CrystEngComm
Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.
Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available
to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.
You can find more information about Accepted Manuscripts in the
Information for Authors.
Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal’s
standard Terms & Conditions and the Ethical guidelines still
apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/crystengcomm

CrystEngComm

CrystEngComm Accepted Manuscript

Page 1 of 7

trans-Cu2(H2O)10SiW12O40.6(H2O)
Cu1.5(H2O)7.5PW12O40.4.75(H2O)

cis-Cu2(H2O)10SiW12O40.6(H2O)

PleaseCrystEngComm
do not adjust margins

Page 2 of 7

Journal Name

Received 00th January 20xx,
Accepted 00th January 20xx
DOI: 10.1039/x0xx00000x
www.rsc.org/

Disorder and Polymorphism in Cu(II)-polyoxometalate complexes:
[Cu1.5(H2O)7.5PW12O40]⋅⋅4.75H2O, cis- & trans[Cu2(H2O)10SiW12O40]⋅⋅6H2O
Sneha R. Bajpea,*, Sebastian Henkeb, Jung-Hoon Leea, Paul D. Bristowea and Anthony K.
Cheethama,*
Three highly crystalline Cu(II)-polyoxometalate (POM) complexes, [Cu1.5(H2O)7.5PW12O40]·4.75H2O and cis- and trans[Cu2(H2O)10SiW12O40]·6H2O, were successfully synthesized and characterized by single crystal and powder X-ray diffraction
as well as thermogravimetric analysis. All complexes feature octahedrally coordinated, Jahn-Teller-distorted CuII centres,
which are coordinated by one terminal oxygen atom of the POM anion and five water molecules. The crystal structure of
[Cu1.5(H2O)7.5PW12O40]⋅4.75H2O, reveals four-fold disorder at one of the two Cu-sites, whereas [Cu2(H2O)10SiW12O40]⋅6H2O
crystallizes in two fully-ordered polymorphic forms: a monoclinic structure containing an angled cis configuration of the
Cu-POM-Cu molecule and a triclinic structure containing a linear trans configuration. Density functional theory (DFT)
calculations show that the cis polymorph of [Cu2(H2O)10SiW12O40]⋅6H2O is more stable than the trans form by about 30
kJ/mol.

Introduction
Since their discovery, polyoxometalates (POMs) have attracted
enormous attention in inorganic chemistry. POMs are
transition metal clusters with discrete metal-oxygen bonds
around a central ion.1,2 They have well-defined topologies with
intriguing physical and chemical properties and an astounding
1-12
range of redox transformations.
Easy synthesis and large
structural variation, coupled with diverse applications in
2,4
industry, has led to their immense popularity. Structural
diversity in POMs can be achieved by combining them with
many elements of the periodic table, and many of the clusters
13
containing transition-metals have interesting magnetic,
14
1
15
optical, catalytic, or electronic properties.

Among the several different families of POMs, polyoxotungstates, -molybdates and -vanadates are the most widely
16-19
studied
due to their varied applications in industry as
16,20-22
1,23
homogeneous
and heterogeneous catalysts.
Although
1,24
these POMs have great potential in the catalysis industry,
Keggin-type tungstophosphoric acid [H3 PW12O40⋅xH2O] and
tungstosilicic acid [H4SiW12O40⋅xH2O] exhibit poor yields in
some acid-catalysed reactions such as isopropanol
25
dehydration.
However, salts of these POMs can show
significant improvements in catalytic activity for the same
26,27
reactions.
A huge variety of salts of these polyoxometalates have
therefore been synthesized by simultaneous reaction of the
19,22
acid with almost all of the transition metals.
Among the
II
various transition metals tested, Cu has so far outnumbered
its counterparts by exhibiting higher flexibility due to its
different coordinating ability (square planar, square pyramidal,
16,17
trigonal-bipyramidal and octahedral).
In addition to this,
II
Jahn-Teller and pseudo-Jahn-Teller effects of the Cu
II
octahedral and square pyramidal geometries make Cu
extremely versatile in its structural adaptability, forming
16
II
several interesting configurations. For example, Cu forms a
28
9,24
giant wheel-shaped Cu20-POM and dimeric clusters
when
reacted with different polyoxoanions.
II
29-34
The synthesis of several Cu -polyoxometalate complexes
has rendered POMs as potential candidates for a number of
catalytic applications, thus eliminating the troubles associated
with naked POMs under reaction conditions. In this regard,
35
III
II
Méndez et. al. have reported the use of Al and Cu salts of
POMs resulting in higher catalytic yields in acylation reactions.
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II

units with 1.5 Cu ions coordinated to these clusters; these
II
behave as charge balancing cations since exactly 1.5 Cu ions
are needed to balance the negative charge of each
3−
3−
[PW12O40] . The [PW12O40] cluster is connected to a Cu(H2O)5
unit, with the sixth coordinating site of the copper provided by
3−
one of the terminal oxygen atoms of the [PW12O40] cluster;
this is Cu1 in Figure 1. There is then an additional Cu(H2O)5 unit
(Cu2), which is only half occupied for charge balance (hence
II
3−
the 1.5 Cu per [PW12O40] unit in total). In the asymmetric
unit, this half occupied Cu(H2O)5 cation is disordered over two
positions, such that, each of the two positions has 25%
occupancy. Due to the severe disorder of this Cu(H2O)5 unit,
structure refinement could only be performed by restraining
the Cu-O distances for equatorial O atoms to 1.98±0.02 Å and
to 2.36±0.02 Å for the axial O atoms for both
crystallographically distinct fragments (Cu2A and Cu2B ions;
see cif and supplementary information tables S1 & S2 for
further details). The disordered Cu(H2O)5 unit is shared equally
by two adjacent [PW12O40]3− clusters, leading to fourfold
disorder overall. The structure contains 12.25 molecules of
H2O per asymmetric unit, which was confirmed by
thermogravimetric analysis (TGA) (supplementary information
Figure S6(a) and table S9). Of these water molecules, 7.5 are
coordinated to copper and the balance of 4.75 molecules per
formula unit lie between the POM clusters.

Results and Discussion
II

We have explored the formation of Cu salts of two different
34polyoxoanions - [PW12O40] and [SiW12O40] - by simple room
temperature crystallisation of the respective copper salts from
the protonated acids and copper nitrate in an ethanol:H2O
mixture. The resulting copper salts of these POMs, with the
structural formulae [Cu1.5(H2O)7.5PW12O40]·4.75H2O and
[Cu2(H2O)10SiW12O40]⋅6H2O, respectively, were characterized
31
by single crystal, powder X-ray diffraction, P NMR, IR and
thermogravimetric
analysis
(TGA).
Both
[Cu1.5(H2O)7.5PW12O40]·4.75H2O and [Cu2(H2O)10SiW12O40]⋅6H2O
resulted in the formation of large transparent-blue single
crystals.
Structure of compound 1: [Cu1.5(H2O)7.5PW12O40]·4.75H2O
Crystallographic details are given in Table 1 and supplementary
II
information tables S1 & S2. The structure of the Cu salt of
3−
phosphotungstate contains discrete polyoxoanion [PW12O40]

Figure 1. Compound 1: [Cu1.5(H2O)7.5PW12O40]·4.75H2O exhibiting disorder at one of the
CuII centers. Cu2 is fourfold disordered (only the two crystallographically independent
fragments are shown here) with Cu2A and Cu2B possessing 25% occupancy each. The
uncoordinated water molecules are removed from the image for visual clarity.

Structures of compounds 2c & 2t: monoclinic and triclinic
[Cu2(H2O)10SiW12O40]⋅⋅6H2O
In order to investigate the behaviour of CuII with a second
Keggin cluster, we explored its reaction with the analogous
[SiW12O40]4− polyoxoanion. Keggin-tungstosilicates [SiW12O40]4−
are generally more stable than
other tungsten
heteropolyanions,41 and since [SiW12O40]4− requires 4+ charge
for charge balance, we postulated that two CuII ions would be
able to coordinate to a single [SiW12O40]4− anion and do not
exhibit disorder as in compound 1. A different set of reactions
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Following this, Yadav et. al. and Purnima et. al. reported
II
enhanced catalytic activity of Cu salts of tunstophosphoric
acid in different acid catalysed reactions. Although they have
II
successfully obtained the Cu -POM salts in powder form, the
crystal structure could not be established due to very poor
35
crystallinity. Méndez et. al. have specifically pointed out the
need to establish the crystal structures of the Cu-POM
compounds.
We have been interested in Cu-based POM architectures for
36,37
several years and have studied the templating behaviour
of
POMs in the formation of Cu-based organic-inorganic hybrids.
II
For example, in the presence of Keggin POMs, Cu undergoes
dimerization and forms an HKUST-1 type hybrid framework
with the organic linker 1,3,5-benzene-tricarboxylate (BTC).37
This work led to the study of POM-templated metal-organic
frameworks for applications in luminescence38,39 and
catalysis.40 Although the formation of copper paddlewheel
dimers in the presence of Keggin POMs was definitively
established, the question whether copper alone can stabilize
the formation of a Cu-POM complex by behaving as a countercation remained unresolved. In the present work, we report
the successful synthesis and crystallographic structural
characterisation of pure CuII salts of tungstophosphoric acid,
[Cu1.5(H2O)7.5PW12O40]·4.75H2O, and tungstosilicic acid,
[Cu2(H2O)10SiW12O40]⋅6H2O, in the absence of any alkali metal
(such as Na+, K+, etc) acting as an additional counter cation.
Interestingly, we also found that [Cu2(H2O)10SiW12O40]⋅6H2O
can exist in two polymorphic forms displaying either a cis or a
trans configuration of the decorated POM. We present a
detailed structural analysis of different CuII-polyoxometalate
complexes in addition to the results of first-principle density
functional theory (DFT) calculations, which enable us to
compare the stabilities of the cis- and trans-polymorphs. On
the basis of the DFT calculations, we propose that water
molecules play a key role in stabilizing the crystal structures
via hydrogen bonding.
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4−

II

were performed with the [SiW12O40] Keggins and Cu ,
maintaining the synthesis conditions similar to that of the
3−
[PW12O40] Keggin. As predicted, we were able to form highly
crystalline,
transparent-blue
crystals
of
[Cu2(H2O)10SiW12O40]⋅6H2O. Surprisingly, we realized that the
[Cu2(H2O)10SiW12O40]⋅6H2O was not phase pure and further
investigation revealed that it was a mixture of monoclinic and
triclinic polymorphs with the same [Cu2(H2O)10SiW12O40]⋅6H2O
composition. The monoclinic isomer exhibits a cis
configuration of the Cu(H2O)5–POM–Cu(H2O)5 cluster while the
triclinic one features the related trans configuration. Although
5
Mo and V based mixed-polyoxoanions exhibit isomerism
within the POM itself, we believe that this is the first time that
cis and trans isomerism has been observed in decorated
polyoxoanions.
Crystallographic details for 2c and 2t measured at 123 K are
given in Table 1 and supplementary information tables S5-S8.
II
The two Cu compounds of tungstosilicic acid contain discrete
4−
II
polyoxometalate clusters of [SiW12O40] with two Cu cations
balancing the negative charge. In both cases, the Keggin
4cluster, [SiW12O40] , coordinates via two terminal oxygen
atoms to the two crystallographically distinct Cu(H2O)5 units,
and these two Cu(H2O)5 units are located at different
positions(cis and trans) in the two polymorphs(Figure 2 and 3
respectively. Both crystal forms contain 16H2O molecules per

formula unit, 10 attached to the copper ions and 6 lying
between the POM clusters. This was confirmed by TGA
(supplementary information-Figure S6(b) & table S9). Figures 2
and 3 appear to indicate that these water molecules are
responsible for stabilizing the crystal structure via various
types of hydrogen-bonding. Note, to, that compound 2c is
isostructural with compound 1 (see Table 1), indicating that
the Cu(H2O)5 units adopt a cis configuration in the
phosphotungstate compound.
At room temperature the bulk of the polycrystalline product of
compound 2 was largely dominated by the monoclinic phase,
as confirmed by a Rietveld refinement of PXRD data
(supplementary information-Figure S7, S9 & table S10). The
single crystal diffraction data for all compounds discussed here
have been recorded at similarly low temperatures (approx. 123
– 125 K). This suggests that the two polymorphs of compound
2 are not simply interconverting as a function of temperature.
Rather 2t seems to be a kinetic intermediate, which is
thermodynamically less stable than the main phase 2c (see
below). The crystallographic details of the measurement
performed at 293 K are given in detail in the supplementary
information (table S3 & S4, CCDC No. 1420705).
Crystallographic details for 2c and 2t measured at 123 K are
given in Table 1 and supplementary information tables S5-S8.

Table 1: Crystal data for compound 1 and compound 2c & 2t.

Empirical formula

H24.5Cu1.5O52.25PW12
Compound 1

H32Cu2O56SiW12
Compound 2c

H32Cu2O56SiW12
Compound 2t

CCDC
Formula weight

1420704
3193.17

1466493
3289.62

1420706
3289.62

Crystal system

Monoclinic
(P21/n)

Monoclinic
(P21/n)

Triclinic
(P-1)

a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
V, Å3
Z
ρcalcd, g cm-3
μ, cm-1
T, K
F(000)
Final R indexes [I≥2σ(I)]
Final R indexes [all data]

12.9417(2)
21.8435(3)
15.0559(2)
90
94.1800(13)
90
4244.85(11)
4
4.997
33.273
123(1)
5556.0
R1= 0.0291
R1= 0.0360

wR2= 0.0635
wR2= 0.0656

One of the prominent features of compounds 2c and 2t is that
the water molecules play a key role in stabilizing the crystal
structures via hydrogen-bonding. Unfortunately, the H atoms
of the water molecules could not be located based on the

Experiment
12.9010(3)
22.1952(4)
15.3468(3)
90
94.432(2)
90
4381.25(16)
4
4.987
32.476
123.7(6)
5760.0
R1= 0.0353
R1= 0.0276

DFT
12.806
22.038
15.294
90
94.14
90
4304.69

wR2= 0.0553
wR2= 0.0575

Experiment
12.8897(4)
14.0070(5)
15.3382(4)
63.169(3)
71.079(3)
63.827(3)
2190.49(15)
2
4.988
32.478
125(2)
2880.0
R1= 0.0266
R1 =0.0310

DFT
12.876
14.015
15.222
62.62
70.09
63.42
2149.66

wR2= 0.0576
wR2= 0.0590

single crystal X-ray diffraction data due to weak scattering
contrast. According to our energy-minimised DFT calculations
which have enabled us to include precise coordinates for the
hydrogen atoms on the water molecules, there are four
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different types of hydrogen-bonds as shown in Figure. 2(b):
hydrogen-bonding between (i) Keggin W-O groups and water
....
molecules connected to Cu (W-O H2O-Cu), (ii) water
molecules connected to Cu and water molecules between the
....
Keggins (Cu-H2O H2O), (iii) water molecule between the
....
Keggins and O atoms on W (H2O O-W), and (iv) H atoms on
....
two water molecules (H2O H2O). In fact, these hydrogenbonds provide links between the clusters and thereby stabilize
the whole structure.

with a ground-state energy difference of 0.309 eV per formula
unit (while this may seem a large number for two polymorphs,
note that we are dealing with a very large formula unit). The
higher stability of the monoclinic phase is most likely related to
the hydrogen bonding since the crystallographic densities of
the two phases are very similar. While it is difficult to extract
the hydrogen bond energies from the DFT calculations, the
....
average H O bond distance in the monoclinic phase is 1 %
smaller than in the triclinic phase implying stronger bonds and
greater stability. The higher stability of the monoclinic 2c
phase is in qualitative agreement with the PXRD analysis,
which proves that bulk polycrystalline sample is dominated by
this phase.
It is noteworthy that CuII alone behaves as a charge balancing
cation
to
form
[Cu1.5(H2O)7.5PW12O40]·4.75H2O
and
[Cu2(H2O)10SiW12O40]⋅6H2O crystals without the aid of any
alkali metal as a counter cation. We also note that slow
reaction kinetics at room temperature, coupled with the use of
an ethanol:H2O mixture as a solvent, results in the formation
of high quality CuII-decorated POM crystals. By contrast, the
use of higher reaction temperatures and aqueous conditions in
the previously reported work by Méndez et. al.35 did not yield
highly crystalline products. In order to confirm the importance
of the solvent conditions, we performed additional reactions in
pure H2O & pure ethanol and found that no crystals formed,
even after several months.

Figure 2: Compound 2c: (a) Image showing the monoclinic [Cu2(H2O)10SiW12O40]⋅6H2O
structure after the addition of H atoms followed by DFT optimization/MD simulations.
(b) Schematic view of various types of hydrogen-bonds between two [SiW12O40]4- units.
The dotted lines indicate hydrogen-bonds between oxygen and hydrogen atoms.

In order to obtain insight into the relative stabilities of the two
different polymorphs of [Cu2(H2O)10SiW12O40]⋅6H2O, we
compared the Kohn-Sham energies from the DFT calculations
on the monoclinic and triclinic phases. Details of the method
are given in the experimental section. In both cases the
geometry optimizations converged to give the lattice
parameters and fractional coordinates that are in excellent
agreement with our experimental results for both polymorphs,
as listed in Table 1, supplementary information tables S3, S5 &
S7. Furthermore, our calculations reveal that the monoclinic
P21/n phase, 2c, is more stable than the triclinic P-1 phase, 2t,

Figure 3: Compound 2t: Image showing the triclinic [Cu2(H2O)10SiW12O40]⋅6H2O
structure after the addition of H atoms followed by DFT optimization/MD simulations.
The dotted lines indicate hydrogen-bonds between oxygen and hydrogen atoms.

Experimental Section
All chemicals were purchased from Sigma Aldrich and used
without further purification. Single-crystal X-ray diffraction
was performed on an Oxford Diffraction Gemini E Ultra
diffractometer using Mo Kα radiation (λ = 0.71073 Å) operating
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P NMR spectroscopy: P NMR spectra were recorded at 162
MHz using a Bruker Biospin GmbH 400 spectrometer.
Phosphoric acid (85 %) was used as an external reference. The
solutions were prepared in 10 ml of D2O or acetonitrile-d6 (0.1
g of [Cu1.5(H2O)7.5PW12O40]·4.75H2O) respectively.

Synthesis of Compound I, Compound 2c & 2t
2.8 g of Cu(NO3)2.3H2O was dissolved in 20 ml of 50 vol%
ethanol:H2O. To this 1.5 g of H3PW12O40⋅12H2O was added and
the solution was stirred until all the acid dissolved. The
solution was then left under static conditions at room
temperature for four weeks.
Light blue crystals of
[Cu1.5(H2O)7.5PW12O40]·4.75H2O emerged from the solution. A
similar procedure was adopted for the synthesis of
[Cu2(H2O)10SiW12O40]⋅6H2O; however, the starting acid used
was
H4SiW12O40⋅16H2O.
%Yield:
44.36
of
[Cu1.5(H2O)7.5PW12O40]·4.75H2O
and
42.69
of
[Cu2(H2O)10SiW12O40]⋅6H2O were obtained. The crystals were
then used for further characterization both under dry and wet
conditions. Similar syntheses in pure water and pure ethanol
did not result in any crystal formation. The syntheses of both
[Cu1.5(H2O)7.5PW12O40]·4.75H2O and [Cu2(H2O)10SiW12O40]⋅6H2O
in 50 vol% ethanol:H2O were performed at a higher
temperature (40 °C) for 24 h. This resulted in the formation of
powders of the respective compounds but no single crystals
were obtained. The solubility of the compounds was checked
in various solvents such ethanol, water, acetonitrile, methanol
and cyclohexane. Compound 1 was soluble in all the solvents
and compound 2 was soluble in all solvents except for
acetonitrile and water.

Computational Details
In the crystallographic study, the positions of all atoms of the
[Cu2(H2O)10SiW12O40]⋅6H2O polymorphs are well defined
except the hydrogen atoms. Therefore, in order to generate
starting positions for the hydrogen atoms for the DFT
calculations, we performed short NVE molecular dynamics
44
(MD) simulations using the LAMMPS package. The TIP4P
45
model was used for the water molecules and the ReaxFF
46
force field for the other atoms. The effect of van der Waals
interactions were included during structural optimization. The
simulations were performed at 298 K for 5 ps and then
quenched to 0 K. The resulting forces on the ions were less
-6
than 10 kcal/mol/Å and the energy was converged to
-4
within10 kcal/mol.
Having obtained a reasonable initial structure from the MD
simulations, first-principles density-functional theory (DFT)
calculations were performed on the basis of the generalized
47
gradient approximation (GGA) and the GGA + U method
48
implemented with the projector augmented wave (PAW)
pseudopotentials using the Vienna ab-initio Simulation
49,50
The effects of van der Waals interactions
Package (VASP).
51
were included during structural and electronic relaxation. All
of the DFT calculations were performed using (i) the planewave cut-off energy of 500 eV and (ii) the tetrahedron method
with the Blöchl corrections for the Brillouin zone
52
integrations. A value of 5 eV was chosen for the Hubbard Ueff
on Cu 3d states. We explicitly treated 11 valence electrons for
10 1
2
2
4 2
2
4
Cu (3d 4s ), 4 for Si (3s 3p ), 6 for W (5d 6s ), 6 for O (2s 2p ),
1
and 1 for H (1s ). For the monoclinic P21/n cell, a 5✕3✕5
53
Monkhorst–Pack k-point mesh centered at Γ was used while
a 5✕5✕5 Monkhorst-Pack k-point grid was adopted for the
triclinic P1 cell. All structural relaxations were performed with
54
a Gaussian broadening of 0.05 eV.
The ions were relaxed
-1
until the forces on them were less than 0.02 eV  A .

Conclusions
Our
study
has
shown
that
single
crystals
of
[Cu1.5(H2O)7.5PW12O40]·4.75H2O and [Cu2(H2O)10SiW12O40]⋅6H2O
can be obtained by adopting very slow reaction kinetics while
tuning the solvent conditions. The behaviour of these crystals
in different solvents is currently under investigation for
possible application in photocatalysis. It is found that while the
copper sites in the phosphotungstate structure are disordered,
the [Cu2(H2O)10SiW12O40]⋅6H2O
forms two polymorphs
containing cis- and trans-decorated Keggin isomers, which has
not been observed previously for salts of polyoxoanions. DFT
calculations reveal that the water modules can stabilize the
crystal structures via different types of hydrogen-bonding.
They also reveal that the cis polymorph is more stable than the
trans form.
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