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ABSTRACT

Polyoxometalates (POMs) are a large group of metal oxide clusters with well-
defined structures, diverse properties, and various applications. Since solutions of metal
aquo complexes can protonate their coordinated water ligands, some POMs can behave
like weak Brgnsted nanoacids. Playing an important role not only in the solution behaviors
but also in applications as catalysts and biologically active materials, the acidity of POMs
is sometimes related to their deprotonation behaviors. Therefore, studies on the
deprotonation of POMs can help people understand the nature of POMs, especially the
acidity feature, to further explore POM-based materials and devices.

In this work, a series of lanthanide clusters are applied as model systems to
understand the deprotonation of the clusters, which is related to the relative strength of
coordinated water molecules and determines the acidity feature of the POM cluster. With
potassium ions as counterions, these lanthanide clusters are macroanions in aqueous
solutions. The aqueous solutions of the POMs have certain pH values and conductivity,
and there is no proton released or absorbed. But the addition of base can trigger
deprotonation from the lanthanide clusters. It was found that these lanthanide clusters
demonstrated different deprotonation capacity, and according different acidity features.
This acidity variation might derive from the difference among lanthanide ions caused by

lanthanide contraction.
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CHAPTER |

INTRODUCTION
1.1. Introduction of polyoxometalate macroions
1.1.1. Overview of macroions

Electrolyte solutions are complex systems and poorly understood due to the
coexistence of intermolecular and intramolecular interactions.! Based on electrolyte
sizes, electrolyte solutions can be classified into solutions of simple ions (< 1nm) and
colloid suspensions (10 nm ~ 100 nm), which are well understood by Debye-Hiickel
theory and Derjaguin-Landau-Verwey-Overbeek theory (DLVO theory) respectively.>™
Whereas, there is a theory gap between simple ions and colloids, inspiring studies on
macroions with sizes ranging between 1 and 10 nm. These large ions cannot be
considered either as point charges like simple small ions because they cannot be treated
as point charges, or colloidal suspensions because they form homogeneous “real
solutions”. In general, these macroions are highly charged ions with well-defined
molecular structure and unique solution behaviors, which is different from simple ions
and colloids, therefore providing ideal model systems to understand polyelectrolyte
solutions. Typical macroions include bio-macromolecules®, polyoxometalates (POMs)?,

dendrimers®, and metal-organic cages (MOC)’, etc.



1.1.2. Introduction to polyoxometalates

Polyoxometalates (POMs), a class of inorganic compounds with electronic
versatility and structural variation, has attracted extensive attention in recent years and
has been widely explored in chemistry, physics, materials science, catalysis, medicine, and
biology.. POMs are a family of metal-oxide anion clusters composed of early transition
metals (usually Mo, W, V, Nb, and Ta) with high oxidation states. The giant anion clusters
are made up of transition metal oxide polyhedrons, which are linked by sharing oxygen
atoms between metal and/or hetero ions. °

In 1826, the first POM structure, ammonium phosphomolybdate consisting of
PMo120% 40 anion, was discovered.'? Keggin structure was reported after that in 1934 by
Keggin, possessing formula [X04M1,036]n.1' Typical types of POMs include Keggin,
Lindgvist, Dawson, and Anderson, etc., and a variety of POMs have been explored on their
synthesis, characterization, and wide applications. Figure 1.1 shows some examples of
POMs with different topologies and sizes. Based on composition and structure, POMs can
be classified into two categories: POMs of the general formula [MmOy]"™ containing only
one transition metal and oxygen are named iso-polyoxometalates; compounds including
a small number of additional elements [XxMmnOy]"" (X = heteroelement, x smaller than m)
are considered as hetero-polyoxometalates.’?> Based on charge natures, POMs can be
classified into two categories: strong electrolytes, in which group POMs carry inherent
charges in crystals balanced by multiple small cations, while usually carry negative charges

in solution; and weak electrolytes, in which group POMs are almost neutral clusters in



crystals, but their coordinated water ligands attached to non-Mo (or non-W) metals can
partially deprotonate in aqueous solution, leading to their weak nano-acid features.!

Keggin Lindqvist Anderson Dawson  Waugh Wei Cronin
1.0nm 0.8nm 0.9x0.3 nm1.3x1.0 nm 0.8 nm 0.9x2.5 nm 3.4x1.0 nm

@aed

{Moys  {Mo33{Mos,Feyst (Mo, Vi (M05)Cryg (WasPsCug)  {Moyggt  {PyYsWas)
3.5nm 29nm  25npm  2.5nm 25mm 2.0 nm 6.0 nm 2.0x4.0 nm

Figure 1.1. POM macroions with different topologies and sizes. Copyright ©2011 Wiley-
VCH

POMs demonstrate extreme variability in molecular composition, size, shape,
charge density, redox potentials, acidity, and solubility. The diversity of POMs mainly
stems from the fact that most elements can be incorporated into the structural
framework of POMs, and increasing synthetic reactions have been developed to replace
one or more metal centers, organic functions, or organometallic constituent parent POM
structures.® Under the significant impact of surrounding counterion/co-ion, as well as
other approaches, the solution behavior of POMs can be regulated, which enables great
solubility and unusual behaviors in nearly all media from water to hydrocarbons. Owing

to the excess of oxo ligands over metal ions, POMs usually exist as macroanions in solution.



1.2. Deprotonation of POMs
1.2.1. Overview of solution behaviors of POMs

As large, hydrophilic anions in water and other polar solvents, POMs demonstrate
unique solution behaviors by self-assembling into single-layer, hollow, spherical
“blackberry” structures, which is quite different from small simple ions and large
colloids.'* The major driving force has been proved to be the counterion-mediated
interaction.®

Based on the self-assembly of POMs, some intriguing solution behaviors were
studied, including the behaviors of the counterions around POM clusters, the control of
assembly-disassembly and blackberry size, permeability of the blackberry “membrane” to
small cations, the self-recognition behaviors during self-assembly, etc.’® For certain
POMs, some of these solution behaviors are closely related to the deprotonation of POMs,
which are briefly introduced hereinbelow.

The tunable self-assembly and blackberry size of POMs such as {Mo7;Feso} is
attributed to the variation of deprotonations and of the corresponding (average) net
charges on the clusters caused by changes of the pH.'” {Mo7,Feso} clusters exert increasing
deprotonation capacity with increasing pH, leading to higher surface charges, and
accordingly smaller blackberries. (Figure 1.2) Besides, POMs can self-recognize each other
in a mixed solution and assemble into two types of homogeneous blackberries, which

sometimes also involves the contribution of deprotonation of POM clusters. 18
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Figure 1.2. Average hydrodynamic radii (Rn) of the blackberries formed in 0.5 mg/mL
aqueous solutions of {Mo7.Feso} at different pH, measured by DLS. TEM images of the
aggregates on carbon film are formed at pH = 3.0 (left; conventional TEM) and pH = 4.6

(right; more appropriate cryo-TEM). Copyright © 2006 American Chemical Society.

1.2.2. Deprotonation from aquo ligands

Since the solutions of metal aquo complexes can protonate their water ligands,*®
some POMs are reported to show deprotonation and behave like weak Brgnsted
nanoacids.?%%’

A typical example of POMs with this interesting feature is the {Mo7,Feso} cluster,
a Keplerate-type POM, as well as its derivatives'®, which can be considered as a nanoacid
due to the existence of 30 Fe'(H20) groups on the surface that allow pH-dependent

deprotonations.?® For these clusters, the deprotonation process can be initiated once

they are dissolved in water, and this behavior is very well-described for the classical



[Fe"(H20)6]** (Scheme 1).28 It was proved that each {Mo7;Feso} cluster released about 4
protons and 22 protons at pH=3.2 and pH=4.9, respectively, suggesting a pronounced
increase of the charge on the clusters with increasing pH.23 This change of surface charges
exerts a great influence on other solution behaviors of the POM clusters, such as tunable
self-assembly behaviors discussed in section 1.2.1. Besides, the deprotonation process

becomes less favorable as the accumulation of negative surface charges.
- Fe™(OH,)*" + H,0 & --Fe(OH)*" + H;0"

Schema 1.1. Deprotonation/protonation equilibrium of a water ligand coordinated to a
Fe'"within large clusters.

Recently, a reversible deprotonation/protonation process of the coordinated
water ligands from POM clusters was reported. (Figure 1.3)>” The POM cluster with the
formula Ka1[(P2W12NbeOs2)s{Mn3(OH)3(H20)6}a{Mn3Na(H,0)16}]-26H,0 is a weak acid in
aqueous solution but can release up to 40 protons upon the addition of base, after which
the cluster can also absorb about 11 protons with the addition of acid. At the same time,
this cluster shows high stability when large amounts of the base are introduced to the
solution, which differs from other POMs and enables the possibility of expanded

application.



X A : X
-y LN 4 x {Mn(H,0 =
oA o  {Mn(H;0)} -J\ \
AL ] «
LRSI A

RN e\ -
R )? %‘b ) 40 COORDINATED WATER MOLECULES
\ L2 Z 1/
T v v
e ' ]
AR ax (Mn,(OH)(HON) = ¥
> 4 <

3 $ P @ \é; 5
A 9. Reversible
gy &gy
i /Qﬂ_\ $
= OH
@ Hmo%./ i ﬁ

(. @

Water ligand Hydroxyl group

Figure 1.3. a). Representation of POM structure through polyhedral/ball-and-stick. Color
code: MnOg octahedra (dark teal), Mn/Na spheres (light orange), W/Nb/O (gray), and P
(dark yellow). b). Illustration of the reversible protonation and deprotonation process
upon base/acid titration. Water ligand is used as an example here. Copyright © The Royal

Society of Chemistry 2020

1.2.3. Deprotonation from lacunary cavities

Some POMs without coordinated aquo ligands are also capable of deprotonation.
For example, four acidic protons on the lacunary sites of a Keggin-type POM can be
neutralized by TBAOH in DMS0.242° In 2014, Mizuno et al. also reported the reversible
protonation and deprotonation of Dawson-type silicotungstates, achieved by small
apertures that act as inorganic proton receptors through intramolecular hydrogen bonds

7



by controlling the anion charges and local electron densities of the apertures. (Figure

1.4)%

OH- OH- OH-
e —_— —_—
© --— P —— -—

H* (¢) H* (¢) H* (¢)

Hyell Hy Il H-l I

Figure 1.4. Schematic representation of reversible protonation/deprotonation of a-
Dawson-type POM, |l= TBAg[a-Si2W1506;] :3H,0, triggered by the introduction of TBAOH
and nitric acid. The atoms are represented by polyhedral and spheres: W, orange; Si,

yellow; H, blue. Copyright © 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

1.3. Introduction to lanthanides

The series of 15 metallic chemical elements with atomic numbers 57-71, from
lanthanum through lutetium, are named lanthanide or lanthanoid. They are called
lanthanides because the elements in the series behave chemically similar to lanthanum.
The informal chemical symbol Ln is used to refer to any lanthanide. These 15 elements
as well as two chemically similar elements, scandium and yttrium, are known as the rare

earth elements.



1.3.1. Electronic configuration and valance state

For lanthanides, their general electronic configuration is [Xe]4f>145d%16s2. Their
electronic filling does not obey the Aufbau principle simply, instead, they exert some
irregularities, that is the irregular filling of 4f and 5d electrons to sustain low energy
states.

Due to similar configurations in the two outermost shells, lanthanides exhibit
typical metallic properties in chemical reactions. They tend to lose three electrons and
exhibit a 3+ valence state. The metal reactivity gradually decreases from lanthanum to
lutetium. They can react with water and release hydrogen. According to Hund’s rule,
electron shells are stable when empty, full, or half-full. Therefore, the configurations 4f°
(La3*), 4f7 (Gd3*), and 4f4 (Lu*) are stable. Ce3*, Pr3*, and Tb* have one or two more
electrons than required for stable electronic configuration so they can be further
oxidized to a 4+ state. On the contrary, Sm3*, Eu?*, and Yb3* have one or two fewer
electrons than required for a stable electronic configuration, therefore they tend to

receive one or two electrons and undergo a reduction to a 2+ state.

Table 1.1. Electronic configuration of lanthanide atoms and trivalant ions

Atomic Atomic electron Ln3+ electron
Element . . ' .

number configuration configuration
57 La [Xe]5d'6s? [Xe]4f°
58 Ce [Xe]4f'5d'6s? [Xe]4f!
59 Pr [Xe]4f36s? [Xe]4f?
60 Nd [Xe]4f*6s? [Xe]4f?
61 Pm [Xe]4f>6s? [Xe]4f*

9



62 Sm [Xe]4f56s? [Xe)4f
63 Eu [Xe]4f’6s? [Xe]4f®
64 Gd [Xe]4f’5d'6s? [Xe]4f’
65 Tb [Xe]4f6s> [Xe]4f®
66 Dy [Xe]4f06s2 [Xe]4f®
67 Ho [Xe]4fll6s? [Xe]4fto
68 Er [Xe]4f'?6s2 [Xe]4f?
69 Tm [Xe]4f'36s2 [Xe]4f!?
70 Yb [Xe]4fi46s2 [Xe]aft3
71 Lu [Xe]4f45d6s2 [Xe]4fl
1.3.2. Lanthanide contraction

Due to the poor shielding of nuclear charge (nuclear attractive force on
electrons) by 4f electrons, the 6s electrons are drawn towards the nucleus. Thus, from
La to Lu, with increasing effective charges, the steadily increased nuclear attraction
results in smaller atomic radii. Since the increase of effective charges among lanthanide
atoms is smaller than that among lanthanide trivalent ions, the radii decrease is more
dramatic for lanthanide trivalent ions, leading to the ionic radius decline from 103 pm

for La* to 86.1 pm for Lu3*. (Figure 1.5)

10
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Figure 1.5. The relationship between ionic radius and atomic number of lanthanide
ions.30
The results of lanthanide contraction may be divided into two categories: effects
on the lanthanide series itself including the increase of electronegativity, the increase of
covalent character (Fajuns rule), the increase of hardness, and the decrease of Lewis
basicity; effects on the following or post-lanthanide elements, such as the similar

properties between zirconium and hafnium.

1.3.3. Specificities of lanthanide coordination chemistry
Due to large ionic radii, lanthanide ions can accommodate large coordination
numbers. Huang et al.3° summarized 1391 coordination complexes of rare earth elements

reported between 1935 and 1995, concluding all the coordination numbers are between

11



3 and 12, and the most common coordination number is eight (37%)(Figurel.6).
Lanthanide elements have larger coordination numbers compared with transition metals
with coordination numbers generally as four or six, and the variable coordination
numbers are derived from the much smaller coordinating stabilization energy (about 4.18
kJ/mol) than the crystal field stabilization energy of transition metals (more than 418

kJ/mol).

T

500

T

400

300

T

Amount

T

200

100

1 1 1 1 1 1

34 5 6 7 8 9 1011 12

Coordination number
Figure 1.6. Distribution of coordination numbers among rare earth complexes (Sc, Y, La-
Lu), supported by 1389 structurally characterized coordination complexes published

between 1935 and 1995.30

The effective radii of lanthanide ions vary with different coordination numbers
and different valence states: for the same ion, larger coordination numbers lead to larger

effective ionic radii; for the same element with a certain coordination number, higher

12



chemical valence leads to a smaller effective radius. Because the geometrical
arrangement around the lanthanide trivalent ions highly depends on the steric properties
of ligands, control of the coordination numbers can be achieved by the delicate design of
ligand molecules. 3!

The coordination chemistry of lanthanide inorganic compounds is well understood.
To form coordination bonds with lanthanides, the donor can be O atoms, which are the
most common donors, N, S, Se, and Te atoms. A variety of compounds are reported
including lanthanide hydroxides, cyanide and thiocyanate compounds, carbonate
compounds, oxalate compounds, nitrate compounds, phosphate compounds, and borate

compounds, etc.

1.3.4. Lanthanide polyoxometalate complexes

With oxygen-rich compositions, polyoxometalates are easily combined with highly
oxyphilic lanthanide ions to form a vast number of different compounds, which display a
large diversity in their structures, properties and applications in material science, catalysis,
medicine. Based on the location of lanthanides within the POM complexes, the lanthanide
POMs can be classified into two categories: Ln-POM clusters where lanthanides are
involved in the structure of individual clusters; and extending structural Ln-POMs
complexes, where discrete POM clusters act as building blocks and are connected by

lanthanide linkers into one-, two-, three-dimensional structural RE-POM complexes. 3032

13



1.4. Study motivation

POMs usually act as weak nanoacid in agueous solutions, and the acidity of POMs
plays a significant role not only in their solution behaviors'’-?’ but also in their broad
applications as catalysts3, biologically active materials34, etc. Their acidity feature is
sometimes related to the deprotonation behaviors of POMs. Therefore, it is reasonable
to assume that studies on the deprotonation of POMs can help people understand the
nature of POMs, especially the acidity feature, for further exploring POM-based materials
and devices.

In this work, a series of Ilanthanide clusters with the formula
[K22{Nb12P4W240122}2{X(H20)4.5}4{NbsO4(OH)s}] -18H20, X represents lanthanide elements,
are applied as model systems to study the deprotonation of these clusters, which is
related to the relative strength of coordinated water molecules and further determines
the acidity feature of the POM clusters. According to Xiao’s work,3 the two-stages
deprotonation process is expected. The structure of the lanthanide cluster is shown in

Figure 1.7.36

14



Figure 1.7. Polyhedral and ball-and-stick representation of polyanion structure. All
cations and crystal water molecules are omitted for clarity. Color code: WQOs, blue
polyhedra; NbOs, yellow polyhedra; Nb, yellow balls in central portion; Ln, yellow balls

linked with yellow polyhedra; P, purple balls; O, red balls.

15



CHAPTER Il

EXPERIMENT

2.1. Sample preparation

A series of 2 mL 1ml/mL (5.6-10° mol/L) POM (Sm) and POM (Er) aqueous
solutions were prepared in glovebox by dissolving crystal POMs in deionized water (boiled
for exclusion of CO;). The general chemical formula of these POMs s
[K22{Nb12P4W240122}2{X(H20)4.5}a{NbsO4(OH)6}] :18H,0, where X represents lanthanide
elements. All solutions were tightly sealed in 5 mL glass tubes. Base solutions with
steadily increasing KOH equivalence (10 eq., 20 eq., ...90 eq.) were added into these POM
solutions, respectively. A series of 2 mL pure water with the same amount of KOH solution
were prepared as blank controlled groups. The decrease of concentration of POMs was
corrected during calculation. POM (Sm) and POM (Er) aqueous solutions with the same
concentration and volume without addition of base were prepared for pH measurement
and conductivity measurement.

To prepare KOH aqueous solution for acid-base titration, the concentration of KOH
tablet was standardized by potassium hydrogen phthalate (KHP) aqueous solution and

phenolphthalein, since KOH easily absorbs water and carbon dioxide.

16



2.2. pH Meter

The SevenExcellence™ bench meter was applied for measuring pH values. All the
experiments related to pH values, including solutions preparation and pH measurements,
were conducted in glovebox at room temperature around 22°C. Before pH measurements,
the electrode was calibrated with three buffer solutions: 0.05 mol/L KHCsH404 aqueous
solution with theoretical pH as 4.000 at 22°C; 0.01 mol/L Na;B407-10H,0 aqueous solution
with theoretical pH as 9.208 at 22°C; saturated Ca(OH), aqueous solution with theoretical
pH value as 12.553 at 22°C. These buffer solutions were chosen to cover the pH range of
the sample solutions. The pH values of sample solutions prepared in section 2.1 were
measured by the pH meter.
2.3. Conductivity Meter

4063 Traceable Portable Conductivity Meter was applied for conductivity
measurements. Before measurements, the conductivity meter was calibrated by four
standard solutions.
2.4, Isothermal Titration Calorimetry (ITC)

The isothermal titration calorimetry (ITC) measurements were conducted on a
commercial TA Instruments Nano ITC system. 23.21 mM KOH aqueous solutions (250 pL)
were titrated into 1 mL 0.056 mM POM solutions with deionized water in the reference

cell. The background heat was subtracted by titrating 23.21 mM KOH into deionized water.

17



All the data were analyzed by Nano Analyze Software from the TA instrument and fitted
by multiple sites model. The temperature of the cell was set at 22 °C which is consistent

with the temperature when conducting acid-base titration in the glovebox.

18



CHAPTER 11l

RESULTS AND DISCUSSION

3.1. Dissociation and deprotonation of POMs in pure water

The pH values and conductivities of 1 mg/mL POM(Sm) aqueous solution, POM(Er)
aqueous solution and boiled deionized water were measured, respectively. The results of
measurements are shown in Table 3.1.

Table 3.1. Results of pH and conductivity measurements of POMs solutions and water

POM(Sm) POM(Er) H.0
pH 5.329 5.233 6.861
Conductivity (uS/cm) 72.4 64.4 -

Due to the slow movement of POM macroanion clusters, their contribution to
conductivity is negligible, thus the conductivity of POM aqueous solution is attributed to
H*, OH", and K*. The conductivity follows the equation k = A, - ¢, where A, is the molar
conductivity and c is the molar concentration of the electrolyte solution. Therefore, the
concentration of potassium ions can be calculated based on the measured pH value and
conductivity. The molar conductivity values are Am(H*) ~=31.084, Am(OH™) =~ 17.594 and
Am(K*) = 6.533 at 20°C (unit: mS:m?/mol) (There are no reported molar conductivity

values at 22°C). Since all the free potassium ions came from the dissociation of POM
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clusters, the charge of each POM cluster can be approximately calculated as the
concentration of K* divided by the concentration of POMs. According to calculation, each
POM (Sm) and POM (Er) cluster dissociated 19 and 17 K*in pure water, thus they carried
19 and 17 negative charges, respectively. From the pH values, there is no proton released

from the POM clusters when they are dissolved in pure water.

3.2. Deprotonation of POMs studied by acid-base titration

To study the deprotonation behavior of these lanthanide clusters, aqueous
solutions of KOH with different equivalence were titrated into POM aqueous solution and
pure water as blank controlled groups. The pH values of these solutions are shown in
Table 3.2.

Table 3.2. pH values of POM and KOH aqueous solutions at different molar ratios

“Ifg'::rpgf\iﬂo KOH POM (Sm) KOH POM(Er)
0 6.8 4.766 7.136 5.152
10 10.668 7.342 10.528 7.863
20 10.969 8.594 10.823 8.76
30 11.141 9.759 11.018 9.726
40 11.264 10.43 11.132 10.388
50 11.388 10.804 11.229 10.719
60 11.396 10.997 11.29 10.899
70 11.498 11.139 11.366 11.074
80 11.555 11.239 11.419 11.149
90 11.594 11.319 11.468 11.234
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The significant decrease of pH values from POM/KOH aqueous solutions to
corresponding KOH aqueous solutions indicated the deprotonation of POM clusters
upon the trigger of additional base. The numbers of released protons from each cluster

were calculated by the following equation. (Kw =~ 0.8118:10%* at 22°C).

[OH™ 1h20/k008 — [OH™ 1pom/kon
[POM]

The number of released protons =

The deprotonation behaviors, that is the number of released protons from POMs

in different solution environments, were summarized in Table 3.3 and Figure 3.1.

Table 3.3. The number of released protons from individual cluster at different molar ratios

Molar ratio

KOH:POM 10 20 30 40 50 60 70 80 90

POM (Sm) 7.1 147 218 268 321 276 338 36.7 376

POM (Er) 5.1 105 163 191 209 214 218 241 251
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Figure 3.1. The number of released protons from individual POM cluster at different

molar ratios.

The numbers of released protons are less than the equivalence of added KOH,
suggesting these POMs act as weak acids in agueous solutions. With the addition of KOH,
the deprotonation process has two stages, instead of responding linearly, which is
consistent with Xiao’s previous observation. The intersection point of the two linear
fitting lines represents the maximum number of the released protons from individual
POM in the first stage. From Figure 3.1, POM (Sm) and POM (Er) clusters can release 26
and 19 protons easily in their first stage of deprotonation, and then release 11 and 6
protons more difficult in their second stage of deprotonation, respectively. In general,
water molecules tend to deprotonate hydrogen ions much easier than hydroxide ions.
Therefore, it is reasonable to assume here that the water ligands coordinated with

lanthanide ions are easier to deprotonate than the hydroxide groups linked with niobium.
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Consequently, according to the numbers of released protons, it is speculated that for
POM (Sm), each cluster release 26 protons from the water ligands coordinated with
samarium and the hydroxide groups linked with niobium in the first stage, then 11
protons are released from the hydroxide groups coordinated with samarium (After
deprotonation in the first stage, water ligands become hydroxide groups.) in the second
stage; and for POM (Er), each cluster release 19 protons from the water ligands
coordinated with erbium in the first stage, and then 6 protons are released from
hydroxide groups linked with niobium in the second stage. As for the difference among
deprotonation behavior of POM (Sm) and POM (Er), experiments of other lanthanide

POMs are expected to conduct to provide further evidence and explanation.

3.3. Deprotonation of POMs studied by ITC
To verify the deprotonation behavior, ITC measurements were conducted for
binding stoichiometry, as well as the thermodynamic parameters during the interaction.

The results of ITC measurements and the fitting are shown in Figure 3.2 and Figure 3.3.
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Figure 3.2. ITC thermograms and isotherms by titrating 23.21 mM KOH aqueous solution

into 0.056 MM POM (Sm) aqueous solutions at 22 °C. Fitting model: Multiple sites model.
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Figure 3.3. ITC thermograms and isotherms by titrating 23.21 mM KOH aqueous solution

into 0.056 MM POM (Er) aqueous solutions at 22 °C. Fitting model: Multiple sites model.

The number of binding sites (n) here represents the number of protons that
reacted with the additional KOH. As the molar ratio between KOH and POM is large
enough, there is no more detectable interaction when titration reaching the end, because
the heat change is slight and negligible at that time. From the fitting results, the Ka1l value
is higher than the Ka2 value for both POM (Sm) and POM (Er), which means that the first
interaction is more favorable than the second interaction. The first interaction is
attributed to acid-base reaction, that is the deprotonation, and the second interaction is
attributed to the association of potassium ions and the POM macroanion clusters. The
number of binding sites in the first interaction is consistent with the number of released
protons in the first stage in the pH titration experiments. ITC cannot measure the number
of released protons in the second stage obtained in the pH titration experiments due to

the low binding strength in the second stage.

25



CHAPTER IV

CONCLUSION

In summary, the deprotonation of POM (Sm) and POM (Er) upon the trigger of the
additional base in aqueous solutions was explored. There are no protons released from
these two lanthanide clusters in pure water, and their two-stages deprotonation
behaviors vary with different lanthanides. The difference among the deprotonation of the
two lanthanide clusters might derive from different deprotonation sites and different
coordination strengths caused by lanthanide contraction. To further verify and explain
the effect of different lanthanides on the deprotonation, experiments of other POMs,

such as POM (Lu), are needed.
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