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A mixed metallic and mixed valence MoV
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2
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Ligand-directed structure modulation is observed during the synth-

esis of mixed-metallic vanado-molybdate complexes functiona-

lized with pyridinyl diphosphonate ligand(s). The structural

assembly is determined by the location of the nitrogen-atom at

the aromatic ring of the pyridinyl-ligands, forming either a tetra-

nuclear mixed-valence V(III/IV)-containing complex (1) having a

butterfly-like structure, or a monocentric S-shaped complex (2)

containing an octahedral V(III). Photocatalytic hydrogen evolution

from water (HER) studies show higher catalytic activity by complex

1, as compared with complex 2, attributed to the delocalization of

spin densities between V(III) and V(IV) in 1. The transfer of electrons

from vanadium(III and IV) mixed-valence complex 1 to H+ is more

facile than from the vanadium(III) homo-valent complex 2. A domi-

nant reductive quenching mechanism has been further established

by detailed photophysical studies of 1.

Polyoxometalates (POMs) have shown great potential and ver-
satility to act as efficient redox catalysts.1,2 Well-defined struc-
tures, and a variety of metal atoms and cluster shapes in
POMs, allow for precise manipulation of their electronic prop-
erties, enhancing activity and stability, as well as customization
of their performances.3 The inherent redox activity of
POMs enables easy electron transfer in water oxidation or
reduction.4,5 Exploration of POMs as photocatalysts for the
hydrogen evolution reaction (HER) from water6 has mostly
been with oxo-tungstates,7,8 or oxo-molybdates.9 Hill and co-
workers have extensively reported 3d-transition metal clusters

embedded within tungstates.7 Other research groups have also
reported on the photocatalytic HER with lacunary tungstate
derivatives containing 3d-metal clusters.10–15 However, the only
report of an oxo-vanadate complex as a catalyst for photoche-
mical water splitting is from Campagna and co-workers, viz. the
mixed-valence anion [(VIV

5 VV)O7(OCH3)12]�.16

To further investigate the photocatalytic HER with POMs,
we have explored the mixed-metallic oxo-vanado-molybdate
system. Vanadium’s ability to exist in multiple oxidation
states and coordination environments makes poly-oxovana-
dates (POVs), particularly mixed-valent oxo-vanadates, excellent
candidates as redox catalysts,17,18 and energy storage
materials.19,20 However, our initial studies on the photocataly-
tic HER with oxo-vanadates were not promising.21 Subse-
quently, our studies with the mixed-metal oxo-vanado-
molybdate complexes, presented here, have yielded promising
results. Herein, we report on the synthesis, characterization
and photocatalytic HER studies of two Mo-V complexes with
diphosphonate functionalized ligands, viz. H10[(MoV

2O4)2(VIII
2 O2)-

(VIVO)2{O3P–C(O)(CH2-2-C5NH4)–PO3}4]�25H2O (1a) having a
mixed valence VIV

2 VIII
2 unit at the centre and an octahedral

VIII-containing complex H5[(MoVI
2 O5)2(VIIIO2){O3P–C(O)(CH2-4-

C5NH5)–PO3}2]�16H2O (2a).
Both compounds were synthesized using a one-pot reaction

of [MoV
2O4(H2O)6]2+ with NaVO3 and the respective diphosphate

ligand, in aqueous solution (Scheme 1).
The structures of the complexes were determined using

single crystal X-ray diffraction analyses, showing that both 1a
and 2a crystallize in the monoclinic crystal system with space
groups C2/m and P21/n, respectively, having a centre of sym-
metry in them [Table S1, ESI†]. Due to the overall symmetry of
the polyanionic assemblies, [(MoV

2O4)2(VIII
2 O2)(VIVO)2{O3P–C(O)-

(CH2-2-C5H4N)–PO3}4]10� (1) and [(MoVI
2 O5)2(VIIIO2){O3P–C(O)-

(CH2-4-C5NH5)–PO3}2]5� (2), in both these compounds, many
atom(s) in the asymmetric unit(s) are observed to be located in
special positions. The oxidation states of the metal atoms,
including the mixed-valent vanadium in 1a, were determined
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through bond-valence sum (BVS) calculations, spectroscopy,
and magnetic studies.

For polyanion 1, BVS calculations assign an oxidation state
of +5 to molybdenum and +3/+ 4 to the vanadium atoms
[Table S2, ESI†]. Polyanion 1 exhibits a butterfly-like structure
with a central {VIII

2 O2} dimer, where vanadium(III) adopts a
distorted octahedral geometry. This unit is capped by two
{VIVO} units in a distorted square-pyramidal geometry and
two {MoV

2O4} units, connected via fully deprotonated dipho-
sphonate ligands. The octanuclear core forms a mixed-valent
heterometallic species, [(MoV

2O5)2(VIVO)2(VIII
2 O2)] [Fig. 1]. Each

molybdenum centre is coordinated by a terminal oxo group and
a rare molybdenum-nitrogen bond,22 enabled by the ortho-
positioned nitrogen atoms within the diphosphonate linkers.

For polyanion 2, the oxidation state of molybdenum and
vanadium atoms was determined to be +6 and +3, respectively
[for BVS calculations, see Table S3, ESI†]. The polyanion
structure resembles an S-shaped assembly of two {MoVI

2 O5}
units connected to each other by the central {VIIIO2} unit and
capped by the diphosphonate ligand(s) on either side [Fig. S1,
ESI†]. The packing arrangement for compounds 1a and 2a is
shown in Fig. S2 and S3 in the ESI.† PXRD studies confirm the
phase purity for compounds 1a and 2a [Fig. S4 and S5, ESI†].
The detailed structural analysis reveals the influence of the
ligand towards the final assembly of the polyanion, viz. ligand
directing structure modulation. The proximity of the nitrogen
to the molybdenum in 1 makes the formation of the Mo–N

bond feasible in 1 but not in 2. Such a behaviour has hitherto
not been observed in polyoxometalate chemistry before.

Time dependent UV-visible spectroscopy confirms extended
solution stability of the compounds [Fig. S7, ESI†]. From UV-
DRS studies the energy bandgap for 1a and 2a was determined
to be 1.55 and 1.78 eV, respectively [Fig. S8, ESI†]. The lower
energy gap in 1a corroborates the high nuclear metallic centres
over 2a, containing a single addenda metal atom. The vana-
dium XPS spectrum of 1a reveals four overlapping bands, with
binding energies at 523.4 and 515.9 eV indicating V4+ (V 2p3/2

and V 2p1/2), and 524.1 and 517 eV corresponding to V3+ (V 2p3/2

and V 2p5/2), consistent with literature values [Fig. S9, ESI†].23,24

The presence of shoulder peaks is indicative of the mixed-
valent nature of vanadium present within 1a. The XPS spectra
of 2a was better resolved, ostensibly due to the presence of
homo-valent vanadium, with V 2p peaks at 522.8 eV and
516.7 eV, corresponding to V 2p1/2 and V 2p3/2, respectively,
affirming a +3-oxidation state for vanadium.20,24,25

The solid-state EPR spectra of both the compounds
showed hyperfine splitting between 200–500 mT, centred at
341 mT at rt and at 77 K. The X-band EPR spectrum of 1a at
300 K exhibited anisotropic signals with rhombic symmetry
[Fig. S10(a), ESI†], attributed to interactions between a free
electron (spin = 1/2) and vanadium nucleus (I = 7/2; 51V).26

Cooling the solid sample improved the signal intensity and
resolution without significant changes to the hyperfine struc-
tures, indicating similar electron delocalization across vana-
dium centres under both conditions [Fig. 2 left]. At 77 K, slower
electron hopping resulted in improved amplitude. The simu-
lated spectrum of 1a yielded gx = 2.00986, gy = 2.00998, and gz =
2.04998 using EasySpin.27 For 2a, multiple hyperfine lines were
also observed and simulated with V(III) parameters (gx = 1.9907,
gy = 1.99908, gz = 2.03178) [Fig. S10(b), ESI†].20

Magnetic studies on 1a provided the definitive evidence
toward the presence of mixed-valence in V(III and IV). Complex
1a contains two isolated V(IV) paramagnetic sites (S = 1/2) at the
wing position(s) of a tetranuclear butterfly core, linked via a
central {VIII

2 O2} unit (body position, S = 1) [Fig. 3]. Variable-
temperature magnetic susceptibility measurements (2–300 K,
0.1 T) show that the wT product of 1a is 2.42 cm3 K mol�1 at
300 K, close to the value for non-interacting two V(III) (wT =
2.02 cm3 K mol�1) and two V(IV) (wT = 0.75 cm3 K mol�1) ions.
The wT product slightly increases to 2.46 cm3 K mol�1 at 150 K,

Scheme 1 Synthesis of diphosphonate functionalized mixed metallic
vanado-molybdates, forming the mixed valence MoV

4VIV
2 VIII

2 (1).

Fig. 1 Ball and stick representation of polyanion [(MoV
2O4)2(VIII

2 O2)-
(VIVO)2]{O3P–C(O)(CH2-2-C5H4N)–PO3}10� (1).

Fig. 2 X-band EPR spectra of 1a (left) and Mulliken spin densities of 1
(right) at S = 1 computed at the B3LYP-D3(BJ)/Def2-SVP level of theory.
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below which it slowly decreases to 2.2 cm3 K mol�1 at 50 K and
then sharply falls to 0.95 cm3 K mol�1 at 2 K, due to anti-
ferromagnetic interactions. The signature of the wT vs. T plot
shows moderate antiferromagnetic coupling between the body-
{VIII

2 O2} unit and a pair of wing-VIV ions. The experimental
magnetization of 1a at 2 K under 7 T was 2.61 Nb, indicating S =
1 and 2 states [Fig. 3, inset], supported by the wT value.
Previously reported VIII

2 VIV
2 Schiff base complexes have shown

antiferromagnetic coupling within the {V4O6} core, consistent
with the behaviour observed in 1a.28

Photocatalytic HER studies from water were conducted
using a three-component system, with the photosensitizer
[4,40-bis(1,1-dimethylethyl)-2,20-bipyridine-N1,N10]bis[2-(2-pyridinyl-
N)phenyl-C]iridium(III) hexafluorophosphate, [Ir(dtbbpy)(ppy)2]PF6

{Ir} (in CH3CN/DMF), the sacrificial electron donor triethanola-
mine, TEOA (in water), and complex(es) 1a or 2a as the catalyst (in
water). Controlled experiments showed the presence of all three to
be necessary for efficient HER performance. Subsequently, catalyst
optimization experiments gave the maximum of hydrogen evolved
at a rate of 5816 mmol g�1 with a catalyst concentration of 20 mM
[Fig. S11, ESI† illustrates the kinetics of hydrogen production
under varying catalyst concentrations]. Lower yields were obtained
at slightly higher and lower catalyst concentration values, i.e. at
25 and 15 mM, respectively. The increasing trend of HER activity up
to a certain concentration, followed by a decrease, can be attrib-
uted to accelerated decomposition of the photosensitizer by the
catalyst and potential catalysis side reactions.13

To compare the efficacy of the mixed-valence VIII/IV-complex
1a vs. the homo-valent VIII-complex 2a, identical photocatalytic
HER studies were performed with either 1a or 2a as the catalyst
[Fig. 4]. Up to a period of 11 h, complex 1a exhibited higher
hydrogen evolution efficiency than 2a. After 11 h, a yield of
14 488 mmol g�1, with a TON of 33, was obtained with 1a; while
2a yielded 5449 mmol g�1, with a TON of 8, in the same time
period. Thus, complex 1a was found to be four times more
efficient than 2a. This can be attributed to the mixed-valent
nature of 1a for H+ reduction [see ESI†] with a desired and facile
electron transfer via reductive quenching. In our previous
report,20 we have shown that reduction of the VIII centre in 2a
to VII is more favourable (by 47 kcal mol�1) than the oxidation

to VIV. Thus, the HER activity of 2a is most likely to proceed via
oxidative quenching [Fig. 5].

To investigate the detailed HER mechanism, oxidative vs.
reductive [Fig. 5 inset],29 a steady state and time-resolved
fluorescence measurement of the photosensitizer {Ir}, with
increasing concentrations of catalyst and electron donor, was
performed [Fig. S12(a and b), ESI† respectively]. The kinetics of
the radiative deactivation pathway of the photosensitizer was
thus studied in the presence of the quencher (catalyst/TEOA)
[Fig. 5 and Fig. S12(c and d), ESI†], and observed by the Stern–
Volmer equation

F0

F
¼ 1þ KSV Q½ � ¼ 1þ kqt Q½ �

KSV ¼ kqt

where F0 and F are the fluorescence intensity of {Ir}* without
and with the quencher Q of concentration [Q], respectively, KSV

is the Stern–Volmer quenching constant, and kq is the quench-
ing rate constant.

The quenching rate constant (kq) value of 1.86 � 1010 M�1 s�1

for oxidative quenching by the catalyst 1a, and 2.87 � 107 M�1 s�1

Fig. 3 wT vs. T (Hdc = 0.1 T) and M vs. H (inset) plots of complex 1a.

Fig. 4 Photocatalytic H2 evolution of 1a and 2a under identical condi-
tions: light source (250 W Hg-lamp), catalyst (20 mM), [Ir(dtbbpy)(ppy)2]+

(0.20 mM), TEOA (0.25 M), H2O (2 M), 6 ml of CH3CN-DMF (v/v = 3/2), 11 h.

Fig. 5 Time-resolved luminescence decays of {Ir} (0.20 mM), {Ir} with
POM (20 mM), and {Ir} with TEOA (0.25 M). The mechanistic scheme,
oxidative vs. reductive, for the photocatalytic HER with 1a (inset).
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for reductive quenching by TEOA [Fig. S12(d), ESI†] suggests that
the oxidative quenching is more dominant than reductive quench-
ing. Fluorescence study of the photosensitizer {Ir} in the absence of
a quencher shows a mono-exponential fluorescence decay, with a
lifetime of around 86 ns [Fig. 5]. Meanwhile, in the presence of
electron donor TEOA, the fluorescence lifetime of the photosensi-
tizer {Ir} is reduced to 61.40 ns [Fig. S12(f) and Table S6, ESI†],
representing an effective reductive quenching process. However, in
the presence of the catalyst, no significant change in the lifetime of
the photosensitizer {Ir} was observed [Fig. S12(e), ESI†]. These
spectroscopic data suggest that both the catalyst and TEOA may
simultaneously oxidatively and reductively quench the excited state
of the photosensitizer, {Ir}*. However, owing to the higher concen-
tration of TEOA and fluorescence quenching behaviour, the reduc-
tive pathway is expected to be the dominant one [1; VIV

2 VIII
2 + Ir* +

TEOA - VIV
2 VIII

2 + Ir� + TEOA+ - VIVVIII
3 + Ir + TEOA+; 2 VIVVIII

3 +
2 H+ - 2 VIV

2 VIII
2 + H2]. The SOMO of 1 represents the MoV

2VIV

triangular unit, responsible for nesting one electron from Ir�

[Fig. 6]. In contrast, oxidative quenching of the Ir-complex pathway
is more likely to be the dominant pathway involving 2 as an
electron transfer catalyst [2; VIII + Ir* + TEOA - VII + Ir+ +
TEOA - VII + Ir + TEOA+; 2 VII + 2 H+ - 2 VIII + H2],20 having
the (MoVI

2 )2VIII unit [see ref. 20 for electronic structure of 2].
In summary, novel diphosphonate-functionalized oxo-

vanado-molybdate complexes, comprising a tetranuclear mixed
valence MoV

4VIV
2 VIII

2 (1) and homo-valent MoVI
4 VIII (2) unit were

isolated, and characterized. Spectroscopic characterization and
magnetic susceptibility measurements have been carried out to
confirm the mixed-valent nature of vanadium in 1. The com-
pounds were further shown to act as efficient electron transfer
catalysts for the hydrogen evolution reaction (HER), in combi-
nation with an iridium photo-sensitizer. Comparative HER
studies show that the activity of the tetra-nuclear mixed valence
VIII/IV-complex (1a) is higher by a factor of four than that of the
mono-nuclear VIII-complex (2a).24 Quenching studies of the Ir-
complex, for HER mechanistic studies, show the reductive
quenching pathway for catalytic electron transfer activity to
be dominant involving 1a, while the oxidative quenching path-
way is more likely employing 2a as an electron transferring
catalyst to H+ ions.
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