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ABSTRACT

A detailed study on the single-molecule ferroelectric property of Preyssler-type polyoxometalates (POMs), [M3+P5W30O110]12− (M = La, Gd,
and Lu), is performed by density functional theory calculations. Linked to one H2O molecule, the cation (M3+) encapsulated in the cavity of
the Preyssler framework is off-centered, and it generates a permanent dipole, which is essential for a ferroelectric ground state. Accompanied
with a 180○ rotation of H2O, the switching of M3+ between two isoenergetic sites on both sides of the cavity results in a calculated barrier
of 1.15 eV for Gd3+, leading to the inversion of electric polarization. The height of the barrier is in good agreement with the experimen-
tally measured barrier for the Tb3+ ion, whose ionic radius is similar to Gd3+. The total polarization value of the crystal is estimated to be
4.7 μC/cm2 as calculated by the modern theory of polarization, which is quite close to the experimental value. Considering that the order of
contributions to the polarization is M3+–H2O > counter-cations (K+) > [P5W30O110]15−, the interconversion of M3+–H2O between the two
isoenergetic sites is predicted to be the main origin of ferroelectricity with a polarization contribution of 3.4 μC/cm2; the K+ counter-cations
contribute by 1.2 μC/cm2 and it cannot be disregarded, while the framework appears to contribute negligibly to the total polarization. Our
study suggests that a suitable choice of M3+–H2O could be used to tune the single-molecule ferroelectricity in Preyssler-type polyoxometalates.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0035778

I. INTRODUCTION

Ferroelectricity (FE) is a characteristic of some electro-active
materials that possess a robust spontaneous polarization, which
can be switched under an external electric field.1 Due to the non-
linear nature,2,3 hysteretic behavior,4,5 and catalytic properties,6,7

ferroelectric materials (FEs) have been widely employed as capac-
itors,8,9 sensors,10,11 tunnel junctions,12–14 catalysts,15,16 and non-
volatile memory.17–20 Up to now, many important FEs belong to
the class of perovskites,21–26 such as barium titanate (BaTiO3)27,28

and lead zirconate titanate.29,30 However, FE has also been described
in many other materials,31–34 and the development of computing

techniques and algorithms also drives tremendous efforts to look for
higher-performance ferroelectric materials.35–39

Polyoxometalates (POMs) are nanoscale anionic metal-oxide
clusters of d-block transition metals, which play a very active
role in many fields such as homogeneous and heterogeneous
catalyses,40–43 electrocatalysis,44,45 photocatalysis,46–48 materials sci-
ence,49–51 molecular magnetism and spintronics,52,53 and macro-
molecular crystallography54 due to their structural diversity, elec-
tronic properties, modifiability, tunability, and redox properties.55,56

In the vast family of POMs, the donut-shaped molecule con-
sisting of five PO4 tetrahedra surrounded by 30 WO6 octahe-
dra is termed as Preyssler-type POMs ([Mn+P5W30O110](15−n)−,
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FIG. 1. The top (left) and side (right)
views of the ball-and-stick model of
[Mn+@P5W30](15−n)− cluster. Color
code: gray (W), red (O), yellow (P), and
green (M). The two isoenergetic sites
of encapsulated Mn+ cation are Site-A
and Site-A′, the population of which
is assumed to be interconverted by
thermal energy and electric field.

abbreviated as [Mn+@P5W30](15−n)−), and shown in Fig. 1.57,58 Com-
pared to the classical Keggin- and Dawson-type POMs, Preyssler
anions display distinctive properties, among which the most notable
are their (1) high negative charges (−12 to −15), (2) large oxida-
tion potential, and (3) reversible transformation. The diameter of the
internal cavity of Preyssler clusters approaches 5 Å, large enough to
accommodate at least one metal cation (Mn+).59,60

So far, most studies addressed the (electro)catalytic activities
and extending frameworks for functionalization of Preyssler clus-
ters,61–63 but more recently, Nishihara and co-workers reported
a Preyssler cluster, [Tb3+@P5W30]12−, showing switchable electric
polarization with high spontaneous polarization (6 μC/cm2) and
coercive electric fields, which is the first discovery of FE in the fam-
ily of POMs.64 It was assumed that a Tb3+ cation encapsulated in the
Preyssler cluster could be interconverted by thermal energy and elec-
tric field between two isoenergetic sites (Site-A and Site-A′ in Fig. 1),
leading to the inversion of polarization. Although the bi-stability of
the two isoenergetic sites provides the basic ingredients to explain
FE, there are still some points that need further clarification for a
complete description of the origin of FE in Preyssler clusters. In the
first place, it is not clear whether there is a water molecule bound
to the Tb3+ cation inside the cavity of the POM, which would cer-
tainly influence the interconversion of the cation between the two
isoenergetic sites. X-ray and EXAFS studies of [Mn+@P5W30](15−n)−

(M = Na, Ca, Y, Ag, and Bi) have typically indicated the presence
of a water molecule inside the cavity linked to the Mn+ ion.62,65,66

Moreover, due to the relatively high charge of the Preyssler anion,
quite a few counter-cations are present in the crystal, which is closely
associated with the redistribution of charges and may play a role in
the polarization switching. While experimental studies have been
addressed for Preyssler systems, a detailed analysis based on den-
sity functional theory (DFT) for the microscopic mechanism at the
origin of this “single-molecule” ferroelectricity is still lacking due
to the complexity of the system. This motivated us to close this
gap.

Here, we report DFT calculations carried out to explore the
effect of a water molecule inside the cavity and the origin and main
contributions to the ferroelectric property experimentally observed
in the [M3+@P5W30]12− system with M = La, Gd, and Lu. Gd3+ has a
similar ionic radius as Tb3+ but is computationally much simpler
because of the half-filled 4f shell. DFT has, in general, important
problems in treating ions with partially filled f-shells other than 4f7.
La3+ (4f0) and Lu3+ (4f14) are studied for comparison, being the
largest and smallest ions of the lanthanide series, respectively. Our

results are arranged as follows. We first systematically examine the
structures of the Preyssler anions [M3+@P5W30]12−, combined with
the energy comparison between ferroelectric and anti-ferroelectric
phases. We find that one water molecule linked to the internal cation
is necessary for a ferroelectric ground state. Without an extra water
molecule in the cavity, there is no indication that the metal will
leave the center of the cavity and break the structural symmetry.
Then, we explore the switching path connecting Site-A and Site-
A′ of the encapsulated cation–water unit (M3+–H2O). Combining
the displacement of M3+ between the two isoenergetic sites with a
180○ rotation of H2O results in a barrier of 1.15 eV for Gd3+, in
good agreement with the experimental barrier of 0.96 eV for Tb3+.64

Finally, we calculate the polarization value to be 4.7 μC/cm2 of the
Preyssler crystal using the Berry phase method,67 which is in fairly
good agreement with the experimental value of about 6 μC/cm2.64

We also observe that the interconversion of M3+–H2O between two
isoenergetic sites induces a polarization of 3.4 μC/cm2, and it can be
considered as the main origin of FE. The polarization contribution
of K+ counterions is about 1.2 μC/cm2. It is certainly non-negligible
while the contribution of the [P5W30]15− framework is much smaller
and can safely be ignored.

II. COMPUTATIONAL DETAILS
Geometry optimizations for the isolated molecule were per-

formed with the ADF 2016 package68 using the OPBE func-
tional.69,70 All-electron triple-ζ-quality basis sets with single polar-
ization functions (TZP) were used for all atoms.71,72 Relativistic
effects were included via the zeroth-order regular approximation
(ZORA).73,74 The solvent effects were treated by the conductor-
like screening model (COSMO) with a dielectric constant (ε) of
78 to simulate the aqueous environment, as implemented in ADF
2016.75,76 Different point-group symmetries were applied consid-
ering the complexity of the Preyssler cluster. Open-shell electronic
configurations were considered with the spin-unrestricted formal-
ism in the Gd3+ case.77 For the crystal structure, we started our
calculations from the experimental crystallographic data of the
Preyssler system with M3+

= Bi3+.66 The structure is orthorhom-
bic, space group Pnma with a = 28.6997 Å, b = 21.5091 Å, and c
= 20.8737 Å, and has 114 symmetry unique centers. It is optimized
until Hellmann–Feynman forces were smaller than 0.05 eV/Å.
Kohn–Shan equations were solved using the projector-augmented-
wave (PAW) method,78,79 as implemented in VASP.80,81 The stan-
dard corresponding pseudopotentials represent the La [Kr-4d]; Gd,
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Lu, W [Xe]; K (1s2-3s2); P (1s2-2p6); and O (1s2) core electrons.
We have used the Perdew–Burke–Ernzerhof (PBE) approximations
for the exchange–correlation functional.82,83 The energy cutoff for
the plane wave expansion was set to 400 eV in agreement with
cutoffs used in other studies.84–86 Geometry optimizations at the
gamma point and a 2 × 2 × 2 grid were used for the calculation
of electronic polarization. By establishing a suitable antiferroelectric
phase, the Berry phase approach is used to evaluate the ferroelectric
polarization.67

III. RESULTS AND DISCUSSION
A. Structural analysis

The first issue that needs to be clarified is the possible pres-
ence of water molecules inside the cavity. In the experimental study,
the crystals were dried before the polarization measurements.64 This
could imply that in addition to the interstitial water molecules,
also the water molecule(s) on the inside of the Preyssler cage (if
present at all) were removed from the sample. Experimental stud-
ies showed that in some [M@P5W30] systems, the encapsulated ion
is bound to a water molecule65 and located off-center, while in
others, no sign of water was found.84,87 In previous studies in our
group of a series of [M@P5W30]q− structures, it was established that
only the inclusion of a water molecule inside the cavity leads to
an optimized structure with the Na+ ion at the position measured
in experiment.59 Due to computational limitations, other systems
(among which also the here studied compound with La3+) were opti-
mized without water on the inside of the cage. Now that the com-
putational limitations are no longer pressing, we have studied the
geometry of [M@P5W30]12− and [M–H2O@P5W30]12− (M = La3+,
Gd3+, and Lu3+) only imposing the symmetry restrictions of the
Cs spatial group. This ensures that all structural relaxations (off-site
movement of the encapsulated cation, W–O–W bond length alter-
nation, etc.) can take place when energetically favorable. Without
the water molecule, all three systems converge to a geometry with
the cation at the center of the cavity, while the incorporation of a
water molecule pushes the cations away from it. The bond lengths
are 2.381 Å for La3+–H2O, 2.283 Å for Gd3+–H2O, and 2.203 Å
for Lu3+–H2O, as depicted in Fig. 2 (right). Two isoenergetic posi-
tions are also found: Site-A in the upper half of the cavity and Site-A′

FIG. 2. Optimized ball-and-stick representation of one-fifth of [Gd3+@P5W30]12−

and [Gd3+(H2O)@P5W30]12−. Main distances in Å. Color code: gray (W), red (O),
yellow (P), and green (Gd3+).

in the lower half. The position of Site-A (A′) is not exactly the same
for the three ions and depends on the radius of the lanthanide, i.e.,
1.798 Å for La3+, 1.743 Å for Gd3+, and 1.723 Å for Lu3+ above
(or below) the center of the cavity. We roughly estimate the bind-
ing energy (ΔEbinding_H2O, kcal/mol) between the internal M3+ cation
and a H2O molecule and compare the modulus with the case where
the internal cation is Na+. The structure of [Na+@P5W30]14− has
been experimentally confirmed that Na+ is combined with a H2O
molecule encapsulated in the cavity. The results are summarized in
Fig. 3 in which the cases of Mq+

= Ca2+ and Bi3+ are also listed for
comparison. The observation that the binding energy of the three
lanthanide ions is larger than in the case of Na+ indicates that the
water molecule can indeed reside inside the cavity.

B. The interconversion of M3+(-H2O)
Following the assumption that the ferroelectric property of the

Preyssler cluster originates from the interconversion of the cation
trapped in the cavity between the two isoenergetic sites (Fig. 1), the
energies related to the process of M3+ moving from Site-A to Site-A′

along the vertical Ĉ5 axis are calculated. The study is carried out as
a series of restricted geometry optimizations, fixing the M3+ ion at
different positions on the Ĉ5 axis with steps of 0.5 Å. Every struc-
ture is re-optimized, keeping the position of M3+ frozen, under the
C5v symmetry without H2O and under the Cs symmetry with one
H2O molecule bound to the cation. Figure 4 displays the schematic
energy profiles associated with the interconversion process of M3+,
where the solid curve in the top panel corresponds to the presence
of H2O inside the cavity, while the dashed curve in the bottom panel
corresponds to the absence of H2O. While the relative energies are
different for the three ions, the shape is strictly the same in all cases.
When M3+ is not connected to H2O, the energy decreases by 0.28 eV
for La3+, 0.34 eV for Gd3+, and 1.38 eV for Lu3+ as the cation moves
from Site-A to the center position and then increases again by the

FIG. 3. Calculated binding energy (ΔEbinding_H2O, kcal/mol) relative to
[Na+(H2O)@P5W30]14− of different internal cations (Mq+) with a H2O molecule.
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FIG. 4. Schematic energy profiles for M3+ displacement with H2O (the “broken”
solid curve) or without H2O (the full dashed curve) from Site-A to Site-A′ along the
vertical Ĉ5 axis of the Preyssler cluster. The “broken” solid line includes green and
blue parts, where green represents the movement from A to the center of the cavity
while blue represents from A′ to the center. The green and blue curves cannot be
connected because of the different orientation of the water molecule. Color code:
Preyssler framework (red), M3+ cation (green), and H2O (Λ-shaped black sticks).

same amount moving on to Site-A′. If the cation moves further out-
ward beyond Site-A′, the energy of the system continues to rise,
and it will reach a maximum when the ion passes through the win-
dow of the framework. Therefore, the energy profile of the whole

process is a simple parabola with a single minimum representing
as M3+ displaces along the Ĉ5 axis. However, the situation changes
dramatically when a H2O molecule is linked to M3+. The energy
increases by 0.57 eV for La3+, 0.24 eV for Gd3+, and 0.03 eV for Lu3+

from A to the center, reaching a maximum at the center of the cav-
ity, and then decreases again when M3+ moves to Site-A′. We have
also verified that the M3+ ion located at Site-A shifts to the center of
the molecule when the structure is fully relaxed without symmetry
constraints. This is important since POM frameworks present what
is known as alternating bond distortions that are hampered with the
presence of symmetry constraints.88 The two completely different
profiles suggest that the presence of water is necessary for having the
cation off-centered giving rise to two isoenergetic sites of the cation,
a necessary condition for (anti-)ferroelectric properties. So far, we
have only studied the displacement of the M3+–H2O unit from the
center of the cavity to Site-A or A′, but as can be seen in the broken
solid curve (the half green part and half blue part) of Fig. 4, the two
potential energy surfaces cannot be connected as the orientation of
the water molecule is opposite for the two cases.

Therefore, we explore the potential energy profiles for the dis-
placement of the internal M3+–H2O unit in more detail, especially
the way the unit passes through the center. We study three possibili-
ties for the unit to switch between the two isoenergetic points. First,
the orientation of M3+ and H2O (M3+ is up and H2O is down) is
assumed to remain constant during the interconversion, as depicted
by the blue curve in Fig. 5. Starting from the minimum A, the energy
first rises and then falls until reaching the second minimum when
M3+ is located near the center of the cavity, which is 0.72 eV (in the
Gd3+ case) higher than A. As M3+–H2O continues to move down,
the energy increases again and reaches a maximum when M3+ is
about 1 Å below the center and H2O is exactly located at the win-
dow, the narrowest part of Preyssler, suggesting a strong interac-
tion between H2O and the framework here. If the metal is pushed
further downward to Site-A′, the M–H2O bond breaks and water

FIG. 5. Three possible pathways for the Gd3+–H2O unit to switch between Site-A and Site-A′. The blue curve represents that the relative orientation of Gd3+ and H2O
remains unchanged. The red curve describes that the displacement of Gd3+–H2O is accompanied by the rotation of H2O and their relative orientation is finally reversed at
A′, where θ is the angle formed by the oxygen atom of H2O, M3+, and the Ĉ5 axis of the Preyssler cluster. The black curve shows that a second H2O molecule enters the
framework and participates in the displacement of the Gd3+–H2O unit. Color code: Preyssler framework (red), internal cation (green), and H2O (Λ-shaped black sticks).
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leaves the cavity. As explained above, the bare metal ion tends to
occupy the center of the cavity. Considering the experimental obser-
vation that the ferroelectric polarization has the same numerical
value with the opposite direction at two isoenergetic points, we
expect that the structures at these points should have a symmetry
operation relating to each other. Hence, this path is not consistent
with the experimental fact, although the relatively low barrier makes
it possible for Gd3+ and Lu3+ to move from the upper part of the
cavity to the lower one at room temperature. The second hypothe-
sis assumes that the displacement of M3+–H2O is accompanied by
the gradual rotation of H2O and their relative orientation is reversed
from up-down at Site-A to down-up at Site-A′, described by the red
curve in Fig. 5. In this way, one can guarantee that the two structures
at the isoenergetic sites are symmetrical to each other. The interme-
diate situation with M3+–H2O lying in the σh plane (the center of
the cavity, θ = 90○) turns out to be a (meta-)stable intermediate con-
nected to the initial position (Site-A) by a transition state (θ = 39○),
0.6 Å from the σh plane, at slightly higher energy (0.19 eV for Gd3+).
The overall energy barriers to go from Site-A to A′ are 1.61 eV,
1.15 eV, and 0.52 eV for La3+, Gd3+, and Lu3+, respectively. Among
them, the barrier of 1.15 eV for Gd3+ matches the experimental bar-
rier of 0.96 eV for Tb3+ quite well, in line with the similar radii of
both ions. The final possibility that we explored is that a second
H2O molecule enters the Preyssler framework from the outside and
pushes the M3+–H2O unit down until the original H2O molecule
leaves the Preyssler framework (the far right panel of Fig. 5). How-
ever, the calculations show that inserting a water molecule requires
more than 2.0 eV of energy. Therefore, we also have to overthrow the
third hypothesis and mark the second scenario as the most probable
mechanism for switching the dipole moment of the POM.

C. Ferroelectric property
For a more detailed analysis of the ferroelectric properties, we

need to go beyond the molecular approach that we have adopted
so far. Therefore, we now turn our attention to the crystal struc-
ture and analyze the differences between the ferroelectric phase (FP)
and the antiferroelectric phase (AFP), as shown in Fig. 6. The full

FIG. 6. Energy comparison between the ferroelectric phase (FP) and the anti-
ferroelectric phase (AFP). Color code: Preyssler framework (red), internal cation
(green), and H2O (Λ-shaped black sticks).

relaxation of the ferroelectric phase (FP) (Fig. 6, left) maintains the
orthorhombic nature with four Preyssler molecules per unit cell and
reproduces quite accurately the lattice vectors of the x-ray structure
of the Preyssler system with the Bi ion inside the cavity.66 It also pre-
dicts the four cations (La3+ or Gd3+) to be off-center and arranged
in the same direction (all Site-A or all Site-A′) when linked to a
water molecule. The displacement of the metal ion from the cen-
ter is similar to the one found in the molecular calculations. In order
to estimate the polarization and to avoid the inclusion of quantum
of polarization,67 it is necessary to build a centrosymmetric antifer-
roelectric phase with inversion symmetry as well as a way to con-
nect the FP with the AFP structure through atomic displacements.
The AFP is constructed by moving the M3+–H2O unit from Site-A
to Site-A′ along the Ĉ5 axis in the two Preyssler anions, accom-
panied with the rotation of 180○ of the H2O molecule so that the
four encapsulated M3+–H2O units are in a head-to-tail arrangement
(head-to-head arrangements are expected to be higher in energy)
with two units in Site-A and the other two in Site-A′, as shown in
Fig. 6 (right, AFP). In order to ensure the inversion symmetry of the
AFP structure, the two Preyssler frameworks and the surrounding
24 K+ counter-cations outside the frameworks have also been prop-
erly centrosymmetrized. For both structures, we have performed a
full geometry relaxation (cell parameters and atomic positions), and
the energy difference between the two is 1.67 eV per unit cell in favor
of the FP structure. In line with the experimental conditions, we have
removed 96 water molecules from the unit cell outside the POM,
only leaving the four that are inside the cavity bonded to the metal
ion.

To connect the FP and AFP, we have followed the interconver-
sion path that is studied in the molecular calculations in which the
metal displacement is accompanied by a gradual rotation of the H2O
molecule bonded to it. The parameter λ collects all the geometrical
changes along this path and interpolates between the AFP (λ = 0) and
the FP (λ = 1), increasing the angle of the M–H2O bond and the Ĉ5
rotation axis of the Preyssler anion in steps of 10○. The total polariza-
tion of the system can be split into two parts, one that arises from the
Preyssler molecule with the M–H2O unit on the inside and the other
part that is caused by changes in the positions of the K+ counter-
cations. The polarization value of the AFP structure is 0 due to the
presence of an inversion point at the center of the unit cell by con-
struction. Figure 7 shows that the polarization increases along the b-
axis, which coincides with the direction of the Ĉ5 axis of the isolated
Preyssler cluster, resulting from the increase of asymmetry relative
to the non-polar reference structure. The polarization along the a
and c directions remains very close to zero for all λ values. The cal-
culated polarization value at the FP is 4.7 μC/cm2, only 1.3 μC/cm2

different from the experimental value. To trace the origin of the
polarization and clarify the role of K+ counterions, we consider the
individual contribution of the Gd3+–H2O unit, [P5W30]15−, and K+

cations to the total polarization by displacing only appropriate func-
tional units while keeping the other units at the centrosymmetric
atomic position. For instance, to calculate the contribution of the
Gd3+–H2O unit, only Gd3+–H2O units are displaced from the AFP
to FP structure while [P5W30]15− and K+ cations are kept in the non-
polar structure. The contributions of [P5W30]15− and K+ cations
are obtained in the same way. The contributions of the Gd3+–H2O
unit, [P5W30]15−, and K+ cations are 3.4 μC/cm2, 0.5 μC/cm2,
and 1.2 μC/cm2, respectively. The sum of the three individual
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FIG. 7. The FE polarization along the a–c axes of the Preyssler crystal as a function
of the parameter λ, which represents the normalized distortions of two Preyssler
molecules from the AFP to FP. Hence, λ = 0 corresponds to the AFP, while λ = 1
corresponds to the FP.

polarizations is 5.1 μC/cm2, approximately the same as the cal-
culated total polarization of 4.7 μC/cm2, proving the consistency
of decomposition of the polarization into three separate contribu-
tions. According to the order of the contributions of 3.4 μC/cm2

> 1.2 μC/cm2
> 0.5 μC/cm2, the interconversion of the Gd3+–H2O

unit along the Ĉ5 axis between two isoenergetic sites dominates the
generation of overall polarization and hence can be considered to be
the main origin of the FE in the Preyssler cluster. The redistribution
of the overall charge caused by the movement of Gd3+ relocates the
K+ counterions, resulting in an additional contribution that cannot
be ignored while the contribution of [P5W30]15− is quite small.

IV. CONCLUSION
In summary, the single-molecule ferroelectric property of the

Preyssler cluster, [M3+@P5W30]12− (M = La, Gd and Lu), is studied
by DFT calculations. By examining the structure of the single anion,
we find that the cation enclosed in the Preyssler framework needs
to bind one water molecule to go off-center and create the possi-
bility of a polar structure. When the metal cation occupies either
Site-A or Site-A′, the inversion of the cluster is broken and a per-
manent dipole moment is created, which is the basis of ferroelectric
properties. Combining the interconversion of M3+ between Site-
A and Site-A′ with a 180○ rotation of H2O results in a barrier of
1.15 eV for Gd3+, in good agreement with the experimental bar-
rier for Tb3+, leading to the switching of polarization. Moreover, we
simulated the polarization of the Preyssler crystal using the Berry
phase method to be 4.7 μC/cm2, close to the experimentally mea-
sured value. The interconversion M3+–H2O contributes more than
66% and the relocation of K+ counter cations contributes about
24%, while the framework [P5W30]15- contributes less than 10% to
the total polarization. Clearly the interconversion of M3+–H2O is
the main reason for the generation of the ferroelectric polariza-
tion, which agrees with the hypothesis proposed by Nishihara and

co-workers41 that the ferroelectricity of the Preyssler POMs origins
from the bi-stability of the two isoenergetic sites of M3+.

SUPPLEMENTARY MATERIAL

See the supplementary material for computed alternating long
and short W–O bond lengths and binding energy of different inter-
nal cations (Mq+) with a H2O molecule of the [M3+@P5W30]12−

clusters.
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