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A family of rare-earth derivant mixed-polyoxoniobate clusters  Kix(NH4)10[{Nb1oP4W240125},
{LN(H20)5}4{Nb4O4(OH)e}-xHO (Ln = Sm, Eu, Thb, Dy, Er, Tm and Yb for 1-7, abbreviated as {Ln4Nb,g}) were
synthesized and structurally characterized by single-crystal X-ray diffraction, elemental analyses, IR spec-
troscopy and TG analyses. Containing four Wells—Dawson INbeP2W10621%27, a {Nb4Og} core, and four
Ln"" ions, the polyanions in 1-7 are a group of rare-earth derivants of phosphoniobotungstates. These
water-soluble clusters behave as weak acids with good stability and high proton release capacity depend-
ing on the pH. Each cluster carries ~22 negative charges in the aqueous solution without any deprotona-
tion with the pH the same as that used for deionized water. Upon the introduction of bases, they get
deprotonated gradually and each anion cluster can release up to 20 protons from its 20 coordinated
water ligands. The pKj, values of these acidic clusters with different degrees of deprotonation range from
~8.3 to ~10.5. Moreover, these clusters demonstrate an increasing deprotonation efficiency with the
decreasing ionic radius of incorporated Ln"' ions, which could be attributed to the lanthanide contraction.
In other words, the {Ln4Nb.g} macroanion clusters with smaller Ln"" centers are easier to deprotonate due
to their shorter and stronger Ln—O bonds. This is the first study that focuses on the effect of lanthanide
contraction on proton release in polyoxometalate chemistry. The {LnsNb,g} clusters with good stability,
high proton release capacity, and controllable deprotonation efficiency provide models for the under-
standing of protonated polyelectrolyte solutions, and the design and applications of polyoxometalate-
based protonated materials.
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solution, with their coordinated water ligands being a major
source. Such clusters can behave like weak Brensted acids,

Introduction

Polyoxometalates (POMs), a family of molecular clusters com-
posed of metal oxide polyhedra as building blocks, have been
applied broadly in catalysis, photo-electronic/magnetic
materials, POMs/polymer composite materials, and biologi-
cally active materials.™> Many types of POM clusters are macro-
anions in the aqueous solution, while some others are neutral
or macrocations. It is particularly interesting that besides the
inherent charges on the clusters, they can sometimes experi-
ence additional protonation or deprotonation in the aqueous
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which affects their solution behaviors including solubility, oxi-
dation and reduction, and their consequent self-assembly into
“blackberry”-type structures. For instance, we systematically
investigated the pH-dependent deprotonations of a series of
Keplerate-clusters  including {Mo,,Vse}, {Mo0,,Crs} and
{Mo,Fe;,}, and their self-assembly processes in solution.>* In
addition, the catalytic activities of some POM clusters could be
triggered by and rely on the deprotonation/protonation of their
aqua and/or hydroxyl ligands, due to the effect of deprotona-
tion/protonation on the surrounding coordination bonds.>®

Moreover, with deprotonation/protonation as one of the
most widely applied and fundamental stimuli, the clusters can
be used as model systems to help understand and design the
deprotonation/protonation of functional stimuli-responsive
materials, such as protonated polymers and proteins,”® and
the molecular hybrid of POMs and metal nanoclusters.*°

Some POM molecular clusters with coordinated water
ligands can reversibly release protons from their water ligands
into the aqueous solution. They can therefore be treated as
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weak acids with multiple deprotonation sites. Such a deproto-
nation process is usually pH dependent, as a feature of weak
acids.>*®'"'? In some cases, with a large number of water
ligands, the deprotonation capacity could be rather high. For
example, a molecular cluster with the formula of
Ky1[(P2W12NDbgOg,)6{Mn;(OH);(H,0)6}4{Mn;zNa
(H20)16}]-26H,0, is an extremely weak acid with a high proton
release capacity of up to 40 protons.'’ Moreover, the deproto-
nation potential relates to the geometry of the acidic sites. For
some Keplerate-type clusters, the water ligands staying on the
external surface of the cluster demonstrate pH-dependent
deprotonation, while those ligands inside the Keplerate cap-
sules could not release free protons into the solution because
protons could not pass through the negatively charged surface
pores on the surface of clusters.® Another type of deprotona-
tion is enabled by the cavity of clusters that can accommodate
a few protons via hydrogen bonds.*?

Herein, a family of rare-earth derivant mixed-polyoxonio-
bate clusters has been presented as a tetramer with a
general formula of K;,(NHy);o[{Nb13PsW540155}{Ln(H,0)s}4-
{Nb,0,(OH)}]-xH,0 (Ln = Sm x = 85, Eu x = 65, Tb x = 85, Dy

Fig. 1 (a, b) Polyhedral and ball-and-stick representation of the iso-
structural {LnsNb,g} polyanions from different directions. Color codes:
W, yellow; Nb, blue; P, purple; Ln, green; O, red; WOg polyhedral,
yellow; and NbOg polyhedral, blue.
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x = 85, Er x = 85, Tm x = 85, Yb x = 85 for 1-7, abbreviated as
{Ln,Nb,4}), and a dimension of 2.3 x 2.0 x 2.0 nm? (Fig. 1). As
far as we know, they are the rare examples of rare-earth deriva-
tives of phosphoniobotungstates. It would be interesting to
examine if such clusters can deprotonate their coordinated
water ligands, and if they can, whether such processes are pH
dependent as speculated. Moreover, this series of samples
provide a valuable opportunity to compare the effect of lantha-
nide ions incorporated into the clusters — they are expected to
demonstrate very similar chemical features; a noticeable differ-
ence among them would be their ionic sizes due to the so-
called lanthanide contraction effect - leading to smaller ionic
size for heavier Ln-series elements.

Results and discussion
Structure characterization

Single-crystal X-ray diffraction analysis (Table S1t) reveals that
the polyanion {Ln,Nb,g} crystallizes in the orthorhombic
system Fddd space-group. The polyanion in 1-7 is a rare-earth
derivant tetramer based on mixed-addendum niobotungstate
containing four Wells-Dawson [NbgP,W;,0¢,]">~ (NbgP,W1,),
a {Nb,O¢} core, four Ln*" ions, 12 K', 10 NH," and crystal
molecules. The six lacunary sites of [P,W;,045]"*~ are occupied
by six {NbOg} octahedra forming the saturated mixed-Wells—
Dawson {NbsP,W,,} unit (Fig. S1f). Two [NbgP;W;,0¢6;]""
units are linked together by equatorial Nb-O-Nb bridges
forming a {Nb;,P,W,,015,} dimer (Fig. 2a). The terminal
oxygens (O,) of {NbOg} octahedra have higher nucleophilicity
relative to {WO¢} octahedra because of the uneven charge
density distribution which is caused by the different oxidation
states of W®" and Nb®', resulting in the easier coordination
ability with Ln** ions. Two Ln** ions are located at both ends
of the dimer and are connected to the polar {NbOg} octa-
hedron by Nb-O-Ln bridges (Fig. 2b and c). The Ln*" derived
dimers face each other, crisscross, and are connected by a
central {Nb O} core (Fig. 2d) via eight Nb-O-Nb bridges, and

(' =P2W12Nbs

@0

Fig. 2 (a) Polyhedral and ball-and-stick representations of the {Nby,P4W,4015,} dimer; (b) the Ln®* ions; (c) the Ln®" derived dimer composed of
Ln®* and {Nb;,P4W,401,5}; (d) the {NbsOg} core; (e) the polyanion in compounds 1-7.
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finally forming the tetrameric structure of the polyanion
(Fig. 2e). Actually, the polyanion can also be viewed as a Ln**
ion derivant of the structure we reported in 2014."* To our
knowledge, this is a rare report about the example of a rare-
earth derivant based on niobotungstate chemistry.’® In
addition, the polyanion can be extended into a purely in-
organic three-dimensional metal frame if the peripheral K"
cations act as linkers (Fig. S21t). All of the Nb atoms in the poly-
anion show hexa-coordinate octahedron configuration. For the
Ln®" ions, all of them are coordinated with two bridge oxygen
(12-0) and six terminal aqua ligands resulting in the eight-
coordinate two-capped triangular prism geometry (Fig. S37).
However, crystallographic refinement indicates that the occu-
pancy factors of O5 W and O6 W are both 0.5, leading to
[Ln(H,O0)5]*". The Ln-O bond lengths are reduced, which are
generally in agreement with the ion radius trend in the lantha-
nide elements (Table S27).

Bond valence sum (BVS) calculations'* are carried out on
all the Ln, Nb, P and W centers (Table S3f) and the results
show the 3+, 5+, 5+ and 6+ oxidation states, respectively. The
BVS values of all the O oxygen atoms indicate that the u,-O of
064 and 065 are monoprotonated with values in the range of
0.79-1.44 resulting in the {Nb,O4(OH)¢} core. It should be
noted that the molecular formula was finally determined
according to the crystal analysis, charge balance, ICP-OES,
CHN elemental analysis and TGA.

Deprotonation in aqueous solution

Each {Ln,Nb,g} cluster carries ~22 negative charges with 12 K"
and 10 NH,  counterions. When dissolved in water, they
release all their counterions into the solution (Table S4t). The
pH of these solutions (at 1.0 mg mL™") is ~5.70, suggesting
that there is no protonation/deprotonation from the clusters in
pure water. This is further confirmed by conductivity measure-
ments (Table S41). When KOH was gradually introduced into
the solutions of the clusters, the pH increment during this
titration was slower than introducing the same amount of
KOH into pure water. For example, the pH of 1.0 mg mL™"
{Sm,Nb,g} solution containing 10 equiv. of KOH (molar ratio
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Fig. 3 The pH response of introducing KOH into pure water and
1.0 mg mL™* {Sm4Nb,g} cluster solution.
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of KOH/clusters = 10) is 8.39; while the same amount of KOH
in pure water leads to a pH of 10.73 (Fig. 3). This indicates that
some protons are released from the clusters to neutralize the
OH, i.e., the clusters act as weak acids with a buffering effect
by showing a pH-dependent proton release feature.

The number of protons released per cluster can be calcu-
lated by the pH difference between the aqueous solution of the
clusters and pure water (reference) when the same amount of
KOH is added. The solution preparation and pH measure-
ments were conducted under a N, atmosphere (in a glovebox).
The deionized water used in experiments was boiled in
advance to avoid CO, dissolution neutralizing KOH. The
deprotonation process of the {Sm,Nb,g} cluster is given in
Fig. 4 as an example. With the introduction of up to 30 equiv.
of KOH, the titration curve shows that the majority of hydrox-
ide introduced is neutralized quickly and linearly. In this stage
(0-30 equiv. of KOH), there is a linear relationship between the
amount of KOH introduced and the number of deprotonations
from each cluster with a slope of 0.73. With the further
addition of KOH, 40 equiv. of KOH leads to the final deproto-
nation of ~30 + 3 protons, and the clusters do not further
release any protons even with excess KOH. All solutions do not
display any colour change or precipitation during the experi-
ments for up to one year, which suggests the good stability of
these acidic clusters in highly basic environments. Besides,
the polyanions can remain intact throughout the titration
experiment, as demonstrated by negative-ion ESI mass spectra
(Fig. S5-S7, Table S13ft). It is noted that the deprotonation
process of clusters during the period of addition of 30-40
equiv. of KOH is not a linear growth anymore, showing that it
is more difficult for the highly negatively charged clusters to
release protons. Nevertheless, not all of the 30 released
protons stem from the anion cluster. As shown in Fig. 5, the
hydrolysis of NH," ions would be expected to occur in a basic
solution. The degree of hydrolysis can be determined by the
difference in pH between the aqueous solution of NH,Cl con-
taining KOH (with a concentration of NH," the same as that in
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Fig. 4 The number of protons released per molecular cluster (including
the protons contributed by the hydrolysis of ammonium ions) versus the
molar ratio of KOH introduced to {Sm4Nbyg} clusters.
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Fig. 5 The degree of hydrolysis of ammonium versus the molar ratio of
KOH introduced to POM clusters. The degree of hydrolysis can be calcu-
lated by the difference in pH between the aqueous solution of NH4Cl
containing KOH (with a concentration of NH4* the same as that in
{Ln4Nb,g} solution) and water containing the same amount of KOH. The
molar ratio of KOH and POM is used as the abscissa for convenience to
compare the hydrolysis process and the deprotonation process.

{Ln,Nb,z} solution) and water containing the same amount of
KOH. Assuming that the NH," ions experience the same extent
of hydrolysis in the NH,Cl solution and the cluster solutions,
the number of protons released from the anion in the
{Sm,Nb,g} cluster can be calculated by subtracting the contri-
bution of NH,", as shown in Table S5.1 Consequently, 10 of
the 30 protons are attributed to the hydrolysis of NH," ions,
indicating that each anion cluster can release up to ~20
protons eventually.

All members of this family of rare-earth clusters demon-
strate a similar deprotonation behaviour: they release protons
linearly in an early stage with up to 30 equiv. of KOH added
and stop deprotonating after releasing ~20 protons from the
original anion with the introduction of ~40 equiv. of KOH
(Fig. S471). These 20 protons released easily from the macroa-
nion suggest the most possible deprotonation sites, i.e., the 20
coordinated water ligands on the cluster.

The deprotonation capacity of these rare-earth derivant
clusters was qualitatively explored by comparing their deproto-
nation efficiency in the linear stage of deprotonation (with the
addition of 0-30 equiv. of KOH). The deprotonation efficiency
is calculated by the ratio of the number of protons released per
entire POM molecule (from both the anionic cluster and the
ammonium ions) over the molar ratio of KOH/cluster, i.e., the
slope of the linear part in Fig. 4. The deprotonation efficiency
suggests the number of protons that an entire cluster can
provide with the introduction of 1 equiv. of KOH. As shown in
Fig. 6, with the decreasing ionic radius of the Ln™ center in
the cluster, the deprotonation efficiency increases monotoni-
cally from 0.73 (Sm) to 0.90 (Yb). In other words, a smaller
Ln"™ center leads to a higher deprotonation efficiency. We attri-
bute this observation to the continuously increasing charge
density, i.e., Lewis acidity, of Ln"" in the coordination complex
[Ln™(H,0)5]>" due to the well-known lanthanide contraction.®

This journal is © the Partner Organisations 2022

View Article Online

Research Article

1.0
>
(@]
C
D 0.9
O
5
c Yb Tm
0 0.8+
©
c Er
O
e Tb
;5)_ 0.71 Eu
o Sm
06 Dy
86 88 90 92 94 9%

Ln* radius (pm)

Fig. 6 Deprotonation efficiency of {LnsNbg} clusters versus the ionic
radii of Ln"" centers. The deprotonation efficiency, which is calculated
by the ratio of the number of protons released per entire POM molecule
over the molar ratio of KOH/cluster, indicates the number of protons
released per entire POM molecule with the introduction of 1 equiv. of
KOH.

A higher charge density of Ln™ leads to stronger coordination
between Ln™ and O, making the protons linked to the oxygen
atoms easier to be released from the cluster. This trend of
deprotonation efficiency is consistent with our observation
that the Ln-O bond length decreases with the decreasing ionic
radius of Ln"™ (Table S21). It also agrees with some earlier
reports that smaller Ln™ results in a shorter Ln-O bond
length in POM clusters.'”®

The deprotonation processes of the {Ln,Nb,g} clusters are
quite different from typical polyprotic acids which have mul-
tiple distinguishable titration stages that may overlap with
each other. The linearly increasing pH during the titration
shown in Fig. 3 suggests the small and continuous increment
in the successive acid dissociation constant (pK,) of the clus-
ters and the overlap between the pH ranges of the dissociation
equilibria of the clusters with different degrees of deprotona-
tion. In other words, the multiple deprotonation sites on each
cluster are independent of each other. However, with more
and more deprotonations occurring on the same cluster, the
departure of future protons becomes slightly more difficult.
This deprotonation feature is consistent with our observation
of another POM cluster.'* Overall, it reveals a feature that the
cluster’s deprotonation behavior can be briefly described by
one pK, value; or to be more accurate, a series of increasing
pK, values corresponding to an increasing amount of the
added base. Assuming that the deprotonation of clusters has
no impact on the hydrolysis of the NH,", the pK, values of
clusters can be calculated based on the deprotonation
efficiency after subtracting the contribution of NH,", as shown
in Fig. 7. The clusters with a few deprotonations have acidities
slightly higher than NH," (pK, of NH," = 9.25), while the clus-
ters after releasing a number of protons, e.g., ~12 protons with
30 equiv. of KOH, are less acidic than NH,". The cluster solu-
tion with 40 equiv. of KOH at pH = 10.5 can be used as an
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Fig. 7 The pKj, values of the {Ln4Nbyg} clusters during the deprotona-
tion process.

approximation of pK, of the cluster carrying one acidic proton,
because 40 equiv. of KOH is just right for each anion cluster to
release ~20 protons and all NH," ions have already hydrolyzed
with ~20 equiv. of KOH. Overall, the pK, values of these clus-
ters with different deprotonations are in the range of 8.3-10.5
roughly. A sample pK, calculation is provided in the ESIL.}

Conclusions

In summary, the synthesis and structures of the rare examples
of rare-earth derivants based on hexalacunary niobotungstate
are reported. The polyanions in this new family are rare-earth
derivant tetramers based on Nb/W mixed-addendum POM
clusters. Depending on the pH, the clusters exhibit a high
proton release capacity. Each cluster can deprotonate up to 20
protons from their coordinated water ligands in the basic solu-
tion. Moreover, these clusters with different Ln™ centers
demonstrated an increased deprotonation efficiency with a
smaller ionic radius of Ln"™ due to lanthanide contraction. A
T center with a higher charge density forms
shorter/stronger coordination bonds with the oxygen in the
water molecule, thus making the protons in the coordinated
water ligands easier to be released. The pK, values of these
clusters slightly increase from ~8.3 to ~10.5 when more base
was added (and consequently more protons were deproto-
nated), with the clusters having smaller Ln™ centers exhibiting
pK, values slightly lower than the others. The understanding
of deprotonation features of such POM clusters provides a
reference for both fundamental studies and applications of
(POM-based) protonated materials.

smaller Ln
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