/ > 20(D]*

R, =0.0641, wR,=0.1877

R, =0.0786, wR,=10.2346

Ry = Z||Fo| = |Fll/ZIF); wR=[Zw(F2 — F2)o/Sw(F2)7]'>.
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3. Results and discussion

3.1. Synthesis

Several well-characterized compounds containing the {V;403g} anion but with different
numbers of reduced vanadium(IV) sites [13—19] were synthesized with pH values from
4 to 5 except [{Cu(1,2-pn),}7{V16033(H>0)},] - 4H,0 [14] (did not report the pH value),
K o[H,V16035] - 13H,0 [15] (pH = 12-14), and Ni(en);{V}} V¥ O3 CI[Ni(en),]s} - 8.5H,0
[16] (pH=9), as for 1 (pH=5). However, the pH values for compounds
containing {V;5036} anion [17, 18] range from 5 to 7 except [NH3(CH,)sNH;s]s
[V15036(CDI(NH3)s(H20)5 [20] (pH =2), [Cu(enMe)>]5[V15036(CD]-2.5H,0 [21] and
(NMey)e[V15036(Y)]-4H,O (Y=CI" or Br7) [22] (did not report the pH value),
indicating that the reaction conditions for synthesis of {V;5034} anion is easier to
control than that for {V403g}, which was first prepared in 1990 [22]; here, the pH value
for 2 (pH=15) was in the range. Ordinarily, pH is the most important factor for the
preparation of POM compounds with minor deviation resulting in different assembly
[18]. However, the {V 4035} and {V503¢} anions for 1 and 2 were synthesized at the
same pH (pH=15), reaction temperature, and reaction time. Therefore, starting
reactants play a key role in the syntheses showing that starting reactants significantly
influence the self-assembly under hydrothermal conditions. The syntheses of 1 and 2 are
summarized in scheme 1.

The H,C,04-2H,0 is a universal reducer in mixed-valence polyoxovanadate systems
because of its weak reducibility; its presence is crucial to obtain the two products.
Attempts to synthesize 1 and 2 without oxalic acid were unsuccessful.

3.2. Description of crystal structures

3.2.1. Crystal structure of 1. Single-crystal X-ray diffraction analysis reveals that 1
(figure 1) is built up from [Fe(2,2-bipy);]*" cations, [V¥V£VO38(C1)]6* anions
(shortened as V16), and lattice water molecules. The V16 polyanion exhibits a shell
structure with approximate S, symmetry, encapsulating a guest CI™ at its center. The
host shell consists of 16 {VOs} distorted square pyramids sharing edges and corners, of
which 16 vanadiums are distributed to the surface of the shell with average radius of
3.54 A to the central CI~. Selected bond lengths and angles are given as table S1 in
“Supplemental material”. Three kinds of O atoms exist in this cluster, 16 O atoms, 2 -
O, and 20 p3-O atoms. The V-0 bond lengths [V-Oqerm, 1.588(7)-1.622(6) A; V-1,-
o, 1.847(5)1& and V-us3-0, 1.860(6)-2.156(7) A] are comparable with reported com-
pounds [13-19].

The BVS [23] value for the iron is 3.28, confirming the oxidation state of Fe in 1. BVS
values of vanadium atoms V(1)-V(4) are 4.56, 4.47, 4.28, and 4.58, respectively, the
average value is 4.47, very close to the expected value 4.44 for V;’V;V. The V16 anion is

NH,VO, FeCl,-2H,0, 2,2"-bipy

H,C,0,2H,0

H,0

[Fe(2.2"-bipy),],[VY,V"Y,0,(CD]-4.67H,0 (1) J

NiCl,-6H,0, enMe [Ni(enMe),L,[[H,V,"V, V0O, (C1)]]-2H,0 (2) ]

Scheme 1. Schematic diagram of the assembly process of 1 and 2.
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assigned as [VY VO3 Cl]°". The manganometric titration of 1 against a standardized
KMnOy, solution revealed the presence of nine vanadium(IV) sites per formula unit of
1 [24], consistent with the color of the crystals, results of bond valence sum calculations,
crystallographic data, and charge balance requirements. The oxidation state assign-
ments of the V16 cluster in 1 is different from reported polyoxovanadates, such as
[VIVVYOs5]"™ [14], [VIY VY O3] [15], and [VIVVY O3]’ [17].

The [Fe(2,2-bipy)s]’" in 1 exhibits a typical tri-chelated coordination mode where
Fe(I11) ion is surrounded by six nitrogens from three bidentate 2,2’-bipy with Fe-N
distances 1.943(7)-1.986(9) A. The two pyridyl rings in each 2,2’-bipy ligand are almost
coplanar. Only a few compounds containing iron complexes with POMs were
synthesized under hydrothermal conditions with four iron-containing POM systems
reported [25, 26], three of which were reported very recently, though the synthesis of
iron-based POM materials has been extensively explored under normal bench
conditions [26].

There are two kinds of hydrogen bonds in 1 between terminal oxygens of clusters
and lattice water molecules and oxygens of clusters and carbons of bipy. As shown in
figure 2, a novel 2-D supramolecular array is constructed from V16 clusters and
[Fe(2,2-bipy);]* " via C-H - - - O hydrogen bonding interactions. Two [Fe(2,2’-bipy)s]*"
moieties in the supramolecular array could be considered secondary building units
(SBU) [27] with Fe-Fe distance of 7.695(3)A. Each SBU as a linker joins four
adjacent V16 clusters through hydrogen bonds between eight carbons from the SBU
and eight oxygens from four V16 anions; alternatively, V16 anions are further linked
to four SBUs through hydrogen bonds between ecight oxygens of the V16 cluster
and eight carbons of four SBUs, the distances of hydrogen bonds (C-H---0O) is
3.045-3.135A. C-H---O plays a key role in forming the supramolecular architecture.
In addition, there are hydrogen bonds between oxygens of lattice water molecules
and oxygens of V16 clusters with the shortest distance (Owl-H---06) 3.005 A.
Synergistic interactions increase the stability of 1, resulting in new 2-D supramolecular
layers.

Figure 1. Structure of the polyoxovanadate [Fe(2,2/-bipy)3]2[V¥V;VO3g(Cl)] -4.67H,0.
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Figure 2. The 2-D layer network structure of 1.

The array of 1, a topology-view shown in figure 3, presents a beautiful grid-like
structure. Each grid “cell” consists of two V16 clusters and two SBUs, which are
connected alternately. The “cell” is further linked into a 2-D layer by sharing “edges”.
The centroid—centroid distance of the clusters is 13.604(2) A, while the distance of the
SBUs is also 13.604(2) A.

3.2.2. Crystal structure of 2. As shown in figure 4, 2 consists of [Ni(enMe);]*" cations,
spherical mixed-valence [V5034(C1)]*~ polyanions (shortened as V15) and lattice water
molecules. The V15 shell with approximate D5, symmetry is constructed from 15 edge-
and corner-sharing {VOs} square pyramids with apical and basal V-O bond distances
in the range 1.588(6)-2.047(6) A. The average distance of Cl™ ion from the V atoms of
the shell is 3.432A. In the V15 anion, oxygens can be divided into three groups, 15
terminal O; atoms, 3 u,-O, and 18 u;3-O atoms. The V atoms exhibit only one
coordination mode, distorted {VOs} square pyramid, which share edges and corners
forming shell structure through u,- and ©3-O atoms.

By bond valence sum calculations [23], the Ni atom in 2 has a value of 1.733,
indicating that the oxidation state of Ni is 2, while V gives values of 4.674 for V(1),
3.977 for V(2), and 4.591 for V(3). The average oxidation state of V atoms is 4.41, close
to the expected value 4.33 for [V;’VIIXO%(CI)]S_. To balance charge, four additional
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Figure 3. The topology view of the layer of 1; the big ball represents the V16 and the small ball represents
the SBU. The dashed line represents the hydrogen bond.

Figure 4. Structure of the polyoxovanadate [Ni(enMe)3]2[H4V;’V{‘O’O_;G(Cl)] -2H,0.
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Figure 5. The 2-D layer network structure of 2.

protons are required, which could not be located experimentally. The manganometric
titration of 2 against a standardized KMnO, solution revealed the presence of
10 vanadium(IV) sites per formula unit of 2 [24], consistent with the color of the
crystals, results of bond valence sum calculations, crystallographic data, and charge
balance requirements.

The nickel site of [Ni(enMe)s]** exhibits a distorted octahedron of six nitrogens from
three enMe ligands with Ni—N distances ranging from 2.111(8) to 2.118(8) A. The
closest distance between terminal oxygen atoms of V15 polyoxoanion and carbon
atoms coming from enMe is in the range 3.557(1)-3.570(1) A, indicating interactions of
polyoxoanions and cations are very weak (Supplemental material, figure S1).

As shown in figure 5, there is an extensive 2-D supramolecular layer consisting of V15
clusters and lattice water molecules through hydrogen bonds in 2, with this layer
parallel to the crystallographic ab plane. Two water molecules in the layer of 2 can be
considered as an SBU with the distance of 3.894 A between the two water molecules,
indicating that there is no hydrogen bonding interaction in the SBU. However, each
SBU joins three V15 anions through hydrogen bonds between oxygens coming from
water molecule of the SBU and six terminal oxygens of three V15 anions; alternatively,
each V15 anion connects three adjacent SBUs through hydrogen bonds between
six terminal oxygens of the V15 anion and six oxygens from three SBUs, generating
large hexagonal channels which are filled with [Ni(enMe);]**. The hydrogen bond
distances are 2.941(8) A. In this way, an extensive 2-D supramolecular structure in
2 is formed.

The array of 2 (figure 6) presents a beautiful honeycomb structure. Each honeycomb
“cell” consists of three V15 clusters and three SBUs. The ““cell” is further linked into
a 2-D layer by sharing “edges”. The centroid—centroid distance of the clusters is
12.605(1) A, while the distance of the SBUs is 12.605(1) A.
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Figure 6. The topology-view of the layer of 1; the big ball represents the V15 and the small ball represents
the SBU. The dashed line represents the hydrogen bond.

3.3. Characterization of the compounds

3.3.1. IR spectra of 1 and 2. The IR spectrum of 1 shows intense bands at 980, 773,
734, and 659 cm ™" ascribed to the W(V=0) and v(V—O-V) vibrations. Compound 1 also
possesses a series of bands in the region 1064-1626cm ™" attributed to 2,2’-pyridine. A
broad band at 3418 cm ™' is associated with water. The infrared spectrum of 2 exhibits
stretching bands of NH,— and CH,— in the region 2963-3748 cm ™. Bands in the region
1676-1162cm™" can be attributed to the characteristic vibrations of enMe and a strong
band at 974cm ™" can be assigned to V=0 bonds. A series of bands in the 515-794 cm ™"
region are characteristic of v(V-0-V).

3.3.2. Thermogravimetric analyses. The thermogravimetric analyses were carried out
in flowing air with a heating rate of 10°Cmin~"' in the temperature range 25 to 800°C
for 1 and 2, as shown in “Supplementary material””. The TGA curve of 1 is similar to
that of 2. Both show weight loss occurring from 25 to 620°C that cannot be divided into
individual stages. In the temperature range from 25 to 375°C, both compounds
gradually lose weight, while in the range 375 to 475°C, weight loss is rapid. The whole
weight loss of 1 is 38.89%, corresponding to loss of six 2,2’-bipy molecules and lattice
water molecules per-formula unit, while the total reduction of 2 is 25.32%, attributed to
release of four crystal water molecules and six enMe ligands. The observed weight losses
(38.89 and 25.19%) are consistent with calculated values (39.30 and 24.51%). There is
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Figure 7. Temperature dependences of the reciprocal magnetic susceptibility x3; (o) and the product
Merr (LJ) for 1.

slight increase of weight of 1 and 2 between 535 and 572°C, indicating oxidative
processes. Upon further heating, there is no weight change up to 650°C.

3.3.3. ESR spectra for 1 and 2. The ESR spectra (Supplementary material) for 1 and 2
performed at room temperature (298 K) on crystalline samples show Fe'" signals with
g=2.00 for 1, and the Ni" signals with g=2.11 for 2, consistent with valence sum
calculations for 1 and 2.

3.3.4. Magnetic properties of 1 and 2. Preliminary magnetic studies have been
performed on powdered samples of 1 and 2 in the range 4-300 K. The temperature
dependence of the magnetization was studied in a 1000 Oe field. Figure 7 shows the
magnetic behavior of 1 in the form of per versus T and Xi/[l versus T plots. Upon
cooling, ueyp continuously decreases, indicating the presence of antiferromagnetic
exchange interactions. The room temperature value of pee (1.12 uB) of 1 is smaller than
the expected value of pegr (13.772 uB) for nine uncoupled S = 1/2 spins of V** atoms and
two uncoupled S = 5/2 spins of Fe*>" (assuming g =2.00 for V** and g =2.05 for Fe**"),
indicative of antiferromagnetic coupling. The magnetic data of 1 obey the Curie-Weiss
law from 50 to 300K, and give values C=0.16emumol 'K and #=—11.89K,
characteristic of antiferromagnetic interactions of 1. Unfortunately, it is not easy to fit
the experimental magnetic data of this hetero-polymetallic spin system using suitable
theoretical models [28].

The magnetic behavior of 2 is more interesting, figure 8, in the form of e versus
T and xy versus T plots. The py first decreases to 5.58 uB upon cooling from
room temperature to 110K and then increases to 5.71 uB from 110 to 45K and
from 45 to 34K, the uey decreases again to 5.65uB, from 34 to 14K, the e
increases again to 5.69 uB, from 14 to 4K, it continuously decreases and finally
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Figure 8. Temperature dependences of the reciprocal magnetic susceptibility x3; (o) and the product
Merr (LJ) for 2.

reaches 5.49 uB. Unfortunately, it is not easy to fit the experimental magnetic data
of this hetero-polymetallic spin system using suitable theoretical models [28]. The
room temperature value of per (5.74 uB) of 2 is smaller than the expected value of
terr (9.877uB) of the 10 uncoupled S=1/2 spins of V** and two uncoupled S=1
spins of Ni** (assuming g=2.00 for V*' and g=2.2 for Ni*"), indicative of
antiferromagnetic coupling. The magnetic data of sample 2 obey the Curie—Weiss
law in the 100-300 K temperature region, and give values C=4.13emumol™'K and
0= —6.57K, characteristic of antiferromagnetic interactions of 2.

4. Conclusion

We have prepared and described two cage-like polyoxovanadates with metal-organic
complexes, linked via various hydrogen bonds, enhancing the stability of the structures.

Supplementary material

CCDC reference numbers: 693798 for 1 and 693799 for 2.
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