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1. Introduction

Polyoxometalates (POMs) are nanosized clusters built from metal oxide octahedra and
heteroatoms. POMs have drawn substantial interest due to their applications in elec-
trochemistry, catalysis, magnetism, supramolecular chemistry, etc. Among the pioneers
in the POM chemistry, Professor En-Bo Wang and his colleagues made important con-
tributions [1-6]. One reason that POMs feature such plentiful properties is due to their
structural versatilities. Examples of well-defined structures include Keggin, Dawson,
Anderson, Waugh, Strandberg, Lindqvist, Keplerate, Preyssler, etc., and some structures
exhibit isomerism typically based on rotation of building units [7-9]. Isomers of POMs
can be synthesized by carefully tuning the reaction conditions; structure transitions
can be achieved in some cases. Slight changes in the isomeric structure can induce
significant changes in the properties of POMs. For example, the isomers of Keggin
POMs demonstrate different stabilities and redox properties [10]. This leads to an
important topic of how to correlate the isomeric structures of a cluster with
their properties.

One factor which might play an important role is the interaction between POMs
and their counterions in solution [11-16]. Counterion interactions are vital for numer-
ous biochemical processes and functionality of materials [17, 18]. POMs are ideal
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Figure 1. Structure of 1 (left), 2 (middle) and 3 (right). Color code: TaO;, blue polyhedral; PO,/
AsQ,, pink polyhedral.

models to study the counterion effects, due to their well-defined, rigid, and yet versa-
tile structures. Counterion effects are also critical for properties of POMs, such as guid-
ing the construction of the POM skeleton during the synthesis. En-Bo Wang et al.
reported the dimerization of tri-vacant Keggin units by interacting with trans-metal
counterions. Some counterions can induce isomerization of the tri-vacant units and
the dimers containing different counterions demonstrate distinctive electrochemistry
properties [19]. Similar observations appeared in other systems [20-22]. Counterions
are also important for the solution behavior of POMs. For example, their solubility
depends on the counterions [12], and in aqueous solution most POMs show the solu-
bility trend Li* > Na® > K* > Rb* > Cs* for different monovalent counterions.
Lighter cations have thicker hydration shells, which prevent them from closely binding
with the POMs and result in higher solubility. However, different from extensively
studied POMs of group VI (Mo, W), POMs of group V (Nb, Ta) show anomalous solubil-
ity trends that exhibit higher solubility with heavier alkali cations [12]. Recent molecu-
lar dynamic simulations suggest the formation of contact ion-pairs with some degree
of covalent bonding between counterions and the highly charged group V POMs
could evoke such anomalous solubility trends [23]. This shows the difference between
POMs of group V and group VI, and further study on the group V POM solutions is
needed [24].

Recently, we synthesized a series of structurally related Ta-containing POMs (Figure 1):
Cs3[HoP4Tag(02)60251-9H,0 (1), (CN3Hg)g[H4P4Tag(02)60241-4H,0 (2) and  Csz[Ln(H,0)e
{H4Tag(02)6A540,4}1-7H,0 (3, Ln=lanthanides) [25, 26]. The phosphorus heteroatoms
together with the Ta-oxo framework form {P,Taz} half-units, which are cis or trans-con-
densed in 1 and 2, respectively, and in 3 the {As,Tas} half-unit rotates to a certain degree.
Therefore, the equatorial phosphate ligands are on the same sides in 1 but on the oppos-
ite sides in 2, and in 3 they are in an intermediate situation between 1 and 2. These com-
pounds represent several examples of polyoxotantalate (POTas) clusters with heteroatoms
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Table 1. Thermodynamic parameters of {P4Tag} + nSrCl, = Sr,{P4Tag} + 2n CI, fitted from the
ITC experiments of titration SrCl, salt solution into {P4Tas} cluster solutions.

Cluster 1 2
Ko (M7 7176 3944
AH (kJ/mol) 9.06 15.70
AS (J/mol-K) 104.2 121.5
n 2

and have shown potential applications in photoluminescence. However, the properties of
these clusters, especially solution behaviors, remain unexplored. There have been numer-
ous studies on the different properties among structurally related group VI POMs.
However, due to units with less tendency to nucleate, such structurally related group V
POMs are rare and poorly understood. Here we use two structurally similar {P,Tas}-type
clusters (1 and 2) as models to study their interaction with two cations, Sr** and Pb2™, of
similar hydration and size, but different coordination capabilities, by using isothermal titra-
tion calorimetry (ITC), NMR, and small-angle X-ray scattering (X-ray) techniques.

2, Experimental
2.1. Sample preparation

All chemicals and solvents were purchased from Sigma-Aldrich and used without puri-
fication. Two {P4Tae}-type clusters were synthesized according to the literature [26].

2.2. %P NMR

*'P NMR spectra were measured by a Varian NMR S 500 spectrometer equipped with
a 5mm dual broad band probe in D,0O. All measurements were taken at room tem-
perature. The concentrations of the {P4Tas} cluster in solutions were 0.5 mg/mL.

2.3.ITC

The ITC measurements were conducted on a commercial TA Instruments Nano ITC
instrument. For a typical experiment, 1.0mL of 0.5mg/mL {P,Tas} aqueous solution
was loaded into the sample cell, and the reference cell was filled with 1.0 mL of deion-
ized water. The 0.25mL salt solution was titrated into the sample cell each time of
10 uL as volume and 600seconds between each titration. The background heat was
subtracted by titrating the same concentration of the salt solution into water. All
thermodynamic parameters were fitted by the independent model.

2.4. SAXS

The small-angle X-ray scattering SAXS experiments were performed at the NSF
ChemMatCARS (15-ID-D) beamline of Advanced Photon Source at Argonne National
Laboratory. Data frames were collected at beam energy of 12.0 keV with 1s exposure
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Figure 2. ITC titration curves of 9mM SrCl, (top) or Pb(NOs), (bottom) into 0.5mg/mL 1 (red solid
lines) or 2 (green dashed lines) solutions, respectively.

time using a Pilatus3 X 300K detector with T mm Si chip and sample to detector dis-
tance of 0.57 m. The background was subtracted against water.
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Table 2. pH measurements of 0.5 mg/mL {P,Tas} cluster solutions with 12 eq. S*** or Pb*" salts.
The number in bracket indicates how many protons are released per cluster.

pH 1 2
Without salts 3.6 (1) 5.5 (0)
With 12 eq. SrCl, 2.9 (5) 35 (1)
With 12 eq. Pb(NOs), 27 (9) 3.03)

3. Results and discussion
3.1. Binding dffinities of {P,Tas} clusters with S©*" and Pb*" cations

The binding processes of Sr** and Pb?*" ions with clusters were studied by ITC meas-
urements. ITC experiment measures the heat release upon a titration process, and by
fitting the results, the thermodynamic parameters of the binding process, e.g., associ-
ation constant (K,), AH and AS, can be quantitatively measured (Table 1). Details of
the binding process can be evaluated from these parameters. Figure 2 shows the ITC
results of titration of SrCl, or Pb(NOs), salt solutions into the cluster solutions. For
Sr** ions, the ITC results demonstrate independent-site binding curves similar for both
clusters. The relatively high K, values, the positive AH values and the large entropy
gain values suggest an ion-pair formation with hydration shell broken during the cat-
ion-cluster interaction [27]. Sr*" shows a slightly higher affinity to 1, probably because
cluster 1 carries more negative charges than cluster 2, leading to stronger electrostatic
interaction. Meanwhile, for Pb®" ions, titrations into solutions of 1 and 2 exhibit two
distinct trends of heat release, which cannot be explained by only considering the
electrostatic interaction. When titrating Pb%* ions into solution of cluster 1, the ITC
data show two transition points at molar ratios of ca. 2 and 4, respectively, while for 2
it only shows a transition point at molar ratio of ca. 4. Due to the complex processes,
no reliable fitting on the ITC curves can be obtained. SAXS measurements (supporting
information Figure S1) confirmed the strong inter-cluster attraction (aggregation) upon
adding Pb?" ions into cluster solution, which may correspond to the transition points
in the ITC curve at the molar ratio of ca. four before saturation. Besides this transition
point, the extra transition point at molar ratio of ca. two in the Pb?"-cluster 1 titration
curve suggests a multi-site binding scenario. However, there is no extra transition
point in the titration curve of 2, suggesting a different binding process compared
with 1.

The deprotonation determines the charges on the clusters and therefore also
affects the ion-pair formation. Cluster 1 has nine protons and 2 has four protons as
counterions. In aqueous solution, both clusters behave as weak acids and partially
release protons. Upon adding salts, some protons can be replaced and released into
solution (Table 2). For both clusters, Pb?>" can replace most of the protons, while Sr*"
can only replace part of the protons.

3.2. Different binding sites of S**" and Pb*" cations around {P,Tas} clusters

To confirm the assumption implied from the ITC results and further explore the cat-
ion-cluster interaction, 3'P NMR experiments were performed to examine the binding
location of cations. *'P NMR spectroscopies of 1 or 2 in D,O solution without extra
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Figure 3. *'P NMR chemical shifts of 1 and 2 with additional metal salts in D,0. (a) 0.5mg/mL 1
with Pb(NO3),. (b) 0.5mg/mL 2 with Pb(NOs),. () 0.5mg/mL 1 with SrCl,. (d) 0.5mg/mL 2
with SrCl,.
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Table 3. Information of Sr** and Pb>" ions.
lonic radius (A) Hydration radius [y Hydration enthalpy (kJ/mol) Electronegativity (Pauling Scale)

Sr¥t 128 2.62 —1460 1.0
Pb** 120 2.54 —1460 16

Source: References [33-35].

salts exhibit two peaks (Figure 3): the peaks at positive chemical shifts can be assigned
to the axial phosphorus atoms, and the peaks at negative chemical shifts can be
assigned to the equatorial phosphorus atoms [26]. If added extra cations strongly
interact with a specific location on the cluster, a significant change on the chemical
shifts of the corresponding phosphorus atom is expected [28]. Therefore, *'P NMR
experiment can be used to determine the location of the associated cations.

When Pb®" ions were introduced into solution, *'P NMR results showed that Pb*"
ions had different affinities to the phosphate ligands. Figure 3 shows the *'P NMR of
0.5mg/mL 1 (top) or 2 (bottom) D,O solution with 0, 4, 8, and 12 eq. Pb(NOs), or
SrCl,. The results show that after introducing salts, the peak positions in the *'P NMR
spectrum are still close to their original positions, and no new peak appears, suggest-
ing that the structures of the clusters were stable in solution. Upon adding Pb?" ions,
some chemical shifts of phosphorus atoms move along the direction of deshielding
and show a peak broadening effect. For 1, the chemical shifts of both types of phos-
phorus atoms shift, while for 2, only the chemical shift of the equatorial phosphorus
atoms is affected. Therefore, it is concluded that Pb?" ions can form contact ion-pairs
with both phosphate ligands in 1, and in 2 Pb®" ions only form contact ion-pairs with
the equatorial phosphate ligands. This is consistent with the ITC results. Upon adding
Sr** ions, the *'P NMR chemical shifts of both clusters are constant, demonstrating a
much weaker, indirect Sr®*-cluster interaction than the Pb?T-cluster interaction.
Combined with the ITC results which suggest the breakage of hydration shell upon
Sr?T-cluster association, a solvent-share type of ion-pair is the best explanation [29].

3.3. Discussion

We previously reported that the type and strength of ion-pair interaction between
clusters and cations might vary depending on the charges, hydration energies, and
sizes (ionic and hydration radius) of cations [27, 28, 30]. Sr?* and Pb?* are both diva-
lent and share similar size and hydration energy (Table 3). The only difference that
can lead to such distinct binding behaviors is their coordination capability. Due to the
lanthanide contraction and the relativistic effects, Pb2* can use its 6p orbitals (in some
cases 6p orbitals also hybridize with the 6s orbital) to form a complex with ligands,
which Sr** can hardly achieve [31]. Also, Pb(ll) has much higher electronegativity than
Sr(ll). Therefore, when the two cations interact with the clusters, the metal-ligand
bonding of Pb®" ion has more covalent character and is stronger than that of Sr*"
ion, resulting in contact ion-pairs featuring coordination. The weaker interactions
between Sr*" ions and the clusters result in a solvent-shared ion-pair controlled by
ionic electrostatic interaction, which usually has insignificant effects on the 3'P NMR
shifts [32].
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Another interesting question is why Pb?" ions bind to different locations on 1 and
2. For 1, the higher degree of deprotonation allows it to accommodate more Pb*"
ions. Also, the chelating effect of two adjacent equatorial phosphate ligands in the cis-
conformation facilitates the overall binding strength with Pb?", which is also observed
in the interactions between 3 [25] with cations. Therefore, Pb?*" ion is able to interact
with both phosphate ligands. On the other hand, 2 carries less charge and may not
be able to accommodate Pb** on all phosphate ligands. Based on the BVS (Bond
Valence Sum) calculation, the equatorial phosphorus atoms are at slightly higher oxi-
dation state than that of the axial phosphorus atoms [26]. Therefore, the equatorial
phosphate groups are easier to deprotonate and carry negative charges, increasing
interaction with Pb?*.

4, Conclusion

We demonstrate distinctive binding behaviors between two similar cations and two
structurally related {P,Tag}-type clusters. Different from the previously reported
cation—-POM interactions depending on hydration and charge density, two divalent
cations, Sr*" and Pb®", despite similar sizes and hydration energies, show different
binding affinities and sites when interacting with the two clusters. Pb®>" ions with
stronger coordination capability lead to contact ion-pairs with the clusters, while Sr**
ions only form solvent-share ion-pairs. Pb?" ions selectively interact with phosphate
groups on different locations and subsequently induce aggregation of the POMs. Due
to the difference in acidity and geometry of phosphate ligands and overall cluster
charge density, Pb?>* ions selectively bind with only equatorial phosphate groups on 2
(trans-conformation) and both axial and equatorial phosphate groups on 1 (cis-con-
formation). This work presents the first study on solution behavior of hetero-POTas.
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