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A Novel Tetrameric Heptomolybdate 
with Reactive Oxygen Species Catalytic Ability
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Abstract—A novel polymolybdate based on tetrameric {Mo7O24} cluster and copper complexes
[Na(H2O)7]6[Cu(En)2]4{[Na(H2O)][H1.5Mo7O24]}4·3H2O (I, En = ethylenediamine) has been designed and
characterized by IR spectrum, UV spectrum and single-crystal X-ray diffraction (CIF file CCDC
no. 2104092). Structural data show that the main structure of I is a circular polyoxoanion that is alternately
joined by [Mo7O24]6– clusters and sodium ions. The cations of I are in forms: [Cu(En)2]2+ and [Na(H2O)7]+.
Notably, I can efficiently catalyze the production of reactive oxygen species.
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INTRODUCTION

Reactive oxygen species (ROS), as the most com-
mon medium, is present in almost all pathological
process [1, 2]. The researches of ROS catalyst have
attracted increasing attention from the laboratory to
the clinic [3‒5]. In living organisms, Cu+/Cu2+,
Fe2+/Fe3+, and Mn2+/Mn4+ are used as active catalytic
centers to construct reactive proteins that can produce
ROS efficiently [6‒8]. In recent years, several artifi-
cial enzyme based on polyoxometalate (POM) that
can catalyze the production of ROS have been
designed and synthesized [9‒11], in which the cata-
lytic activity of copper complexes is superior [12].
Hence, we will focus on composing the copper com-
plexes with ROS catalytic activity.

POMs are a class of metal-oxygen clusters, which
have multitudinous structures and fascinating proper-
ties in various fields [13–15]. POM have a number of
inherent irreplaceable advantages, such as nano-size,
nucleophilic oxygen-enriched surface, and poly-
bond-making sites, which endow them to serve as
bulky polydentate ligands with f lexible coordination
modes [16–24]. Among them, hitherto, investigations
are mainly focused on heteropolyoxometalates
(HTPs); in contrast, the reports on homopolyoxome-
talates (HMPs) are very limited although they are an

important subfamily bearing enormous diversity of
properties and structures [25, 26]. Moreover, it
demonstrated that HMPs possessed an excellent oxi-
dation catalytic capacity [27, 28], which may be bene-
ficial to catalyze the production of ROS. Therefore,
the combination of Cu complexes and HMPs in one
hybrid structure may not only maintain the desirable
properties of all precursor components, but also
express them in a synergistic manner.

Herein we report a new designed HMP [Na-
(H2O)7]6[Cu(En)2]4{[Na(H2O)][H1.5Mo7O24]}4·3H2O
(I, En is ethylenediamine), which was derived from
tetrameric {Mo7O24} cluster and [Cu(En)2]2+. As
expected, complex I can catalyze ROS generation effi-
ciently.

EXPERIMENTAL
Materials and methods. Reagents were all of analyt-

ical grade, purchased from commercial suppliers and
used as received unless otherwise stated. CuCl2·2H2O,
Na2MoO4·2H2O, (NH4)6Mo7O24·4H2O, and En were
purchased from Macklin reagent Inc. (P.R. China).
2′,7′-Dichlorofluorescin diacetate (DCFH-DA) was
purchased from Sigma-Aldrich. All the solutions were
prepared with Milli-Q water and filtered through a
0.22 μm filter (Millipore).
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IR spectrum was obtained from a sample powder
palletized with KBr on a Nicolet 170 SXFT-IR spec-
trophotometer over the range 4000–400 cm–1. UV
spectra were recorded on a UV-3600 spectrometer
from 190 to 400 nm. DCF fluorescence were con-
ducted on a Thermo Scientific Varioskan Flash
microplate reader. Fluorescence spectra (λex =
485 nm) from 505 to 650 nm were measured by a
Varioskan Flash microplate reader (Thermo Scien-
tific). C, H, and N elemental analyses were performed
by using a PerkinElmer 2400-II CHNS/O analyzer.
Inductively coupled plasma (ICP) spectra were
obtained on a PerkinElmer Optima 2000 ICP-OES
spectrometer.

Synthesis of [Na(H2O)7]6[Cu(En)2]4{[Na(H2O)]-
[H1.5Mo7O24]}4·3H2O (I). A mixture of
Na2MoO4·2H2O (0.70 g, 2.89 mmol), (NH4)6-
Mo7O24·4H2O (1.34 g, 5.00 mmol), CuCl2·2H2O
(0.17 g, 1.00 mmol), and En (0.2 mL) were dissolved
in H2O (20 mL) under stirring. The mixted suspension
was keep in 85°C for 1.5 h and filtered when it was still
hot. After 4 weeks, violet cuboid crystals of I were
obtained in 22% yield (based on CuCl2·2H2O).

X-ray crystallography. A single crystal of I was
mounted on a Bruker Apex-2 diffractometer with a
CCD detector using graphite monochromatized
MoKα radiation (λ = 0.71073 Å) at 296 K. Data inte-
gration was performed using SAINT [29]. Routine
Lorentz and polarization corrections were applied.
Multiscan absorption corrections were performed
using SADABS [30]. The remaining atoms were found
from successive full-matrix least-squares refinements
on F 2 and Fourier syntheses. All calculations were
performed using the SHELXL-97 program package
[31]. No hydrogen atoms associated with the water
molecules were located from the difference Fourier
map. Positions of the hydrogen atoms attached to the
carbon and nitrogen atoms were geometrically placed.
All hydrogen atoms were refined isotropically as a rid-
ing mode using the default SHELXTL parameters. A
summary of crystal data and structure refinements for
I is listed in Table 1.

Detailed information for structure I has been
deposited with the Cambridge Crystallographic Data
Centre (CCDC no. 2104092; deposit@ccdc.cam.
ac.uk or http://www.ccdc.cam.ac.uk).

Catalytic ROS production of I. DCFH-DA stock
solution (1 mM) was prepared with a buffer (20 mM
Tris-HCl/150 mM NaCl, pH 7.4) according to the
reported procedures [32]. Horseradish peroxidase
(HRP) stock solution (4 μM) was prepared with the
same buffer. Ascorbate (10 μM) without or with I

For C16H206N16O145Na10Cu4Mo28

Anal. calcd., % C, 3.14 H, 3.34 N, 3.66 Mo, 43.93 Cu, 4.16
Found, % C, 3.18 H, 3.33 N, 3.69 Mo, 44.33 Cu, 4.20
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(10 mg) were added to each sample and incubated at
room temperature. The sample (200 μL) was trans-
ferred to the wells of a f lat-bottomed 96-well black
plate. HRP (0.04 μM) and DCFH-DA (100 μM) were
added to each solution and incubated in the dark at
room temperature for 12 h. The comparative groups,
such as (NH4)6Mo7O24·4H2O (C1, 10 mg), CuCl2
(Cu2+, 0.25 mM), CuCl2 + En (Cu2+ + En, 0.25 mM)
and blank group, were also performed under the same
conditions as described above.

RESULTS AND DISCUSSION
The structure of I was characterized by single-crys-

tal X-ray diffraction analysis. The selected bond
lengths and selected angles are summarized in
Table S1 and Table S2, respectively. The unit of I con-
sists of one {[Na(H2O)]4[Mo7O24]4}20– polyanion,
four [Cu(En)2]2+ and six [Na(H2O)7]+ as counter cat-
ions, and three crystallization water. As shown in
Fig. 1a, the polyoxoanion is constructed from four
heptamolybdate [Mo7O24]6– and four [Na(H2O)]+,
which are connected to each other forming a circular
structure. The outer diameter of the circular structure
is 18.96 Å and the inner diameter is 6.70 Å. As shown
in Fig. 1b, the heptamolybdate [Mo7O24]6– is com-
posed of two {Mo2O10} clusters and one {Mo3O14}
cluster connected by edge sharing, which is different
from the typical paramolybdate [33]. The typical con-
figuration is planar, while the heptamolybdate
[Mo7O24]6– in I is chair configuration as shown in
Fig. 1c.

The bond valence sums (Σs) of atoms in I were fur-
ther calculated according to the previous literature
[34]. Briefly, the oxidation states of the atoms in I were
calculated on the following formula:

which rij represents the observed values of bond

distance that are listed in Table S1, and  represents
the theoretical value of bond distance between two
atoms; B was set to 0.37 [35]. The theoretical values of

Mo–O and Cu–N come from literatures, which the 

(Mo6+–O) is 1.900 Å, and  (Cu2+–N) is 1.713 Å [35,
36]. As a results, the average valence state sums (Σs) of
Mo and Cu ions in I are 6.121 and 1.943, which is basi-
cally consistent with the valence state of synthetic raw
materials.

Based on the observed value of bond distance of I,
the Σs can be calculated and the results are summa-
rized in Table 2 and Fig. 2. The fragments of POM can
easily been protonated, since they have high negative
charges and rich basic surface oxygen atoms [37]. The
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Table 1. Crystallographic data and structure refinements for I

a R1 = Σ||Fo| – |Fc||/Σ|Fo|. b wR2 = |Σw(|Fo|2 – |Fc|2)|/Σ|w(Fo)2|1/2, where w = 1/[σ2( ) + (aP)2 + bP]. P = (  + )/3.

Parameter Value

Empirical formula C16H206N16O145Na10Cu4Mo28

Formula weight 6114.35
Crystal system Orthorhombic
Space group Pnnm
a, Å 13.659(4)
b, Å 23.022(7)
c, Å 26.812(8)
α, deg 90
β, deg 90
γ, deg 90

V, Å3 8431(4)

Z 2

ρc, g cm–3 2.409

μ, mm–1 2.638

T, K 296(2)
Limiting indices –14 ≤ h ≤ 16,

–27 ≤ k ≤ 26,
–16 ≤ l ≤ 31

Completeness to θ = 25.00, % 99.5
Measured reflections 31861
Independent reflections (Rint) 7560 (0.0662)

GOOF on F 2 1.043

R indices (I > 2σ(I)) R1
a = 0.0655, wR2

b = 0.1817
R indices (all data) R1

a = 0.0975, wR2
b = 0.2010

ρΔmax/ρΔmin, e/A3 1.748/–1.225

2
oF 2

oF 2
c2F
100 oxygen atoms in I can be classified into terminal
Ot, bridging Oμ2, Oμ3 and Oμ4. The O atoms with Σs of
0–1.65 could act as H-donors owing to the delocalized
protons on them, whereas the O atoms with Σs of
1.90–2.00 possess dense electron cloud (see Table 2).
In generally, the multiply protons usually assigned to
be delocalized on the whole polyoxoanion, which the
phenomenon is common in POM chemistry and has
been reported in many leteratures, for example,
[Ni(EnMe)2]3[H6Ni20P4W34(OH)4O136(EnMe)8(H2O)6]·
12H2O [34], [Ni(En)3]2[H2Nb6O19]·8H2O [38],
[CuL(H2O)][CuL]2[P2W18O62]·3H2O [39], and H6-
[P2Mo5O23] [40]. These results may indicate that the
counter positive charges in I are delocalized in the
{[Na(H2O)]4[Mo7O24]4}20– skeleton, which may help
to absorb protons and balance valence states of the sys-
tem [41].

The IR spectrum of I shows similar the text asym-
metric vibrations to other heptamolybdate [Mo7O24]6–
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
containing species [33]. As shown in Fig. 3, three
characteristic bands assigned to the ν(Mo–Ot),
ν(Mo–Oμ2), and ν(Mo–Oμ3) appear at 890, 830,
629 cm–1, respectively [33]. In addition, characteristic
bands at 3316 cm–1 are ascribed to stretching vibra-
tions of N–H which confirms the presence of En [42].
Vibration at 3425 cm–1 can be assigned to –OH stretch
[43]. The IR spectrum is in good agreement with the
result of X-ray diffraction structural analysis.

As shown in Fig. 4, the UV spectrum displays two
absorption peaks in aqueous solution, which one cen-
tered at 206 nm and the other one with a wide shoulder
absorption located at 228 nm in the region of 190–
400 nm. These peaks may be assigned to Ot→Mo and
Oμ→Mo charge transfer transitions [37].

The influences of pH value on the stability of I have
also been investigated by UV-Vis spectra. As shown in
inset of Fig. 4, the UV-Vis absorption peaks of I
showed no significant change between pH 5.05 and
  Vol. 48  No. 5  2022
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Fig. 1. Combined polyhedral/ball-and-stick representation of I (a); ball-and-stick view and polyhedral view of [Mo7O24]6–

respectively (b and c). Lattice water molecules are omitted.

(a) (b)

(c)

Mo
Na
O

N
Cu

H
C

8.28 in intensity. Beyond the above pH range, absorp-
tion peaks at both 206 and 228 nm gradually changes
in intensity, which may indicate that the skeleton of I
began to collapse. Hence, the pH stability range of I is
estimated to be in the range of 5.05 to 8.28.
RUSSIAN JOURNAL OF C

Table 2. Bond valence and Σs of Mo, Cu in I*

* Symmetry transformations used to generate equivalent atoms: #1 –

Bond Valence Bond Valence

Mo(1)–O(1) 1.596 Mo(1)–O(1)#1 1.596

Mo(1)–O(8)#1 1.090 Mo(1)–O(12) 0.379

Mo(2)–O(4) 1.685 Mo(2)–O(2) 1.592
Mo(2)–O(11) 0.976 Mo(2)–O(12) 0.505
Mo(3)–O(3) 1.832 Mo(3)–O(7) 1.722
Mo(3)–O(11) 0.834 Mo(3)–O(12) 0.449
Mo(4)–O(6) 1.736 Mo(4)–O(5) 1.685
Mo(4)–O(10) 0.757 Mo(4)–O(12) 0.544
Mo(5)–O(13) 1.667 Mo(5)–O(14) 1.658
Mo(5)–O(21) 0.984 Mo(5)–O(26) 0.485
Mo(6)–O(16) 1.745 Mo(6)–O(15) 1.689
Mo(6)–O(22) 0.857 Mo(6)–O(26) 0.489
Mo(7)–O(25) 1.613 Mo(7)–O(24) 1.117

Mo(7)–O(26)#2 0.412 Mo(7)–O(26) 0.412

Mo(8)–O(18) 1.929 Mo(8)–O(19) 1.722
Mo(8)–O(21) 0.864 Mo(8)–O(26) 0.502
Cu(1)–N(1) 0.523 Cu(1)–N(2) 0.473
Cu(1)–N(4) 0.470
Recently, we found that Cu complexes substituted
POM possess the ability of catalytic oxidation [10].
The effect of I on the mediated ROS generation was
thus investigated by dichlorofluorecin (DCF) assay.
DCF is a f luorescent marker derived from the reaction
of non-fluorescent 2′,7′-dichlorofluorecin (DCFH)
OORDINATION CHEMISTRY  Vol. 48  No. 5  2022

 x, –y + 1, z; #2 x, y, –z + 1.

Bond Valence Atom Σs

Mo(1)–O(8) 1.090

Mo(1)–O(12) 0.379 Mo(1) 6.131

Mo(2)–O(10) 0.989
Mo(2)–O(1) 0.186 Mo(2) 5.932
Mo(3)–O(9) 0.895
Mo(3)–O(8) 0.414 Mo(3) 6.147
Mo(4)–O(9) 0.984
Mo(4)–O(8) 0.375 Mo(4) 6.080
Mo(5)–O(22) 0.989
Mo(5)–O(25) 0.214 Mo(5) 5.996
Mo(6)–O(17) 0.932
Mo(6)–O(23) 0.385 Mo(6) 6.097
Mo(7)–O(23) 1.099

Mo(7)–O(25)#2 1.613 Mo(7) 6.268

Mo(8)–O(20) 0.922
Mo(8)–O(24) 0.379 Mo(8) 6.317
Cu(1)–N(3) 0.477

Cu(1) 1.943
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Fig. 2. Σs of oxygen atoms in the polyoxoanion of I (a) and heptamolybdate [Mo7O24]6– units (b and c). The extent of Σs for each
oxygen atom is indicated by different colors.

(a) (b)

(c)

Bond valence sums (Σs) of O atoms in I

1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90

Fig. 3. IR spectrum for I.
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reacted with ROS in the presence of horseradish per-
oxidase (HRP), which can indicate the total output of
ROS from the system. As shown in Fig. 5, the f luores-
cence (λem = 528 nm) intensity of I group is obviously
higher than that of blank group, which indicate that
the production of ROS with I is more than that with-
out it. Furthermore, (NH4)6Mo7O24 (abbreviated as
C1) and CuCl2 + En (abbreviated as Cu2+ + En)
groups also have catalytic effects. However, the f luo-
rescence intensity of I is about two fold higher than
that of C1 and Cu2+ + En groups. Interestingly, the
fluorescence intensity of Cu2+ group is lower than that
of the blank group, which may indicate that the Cu2+

group produced significantly less ROS. This phenom-
enon may be original from the interaction between
Cu2+ and HRP enzyme, which HRP can coordinate
with Cu2+ making them lose their catalytic ability [44].
Hence, the combination of POM fragment and Cu-
cluster may not only contribute to the synergistic pro-
duction of ROS, but also protects the catalytic centers
from interfering.

In this paper, a new tetrameric heptomolybdate
Na(H2O)7]6[Cu(En)2]4{[Na(H2O)][H1.5Mo7O24]}4·3H2O
(I, En = ethylenediamine) has been designed and syn-
thesized successfully. The novelty of the structure is
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
that the [Mo7O24]6– clusters is alternately joined by
[Na(H2O)]+ to forming a nanoscale circular cluster.
Furthermore, I can efficiently catalyze the production
of ROS, which may be due to the synergy effect of Cu
complexes and POM fragments. The novelty structure
and interesting property may make I a broad applica-
  Vol. 48  No. 5  2022
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Fig. 4. UV-Vis spectra of I in ultrapure water and stability of I the range of pH (inset (a) and (b)).
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tion prospects in the biochemistry and inorganic
chemistry researches of ROS catalyst.
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