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Abstract: Hydrothermal synthesis, crystal structure and
properties of a new heterometallic coordination polymer
[(VO(terpy))4(MoO,),(Mog026)]-2H,0 (1) (terpy = 2,2';6",2"-ter-
pyridine) are reported. Compound 1 contains two crystallo-
graphically unique vanadium(IV) atoms, bonded to a
terminal oxido ligand and further coordinated to a terpy
ligand. The three N atoms of terpy occupy the meridional
sites of a distorted {VN30s} octahedron. A y-octamolybdate
(MogO4)"™ located on an inversion centre and a tetraox-
idomolybdate (MoQ,)*" function as bridging ligands. The
p5-bridging tridentate binding of (MoO,)* leads to the for-
mation of a {V,Mo0,0;,}** cationic unit consisting of an eight-
membered heterometallic {Mo,V,0,} ring with protruding
oxidovanadium handles. A pair of {V,M0,0;,}** units are
bridged by the centrosymmetric (MogO,¢)* ligand, resulting
in the formation of an infinite chain of alternating
{V,Mo0,0,5}** cations and (Mog0O,¢)*™ anions.

Keywords: y-octamolybdate; bridging ligand; coordina-
tion polymer; tetraoxidomolybdate; vanadium.

Dedicated to Professor Christian Ndther on the occasion of his 60th
birthday.

1 Introduction

Polyoxometalates (POMs) are discrete anionic transition
metal clusters having unique topologies, nuclearities and
electronic versatilities. The isopoly- and heteropolyanion
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ligands

clusters usually contain symmetrical core assemblies of
metal-oxido motifs (M = V, Mo, W) and often adopt quasi-
spherical structures of considerable topological interest
[1, 2]. POMs are formed in condensation processes of simple
anions in solution under different temperature and pH
(mainly acidic) conditions [3, 4]. Due to their promising
biological applications [5, 6] POMs are actively used as
metallodrugs. In recent years, they are gaining importance
for their antitumor, antiviral, antibacterial, anticancer ac-
tivities [6]. In addition, these compounds exhibit remarkable
redox properties and thus find potential applications in
several areas viz. catalysis, medicine, electrochemistry,
magnetic materials etc. [7-12]. The concept of hybrid poly-
oxometalates has emerged in recent years. These post-
functionalizable hybrid-POMs serve as building blocks due
to structural diversity in such a way that they allow coupling
of properties of POMs with different organic and inorganic
metal cation functionalities making them useful in (photo)
catalysis, bioinorganic chemistry and material science
[13, 14]. The structural, electronic and magnetic properties of
well-known polyoxovanadates (POVs), such as the robust
[VV,50,,]"* polyoxoanion can be altered by replacement of
V by elements like Si-, Ge-, As- or Sb to form decorated
heteroPOVs. The four general families of POVs are: fully-
oxidised (V), mixed-valent (VV/V" or VIV/V™), “fully-reduced”
(V) and “highly-reduced” (V') species [15-17].

The chemistry of POVs is dominated by the deca-
vanadate anion [V;00,5]®” containing the fully oxidised V'
ion [18-20] and several examples of structurally charac-
terized decavanadates charge balanced by a variety of
counter cations are listed in the Cambridge Structural
Database [21]. As in the case of other early transition metals
like Mo and W [22, 23], decavanadates can be readily
obtained by treatment of V,05 with a limited amount of
base [24] or by acidification of tetraoxidovanadate/meta-
vanadate solution in the presence of appropriate counter
cations [25-28]. Unlike decavanadates, the fully reduced
POVs containing V'V are air-sensitive as evidenced by the
report on the Na' or K* salt of [VIV150,,]"%" [29]. In this
spherical polyoxoanion each of the eighteen V** cations is
coordinated by five oxygen atoms, one of which is unshared
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pointing outwards of the cluster shell, which is a typical
structural feature in the chemistry of the vanadyl [VO]*
moiety. The stringent air-free conditions required to access
V* species in aqueous chemistry can be overcome
in hydrothermal reactions by use of a N-donor ligand as
structure directing agent as evidenced by the synthesis
of the heterometallic compounds [VO(n'-MoQ,)(tren)]-H,0
(tren = tris-2-aminoethylamine), [VO(u3-MoO,)(bpy)] (bpy =
2,2-bipyridine) etc. [30-32]. During the course of our
investigations aimed at the synthesis of mixed metal hybrid
organic compounds, we obtained a new heterometallic coor-
dination polymer [(VO(terpy)),(Mo0Q,),(Mog0,s)]-2H,0 (1),
(terpy = 2,2';6’,2”-terpyridine) containing bridging y-octa-
molybdate (MogO,c)"™ and tetraoxidomolybdate (MoO,)*
ligands. Details of the hydrothermal synthesis, spectral
characterization and structure of 1 are described in this
report.

2 Results and discussion

2.1 Synthetic aspects, spectral and thermal
studies

The oxidovanadium(IV) containing compound 1 was pre-
pared by a hydrothermal reaction of molybdic acid, sodium
metavanadate and 2,2:6’,2”-terpyridine as dark green
crystalline blocks. A comparison of the experimental
powder pattern of a bulk sample of 1 with that of the
calculated pattern (Figure S1) reveals the formation of a
phase pure product. In this reaction the N-donor serves as a
structure directing ligand as well as a reducing agent. The
formation of a [VO]*" containing compounds starting from
V** reactants in the presence of N-donor ligands under
hydrothermal conditions is a well-known synthetic meth-
odology in the literature [30, 32]. The presence of V** is
confirmed by the characteristic ESR signal centred at
g = 1.987 of a polycrystalline sample of 1 (Figure S2). The
infrared (IR) and Raman spectra (Figures S3 and S4) of 1
exhibit several characteristic bands. The broad IR band
centred at around 3410 cm ™ and the signal at 1609 cm ™ can
be attributed to the stretching and bending vibrations
respectively of the —OH moiety of lattice water. The IR
spectrum also consists of peaks arising due to V-0 (ter-
minal) and various Mo—O0 stretching vibrations at 946, 893,
796, 725, 672, 543, 452 cm™'. The intense Raman signal at
968 cm™' can be assigned for a vibration of the y-[MogQ]*~
unit [33]. The TG-DTA curves of 1 exhibit an initial mass loss
of 1.2% (Calcd: 1.3%) accompanied by a weak endothermic
signal centered at 92 °C assignable for the loss of coordi-
nated water (Figure S5). This is followed by an exothermic
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peak at 440 °C corresponding to a large mass loss of 34.5%.
This value is in close agreement with the calculated value
of 34.0% for loss of the organic ligand. The residual mass of
64.3% (Calcd. 65.8%) can be assigned for the formation of a
phase of composition V,M050,¢.

2.2 Description of the crystal structure of 1

The title coordination polymer 1 [(VO(terpy)),(MoO,),(MogO)]-
2H,0 crystallizes in the centrosymmetric triclinic space
group P1. Its structure consists of a crystallographically
unique y-(MogO4)* anion located on an inversion centre,
an independent tetraoxidomolybdate (MoO,)*" dianion,
two crystallographically unique (VO(terpy))** moieties and
a lattice water molecule (Figure 1). Both the unique vana-
dium V1 and V2 species are bonded to a terminal oxido
ligand O1 and 02, respectively, and are further coordinated
to a terpy ligand, whose three N atoms span the meridional
sites of a {VN503} octahedron. The geometric parameters of
the two crystallographically unique terpyridine ligands
bonded to V1 and V2 are in normal range (Table S1).

The first unique V** (V1) is further bonded to two ox-
ygen atoms (05 and 06) of (MoO,)*” while the second in-
dependent V (V2) is bonded to 04 of (MoO,)*> and 07 of
(MogO46)"~ completing the {VN50;} octahedron. The ter-
minal oxido ligands O1 and O2 make the shortest V-O
bonds (Table 1). Unlike the V-0 distances which range
from 1.5940(17) to 2.1833(16) A for V1 (1.5998(16) to
2.1198(16) for V2), the V-N bond distances scatter in a
narrow range between 2.0643(18) and 2.149(2) A for V1
(2.0452(18) and 2.131(2) for V2). Bond valence sum of the
V-N and V-0 bonds for V1 and V2 were determined using
the VaList program [34]. The values of 3.77 and 3.81 for V1
and V2 reveal that the unique vanadium atoms can be
formulated as V(IV). The cis- as well as the trans- O—V-N or
N-V-N angles deviate from ideal values and cover a wide
range (76.36(8) to 101.97(7) and 152.35(8)° to 178.54(8)° for
V1; 76.83(8)° to 104.11(7)° and 151.79(8)° to 177.15(9)° for V2)
indicating a distortion of the {VN5;0;} octahedron. The
Mo-0 bond lengths of the tetrahedral (MoO,)*” anion range
from the shortest Mo—03 bond of 1.7159(19) to 1.8042(16) A
for Mo—06. The binding of 06 with V1 can explain the
elongation of the Mo—06 bond. The O—Mo—0 bond angles
range from 107.79(7)° to 112.53(8)° indicating a slight
distortion of the {MoO,} tetrahedron.

The tetraanionic octamolybdate (MogO4)*™ is well-
known to exhibit polymorphism and several polymorphic
modifications are well documented in the literature
[35-44]. Although the a- and B-modifications are more
often encountered, other polymorphic forms like y, 6, € etc.
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Figure 1: The asymmetric unit of 1 showing sixfold coordination around V1and V2. Displacement ellipsoids are drawn at 30% probability level for
all the non-hydrogen atoms. Intramolecular H-bonding is shown as broken lines. For clarity, symmetry generated atoms are labelled in blue.

Symmetry code: (i) —x, -y + 1, -z + 1 (i) x+ 1, -y + 2, -z + 2.

are also known (Table S2). The centrosymmetric (MogO,s)*™
unit in 1 which consists of three unique octahedrally sur-
rounded Mo atoms (Mo2, Mo3 and Mo4) and the penta-
coordinated Mo5 atom (Figure S6) is a y-modification of
(MogO4¢)"™ and the 13 unique O atoms can be classified
under four types viz. i) the terminal oxido (O,) ligands 07,
08, 012, 015, 016, 018 and 019, ii) p,-bridging oxido li-
gands 09, 010, 017 iii) ps-bridging 013 and 014 iv) -
bridging 011. The terminal Mo—O; bond distances range
from 1.6884(16) to 1.7605(15) A. 07 which makes the longest
Mo2-07 distance of 1.7605(15) A has also a bond to V2, which
can explain its elongation. Unlike the terminal oxygen
atoms, the bridging oxido ligands exhibit longer Mo-O
distances which scatter in a wider range viz. 1.7648(15)—
2.2146(15) A for p,-bridging ligands, and 1.8995(15)-
2.3318(15) A and 1.8973(14)-2.5049(14) A for ps- and
W4-bridging ligands respectively.

Oxidovandium(IV) compounds containing mono-
dentate and bridging (MoO,)*" ligand are well docu-
mented in the literature [30, 32]. Compound 1 is unique
due to the presence of two different Mo-based ligands viz.
(Mo0,)* and (Mog0O»)*". To the best of our knowledge no

other V#* compound is known containing coordinated
(Mo0,)*” and (MogO,¢)*™ ligands. Zubieta and coworkers
reported an example of a three-dimensional Cu(II) com-
pound [{Cu,(Ly)}{y-MogO6H{M00,},]-2H,0 (entry 4 in
Table S2) containing two differing molybdate ligands [37].

The p5-bridging (MoO,)*" dianion binds to two sym-
metry related V1 atoms via O5 and 06 and a V2 through 04
while the centrosymmetric (MogO,¢)* binds to V2 via 07
(Figure S7). The p;-bridging tridentate binding of (M00O,)*"
results in the formation of a {V,Mo0,05}*" cationic unit
which is composed of an eight membered heterometallic
{Mo,V,0,} ring containing one of the unique V atoms (V1in
the ring) with the other unique V atom (V2) protruding as
handles (Figure 2).

A pair of {V,Mo0,04,}*" units are bridged by a (MogO4¢)*
ligand resulting in the formation of a polymeric chain
which consists of alternating {V,Mo0,05}*" cations and
(Mog0O4¢)*™ anions (Figure 3). The H atoms attached to the
carbon atoms C4, C7, C9, C14, C16, C19, C24, C27, C29 and
C30 of the unique terpy ligands function as hydrogen do-
nors while the O atoms O1 and 02 attached to V1and V2and
the O atoms of the y-(Mog0,¢)*™ unit, viz. 08, 09, 010, 014,
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Table 1: Bond lengths and angles @A, °) of {VN305}, (M00,)*" and (Mog0,¢)*~ moieties in 1.

V1-01 1.5940(17) Mo1-04 1.7637(16) Mo3-018 1.6892(19)
V1-05 2.1833(16) Mo1-05 1.7750(16) Mo3-019 1.7029(18)
V1-06 1.9674(15) Mo1-06 1.8042(16) Mo4-010 1.7648(15)
V1-N1 2.142(2) Mo2-07 1.7605(15) Mo4-011 1.8973(14)
V1-N2 2.0643(18) Mo02-08 1.6884(16) Mo4-0111 2.5049(14)
V1-N3 2.1490(2) Mo2-09 1.8539(15) Mo4-012 1.6886(15)
V2-02 1.5998(16) Mo02-010 2.2146(15) Mo4-014 1.8995(15)
V2-04 2.1198(16) Mo2-011" 2.2450(14) Mo4-013 2.2101(15)
V2-07 2.0096(15) Mo2-013" 2.0192(14) Mo05-013 1.9076(15)
V2-N4 2.1231(19) Mo3-09 1.9724(16) Mo5-014 2.3318(15)
V2-N5 2.0452(18) Mo3-011" 2.4960(15) Mo5-015 1.7032(18)
V2-N6 2.131(2) Mo3-014 2.1297(15) Mo5-016 1.6949(19)
Mo1-03 1.7159(19) Mo3-017 1.9819(18) Mo5-017 1.8579(18)
01-V1-06 100.44(8) 08-Mo02-09 104.32(8) 011-Mo4-013 73.39(6)
01-V1-N2 100.17(8) 07-M02-09 101.46(7) 014-Mo4-013 75.28(6)
06-V1-N2 159.39(7) 08-Mo2-013' 101.14(7) 012-Mo4-011" 175.01(7)
01-V1-N1 94.12(9) 07-Mo2-013' 90.94(6) 010-Mo4-011" 75.15(6)
06-V1-N1 101.90(8) 09-Mo2-013" 148.10(6) 011-Mo4-011" 79.50(6)
N2-V1-N1 76.37(8) 08-M02-010 85.89(7) 014-Mo4-011" 71.37(5)
01-V1-N3 95.08(9) 07-Mo02-010 168.50(6) 013-Mo4-011" 83.38(5)
06-V1-N3 101.97(7) 09-M02-010 82.54(6) 016-Mo5-015 105.15(10)
N2-V1-N3 76.36(8) 013"-M02-010 80.42(6) 016-Mo5-017 101.46(9)
N1-V1-N3 152.35(8) 08-Mo2-011" 158.66(7) 015-Mo5-017 112.62(9)
01-V1-05' 178.54(8) 07-Mo2-011" 96.52(6) 016-Mo5-013 99.59(8)
06-V1-05' 80.88(6) 09-Mo2-011" 78.91(6) 015-M05-013 116.32(8)
N2-V1-05 78.51(7) 0137-Mo2-011" 70.48(6) 017-Mo5-013 118.38(7)
N1-V1-05' 84.99(7) 010-Mo2-011" 73.51(5) 016-Mo5-014 166.35(9)
N3-V1-05' 85.21(7) 018-M03-019 105.13(10) 015-Mo5-014 88.39(8)
02-V2-07 95.20(7) 018-M03-09 98.92(9) 017-Mo5-014 74.17(6)
02-V2-N5 95.15(8) 019-Mo03-09 96.60(8) 013-Mo5-014 72.22(6)
07-V2-N5 169.48(7) 018-M03-017 99.81(9) Mo1-04-V2 146.34(9)
02-V2-04 177.15(9) 019-M03-017 93.97(9) Mo1-05-V1! 144.17(10)
07-V2-04 85.34(6) 09-Mo3-017 155.26(7) Mo1-06-V1 134.78(9)
N5-V2-04 84.42(7) 018-Mo03-014 100.75(8) Mo02-07-V2 145.82(9)
02-V2-N4 98.67(9) 019-M03-014 153.66(8) Mo02-09-Mo3 119.09(8)
07-V2-N4 99.70(7) 09-Mo3-014 84.02(6) Mo4-010-Mo2 118.35(7)
N5-V2-N4 76.83(8) 017-Mo3-014 76.72(6) Mo4-011-Mo2" 108.74(6)
04-V2-N4 83.98(7) 018-Mo3-011" 165.24(8) Mo4-011-Mo3' 158.74(7)
02-V2-N6 94.07(9) 019-Mo3-011" 86.91(8) Mo2i-011-Mo3' 88.02(5)
07-V2-Né 104.11(7) 09-Mo3-011" 70.76(5) Mo4-011-Mo4" 100.50(6)
N5-V2-N6 77.03(8) 017-Mo3-011" 87.60(6) Mo2i-011-Mo4' 92.12(5)
04-V2-N6 83.09(7) 014-Mo3-011" 68.34(5) Mo3i-011-Mo4" 91.60(5)
N4-V2-N6 151.79(8) 012-Mo4-010 103.48(7) Mo5-013-Mo2" 142.53(8)
03-Mo1-04 109.17(10) 012-Mo4-011 105.48(7) Mo5-013-Mo4 108.46(6)
03-Mo1-05 109.80(9) 010-Mo4-011 99.25(7) Mo2-013-Mo4 105.69(6)
04-Mo1-05 107.93(8) 012-Mo4-014 104.37(7) Mo4-014-Mo3 125.60(7)
03-Mo1-06 109.54(9) 010-Mo4-014 100.23(7) Mo4-014-Mo5 104.03(6)
04-Mo1-06 107.79(7) 011-Mo4-014 139.13(6) Mo03-014-Mo5 93.44(6)
05-Mo1-06 112.53(8) 012-Mo4-013 98.19(7) Mo5-017-Mo3 115.67(8)
08-Mo2-07 103.33(8) 010-Mo4-013 158.30(6)

Symmetry transformations used to generate equivalent atoms: Symmetry code: i) —x, -y + 1, =z + 1; i) =x+ 1, -y + 2, -z + 2.

015, 017 and 019 function as hydrogen acceptors resulting
in a total of eleven C-H---O bonds (Table S3) of which two
are intramolecular. The intermolecular C-H---O bonds

serve to link parallel polymeric chains. The difficulty to
locate the H atoms attached to the lattice water precludes a
description of the O—H---O interactions.
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Figure 2: The {V,M0,04,}** cationic unit made up of an eight-
membered heterometallic {Mo,V,0,} ring with protruding oxidova-
nadium handles. The terpy ligands around V1 and V2 are not shown.
Symmetry code i) —=x, -y + 1, -z + 1.

3 Experimental
3.1 Materials and methods

All chemicals were used as received from commercial sources without
any further purification. Infrared (IR) spectra of the solid samples
diluted with KBr were recorded on a Shimadzu (IR Prestige-21) FT-IR
spectrometer in the range 4000400 cm ! at a resolution of 4 cm ™. The
Raman spectrum was recorded using a Labram HR Evolution Raman
Spectrometer HORIBA Scientific at 785 nm laser radiation for excita-
tion and laser power set to 5%. An ESR spectrum was recorded in a Jeol
(JES, FA200) spectrometer using a microwave frequency of 9.5 GHz
and modulation frequency of 100 kHz at Sophisticated Analytical
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Instruments Facility (SAIF), IIT-Madras. The elemental analysis
(C, H and N) was performed on an Elementar Variomicro Cube CHNS
Analyser. TG-DTA experiment was performed in air at the heating rate
of 5 K/min in the temperature range of 30-700 °C on STA-409 PC
simultaneous thermal analyser from Netzsch in an alumina crucible.
Powder X-ray diffraction (PXRD) pattern was recorded on a Rigaku
Smartlab powder diffractometer using Cu-Ka radiation. For single
crystal structure determination, X-ray intensity data was collected
on a Bruker D8 Quest Eco X-ray diffractometer, using graphite-
monochromated Mo-Ka radiation. The structure was solved with
Direct Methods using SHeLxs-97 [45] and refinement was carried out
against F* using SHELXL-2016 [45]. All non-hydrogen atoms were refined
anisotropically. The H atoms bonded to the aromatic carbons were
located in difference Fourier maps but were positioned with idealized
geometry and refined isotropically with Ujso(H) = 1.2 Ueq(C) using a
riding model. The hydrogen atoms attached to the lattice water O1W
could not be located. Technical details of data acquisition and selected
refinement results for 1 are given in Table 2.

4 Synthesis of [(VO(terpy)),(MoO,),
(Mog0,¢)] 1

Compound 1 was synthesized under hydrothermal condi-
tions in a steel autoclave with Teflon container (volume
25 mL). Sodium metavanadate (0.046 g, 0.38 mmol),
2,2":6’,2”-terpyridine (0.116 g, 0.497 mmol) and molyhdic

Figure 3: A portion of an infinite chain showing alternating (Mog0,¢)*~ anions and {V,M0,0,,}** cations. The tridentate terpy ligands on the
unique V atoms are not shown (top). Same arrangement after inclusion of the terpy ligands. The {VO5N5} octahedra and (MoO,)*" tetrahedra

are shown in polyhedral format (bottom).
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Table 2: Selected refinement results for
[(VO(terpy))4(M00,),(M0g05¢)]-2H,0 1.

Refinement result

Compound 1

Empirical formula

C30 Has Mos Ng O30 V>

Formula weight (g mol™) 1370.14
Temperature (K) 296(2)
Wavelength (&) 0.71073
Crystal system Triclinic
Space group P1

Unit cell dimensions

a® 11.4507(16)
b &) 11.8541(17)
c® 14.675(2)
a () 92.023(4)
B 98.321(4)
26 91.804(4)
Volume (A% 1968.4(5)
z 2
Dcalc (g Cm73) 2.31
Absorption coefficient (mm™) 2.1
F(000) 1320
Crystal size (mm?) 0.24 x 0.16 x 0.14
6 range for data collection (°) 2.53-28.31
Limiting indices -15<h<15
-15<k<15
-19<1<19
Reflections collected/unique 66,874/9787
[R(int) = 0.0290]
Completeness 6 = 25.242° 99.9
Refinement method Full-matrix least-squares on F
Data/restraints/parameters 9787/0/568
Goodness of fit on F 1.104
Final R indices [/ > 2a(/)] R1=0.0198
WR2 = 0.0480
Rindices (all data) R1=0.0238
wR2 =0.0507
Largest diff. peak and hole (e A3 0.67 and -0.73
Bond valence sum V1=3.77;V2=13.81
CCDC Deposition No 2131584

acid (0.094 g, 0.58 mmol) were taken in water (~8 mL) and
acetic acid (99.0%) was added to make the pH ~ 3 and the
reaction mixture was heated at 200 °C for 68 h. The green
reaction mixture was filtered and washed with water to
obtain dark green crystalline blocks of 1 (Yield = 0.092 g,
35%).

Analytical data (%) Calcd.: C, 26.29; N, 6.13; H, 1.77.
Found: C, 26.97; N, 6.31; H, 1.83.

IR data (KBr, cm™): 3410(br), 3084-2928(m),
1609(s), 1446(s), 1400(m), 1322(m), 1244(m), 1166(m),
1108(m), 1050(m), 946(s), 893(vs), 796(s), 725(s), 672(s),
543(m), 452(m).

Raman data (cm™): 1047, 968(vs), 881, 825.
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5 Supporting information

Deposition number CCDC 2131584 (1), contains the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service www.ccdc.cam.ac.uk/structures.
Supplementary Data (Figs. S1-S7) and Tables S1-S3 associ-
ated with this article are available in electronic form.
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