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ABSTRACT: Understanding the stability and speciation of metal- f//
oxo clusters in solution is essential for many of their applications in /\/\N\/\/
different areas. In particular, hybrid organic—inorganic polyox-
ometalates (HPOMs) have been attracting increasing attention as \\\‘ R
they combine the complementary properties of organic ligands and ) fl/ Aci

metal—oxygen nanoclusters. Nevertheless, the speciation and \\\\/\,\ ad

solution behavior of HPOMs have been scarcely investigated. - " " b P Ho/z/R
Hence, in this work, a series of HPOMs based on the archetypical - Q’ %
Anderson—Evans structure, 5-[MnMogO,4{(OCH,);C—R},]*", o, W ° w
with different functional groups (R = —NH,, —CHS,, ; R/Eng s
—NHCOCH,Cl, —-N=CH(2-C;H,N) {pyridine; —Pyr}, and

—NHCOCyH({N,0S {biotin; —Biot}) and countercations (tetrabutylammonium {TBA}, Li, Na, and K) were synthesized, and
their solution behavior was studied in detail. In aqueous solutions, decomposition of HPOMs into the free organic ligand, [MoO,]*",
and free Mn** was observed over time and was shown to be highly dependent on the pH, temperature, and nature of the ligand
functional group but largely independent of ionic strength or the nature of the countercation. Furthermore, hydrolysis of the amide
and imine bonds often present in postfunctionalized HPOMs was also observed. Hence, HPOMs were shown to exhibit highly
dynamic behavior in solution, which needs to be carefully considered when designing HPOMs, particularly for biological
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applications.

B INTRODUCTION

Polyoxometalates (POM:s) are a large class of anionic metal—
oxygen clusters with highly tunable physical and chemical
properties, which can be made even more versatile by
functionalization with organic moieties. All-inorganic POMs
of different shapes, sizes, nuclearities, and charge densities are
well known to form by self-condensation of metal-oxo anions
of certain metals in their highest oxidation states (commonly
W®, Mo®, and V**) depending on the pH, concentration, and
ionic strength.' These structures are highly adaptable, and
other elements can be incorporated either at lacunary sites or
as templates around which the POM can form.”’ Organic
molecules can also be covalently attached to the inorganic core
to form organic—inorganic hybrid polyoxometalates (HPOM:s)
that benefit from the synergistic properties of both the organic
and inorganic components. Hence, the hybrid nature of
HPOMs allows for the development of a new family of
compounds with an extended range of applications in catalysis,
materials science, and medicine.*””

Functionalization of POMs opens up many possibilities in
POM chemistry. Structures that are yet to be obtained as
stand-alone anions, such as the commonly studied manganese
hexamolybdate Anderson—FEvans ([MnMo¢O,,]°~, AE) and
the hexavanadate Lindqvist ([V40;]®") structures, can be
accessed through functionalization by forming the correspond-
ing HPOMs (e.g, [MnMogsO,s{(OCH,);C—R},]*" and
[V40,;{(OCH,);C—R},]*; R = organic moiety).”® The
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organic ligand grafted onto the POM can also be used as a
linker for covalent attachment of POMs on surfaces,’
nanoparticles,'’ polymers,'' and even onto other clusters'*~"*
among many possibilities. In addition, HPOMs can form
supramolecular structures such as micelles,"® vesicles,'”'” and
extended structures.'®~>° Moreover, enhanced properties may
be achieved through the combination of POMs with organic
compounds, such as a greater photocoloration contrast
obtained with spyropiran-POM hybrids.”""** Grafting organic
ligands onto POMs can also reduce their toxicity and increase
their lipophilicity, which is interesting for their use as protein
crystallization agents or in other biological applications since
POMs are known to have potential as antitumor, antiviral, and
antibacterial drugs.”>~”° Therefore, the synergy of the organic
and inorganic components of HPOMs can be highly beneficial.

Out of the many POMs that have been functionalized so far,
the archetypical AE structure with the general formula
[{X"Og}MO ]2~ (M = Mo® or W; X = heteroatom)
is particularly interesting since it offers a highly adaptable
platform that can be easily tailored to the desired purposes,
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and therefore, it is one of the most commonly reported HPOM
structures (Figure 1).”° The inorganic core is composed of six

®) a ©
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Figure 1. Representations of the AE structure [{X"*O}M40 5]~
(a) top and (b) side view, as well as (c) the most common isomer of
the tris(alkoxo) functionalized AE POMs &-[{X""O4}-
M0,,{(OCH,),C—R},]¢"-. Oxygen in red, metal addenda atom
M (W or Mo) in purple, heteroatom X in magenta, and organic
carbon chain in the skeletal form in black.

edge-sharing {MO¢} octahedra which can accommodate a
wide variety of central heteroatoms in different oxidation
states, including most first-row transition metals and even
some p-block elements (e.g,, X = Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ga, Al, Te, etc.), thereby tuning the electronic and magnetic
properties of the structure.” The AE structure can also be
grafted with many different types of organic molecules, which
is generally achieved by replacing some of the oxo ligands
(formally O*7) with tris(alkoxo) ligands ((OCH,);C—R).
Moreover, HPOMs can be further postfunctionalized by many
different synthetic gathwaysé’% including amidation,”” nucle-
ophilic substitution,”® and click chemistry,” depending on the
nature of the functional group (e.g, R = —NH,,
—NHCOCH,Cl, —NHCOCH,N;, etc.). Hence, the large
diversity and tailorability of AE HPOMSs have attracted
significant interest in recent years, and among the many
reported structures, the bis-functionalized manganese hexam-
olybdate 6-[MnMogO,s{(OCH,);C—R},]*" (denoted herein
as AZFE,_R) has been the most commonly investigated (Figure
1c).”

Like many functionalized POMs, the AE—R HPOMs are
often synthesized as tetrabutylammonium (TBA) salts that
dissolve in polar organic solvents but are poorly soluble in

water, which limits their applications in water-based catalytic
and biological systems.’®™** Nevertheless, the solubility of
HPOMs can be tuned by exchanging TBA for alkali metal
countercations, thereby adding further versatility to the
system.” Such an exchange is sometimes achieved using an
ion-exchange resin, but the Na salts can also be more easily and
quickly obtained by precipitation through the addition of
sodium perchlorate.””***> However, the latter method and the
effect of changing the counterion on the solubility of HPOMs
in different solvents has been less commonly systematically
investigated and reported, especially for metal countercations
other than sodium. Moreover, as the high versatility of POMs
makes them highly attractive compounds, it is essential to
understand their solution speciation and stability over time in
order to obtain the desired structures and to determine the
nature of the active sg)ecies, particularly in catalytic and
medicinal applications.””*” As a result, the speciation of all-
inorganic POMs in water has been extensively investigated, as
described in a recent excellent review by Gumerova and
Rompel.”® However, despite the large potential of HPOM,
their speciation and solution dynamics have been very rarely
explored.

Although functionalization of POM:s is generally expected to
enhance their stability, reports on the actual stability of
HPOMs in different solvents remain relatively scarce. Electro-
spray ionization mass spectrometry (ESI-MS) has been used to
investigate the formation process of AE—R HPOMs during
synthesis, and this technique has also been used to determine
the stability of GaMog, FeMog, and MnMogs AE—R HPOM,
which appear to be hydrolytically stable over 24 h in buffered
aqueous solutions at different pH values.”**”*’ However, a
molecular understanding of the solution stability of HPOMs
over longer periods of time, as well as the factors that influence
their speciation, is still largely lacking. Understanding the
stability of these HPOMs in water is particularly important in
the context of their promising potential in aiding protein
crystallization, as this process involves placing the HPOM in
aqueous solution with a protein for several days, while single
crystals suitable for X-ray diffraction gradually form."'
Furthermore, the potential biomedical applications of
HPOMs as drugs make it essential for their solution dynamics
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Figure 2. Synthesis of 5-[MnMosO,{(OCH,);C—R},]*~ (AE-R) HPOMs with different functional groups from a-octamolybdate (TBA,[a-
MogO,4]), manganese (III) acetate, and the corresponding triol ligand ((HOCH,);C—R) in an organic solvent by direct, pre-, and

postfunctionalization.
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Figure 3. Cation metathesis for obtaining water-soluble M—AE—R HPOMs by precipitation from a saturated solution of the TBA salt via addition

of the metal perchlorate (M = Li, Na, or K).

to be thoroughly investigated.””**** Therefore, in this study,
the solution behavior of a range of AE—R HPOMs with
different countercations and functional groups was thoroughly
investigated in different solvents and under different conditions
by nuclear magnetic resonance (NMR) and ultraviolet—visible
(UV—vis) spectroscopy. The systematic approach used in this
study allowed us to provide a detailed account of the effect of
the HPOM structure (i.e., countercation and functional group)
and solution conditions (i.e.,, solvent, concentration, ionic
strength, pH, and temperature) on the stability and speciation
of AE—R HPOMs in solution from a few minutes after
dissolution up to several weeks later.

B RESULTS AND DISCUSSION

A solution stability and speciation study was performed on a
series of HPOMs, shown in Figure 2, which were chosen due
to their complementary structure and properties. This series
involved the following AE—R HPOMs: §-[MnMo4Os-
{(OCH2)3C_NH2}2]3_ (AE=NH,), -[MnMogO -
{(OCH,);C~CH;},] 3" (AE-CHj;), §-[MnMogO -
{(OCH,);C—NHCOCH,C1},]*~ (AE—Cl), §-[MnMo4O;-
{(OCH,);C—N=CH(2-C;H,N)},]*~ (AE—Pyr), and &-
[MnMo4O4{(OCH,);CNHCOC,H;N,0S},]*~ (AE—Biot).
These HPOMs have the same MnMog core but vary in the
nature of functional groups present in the organic ligands. AE—
NH, can form H-bonds and can additionally serve as a
platform for postfunctionalization by imine or amide bond
formation. Such a postfunctionalization yields the aromatic
AE—Pyr, functionalized with pyridine (Pyr), and the bio-
logically relevant AE—Biot, functionalized with biotin (Biot),
an essential vitamin that also has one of the strongest known
interactions with its binding proteins.””** Furthermore, AE—
Cl, synthesized by prefunctionalization of tris(hydroxymethyl)-
aminomethane ((HOCH,);CNH,), has both polar and H-
bonding functional groups and has been shown to serve as an
excellent platform for further postfunctionalization with
amines, carboxylic acids, and thiols by nucleophilic substitution
or with alkynes by copper-catalyzed azide—alkyne cyclo-
addition upon replacement of the chlorines with azides.”**’

In contrast, AE—CHj, one of the first reported AE HPOMs,
has a similar size and molecular weight to AE—NH, but has a
nonpolar hydrophobic methyl group instead.”* Overall, these
HPOMs cover a broad range of possible functional groups and
therefore allow for a comprehensive study of the dynamics of
HPOMs in solution.

Tuning the Solubility via Cation Metathesis. The
solubility of POMs, in general, highly depends on the nature of
the countercation.”> The as-synthesized TBA salts of the AE—
R HPOMs were found to be highly soluble in polar aprotic
solvents and less soluble in polar protic solvents (Table S1).
Their solubility was the highest in dimethyl sulfoxide
(DMSO), with a solubility greater than 100 mg/mL for all
HPOMs. The solubility in acetonitrile (ACN), which has a
lower dielectric constant, varied between 9 and 200 mg/mL
depending on the functionalization: AE—NH, had the highest
solubility (200 mg/mL) due to its short and polar amine
group, while the solubility of AE—~CHj (83 mg/mL) was more
than twice lower due to the presence of nonpolar methyl
groups. Further lengthening of the functional group resulted in
lower solubility, as observed for AE—CI (43 mg/mL) and AE—
Biot (27 mg/mL), while AE—Pyr was even less soluble (9 mg/
mL) due to the highly hydrophobic aromatic group. In
methanol (MeOH), the HPOMs were significantly less soluble
with only AE—~NH, (110 mg/mL) and AE—CH; (21 mg/mL)
having solubilities higher than 1 mg/mL. On the other hand, in
water, for all HPOMs, the solubility was less than S mg/mL.
Hence, in order to modify the solubility of AE-R HPOMs and
especially to increase their solubility in water, TBA was
exchanged for Li*, Na*, and K' by a cation metathesis
procedure involving precipitation of the alkali metal salt. This
procedure was optimized in order to obtain 100% conversion
of the TBA salts into the alkali metal salts within minutes and
in high yields while using a minimal amount of solvent, thereby
easily expanding the repertoire of possible HPOM counter-
cations to different alkali metals (Figure 3).

This cation metathesis procedure consisted of adding a
saturated solution of the metal perchlorate in excess to a
saturated solution of the TBA salt in ACN, resulting in instant
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Figure 4. (a) "H NMR spectra of § mg/mL Na—AE—NH, in D,O at pD 7.3 acquired over 340 h at room temperature, displaying a decrease in the

integration of the peak due to the POM-bound —OCH,—

protons and a matching increase in the integration of the peak due to the —OCH,—

protons of the free ligand resulting from the decomposition reaction shown above. (b) Plot of the relative integration of the peaks in proton
equivalents over time and the corresponding exponential curves for a pseudo-first-order reaction using the observed rate constant (k) obtained

from plot (c): 8.0 + 0.4 X 107° s™* (R? = 0.994).

precipitation of the metal salt of the HPOM, while residual
metal perchlorate and TBA perchlorate remained in solution.
This was confirmed by "H NMR and ESI-MS analysis of the
supernatant, which showed only the characteristic peaks of
TBA and perchlorate with no indication of the HPOM being
present. The precipitate was then washed multiple times with
ACN to remove any remaining perchlorate and TBA. The
washes were also followed by ESI-MS and showed that the
perchlorate peaks gradually disappeared. The precipitate was
then vacuum-dried at 50 °C. Complete conversion to the metal
salt and removal of all TBA from the HPOMs were then
confirmed by IR and NMR spectroscopy. The bands in the IR
spectrum due to C—H stretching and bending vibrations of
TBA at 2800—3000 and 1480 cm ™! decreased in intensity after
the cation metathesis, while the fingerprint of the POM core
with peaks due to vibrations of Mo=0O and Mo—O—Mo
bonds remained intact (Figures S1—SS). The typical 'H NMR
resonances of TBA were also absent in the spectrum after the
cation metathesis (Figures S9—S13).

The alkali metal salts (M-HPOMs) were water-soluble
(>200 mg/mL for Li- and Na-HPOM ), but as expected, the
K-HPOMs were the least soluble (<20 mg/mL) and all were
poorly soluble in ACN (<1 mg/mL). However, although the
Li salts were very poorly soluble in ACN, they were highly
soluble in DMSO (>200 mg/mL) and the solubility in MeOH
was even higher than for the TBA salts, except for AE—NH,.
On the other hand, the Na- and K-HPOM:s were very poorly

soluble in MeOH (<1 mg/mL), and their solubility in DMSO
was lower than that of the Li-HPOMs (<70 mg/mL for Na-
HPOM:s and <7 mg/mL for K-HPOMs). In fact, the solubility
of K-AE—Pyr was so low that it could not be successfully
characterized and was therefore excluded from the study.
Hence, for applications where high solubility in a variety of
media is required, such as homogeneous catalysis, the Li salts
would be the most suitable choice. However, if a lower
solubility is preferred, as is the case in crystallography, the use
of K-HPOMs would be better suited, while the Na-HPOMs
can be used when a more intermediate solubility is desired.
Stability in Water. Once water-soluble AE—R HPOMs
were obtained, their stability in aqueous conditions was
monitored over time. The stability of AE—R HPOMs can be
conveniently followed by 'H NMR since the Mn*" central
heteroatom causes significant paramagnetic deshielding of
neighboring protons. In particular, the twelve —OCH,—
protons in the tripodal anchor of the tris(alkoxo) ligand
([MnMo4O,5{(OCH,);C—R},]*") give rise to a broad peak at
a high chemical shift of around 50—70 ppm when bound to the
POM core.”®*”** In contrast, the "H NMR resonances of the
free protonated ligand ((HOCH,);C—R) occur at a chemical
shift of 3.5-4.0 ppm (depending on the nature of the R
group). Hence, decomposition of AE—R HPOMs, which over
time leads to the formation of the free ligand, can be followed
by the increase in a peak at 3.5—4.0 ppm in the 'H NMR
spectra and a corresponding decrease in the peak at 50—70
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Figure 5. (a) UV—vis spectra of 0.02 mg/mL Li—AE—NH, in water at pH 7 acquired over 89 h at room temperature with the weaker peak at 300—
400 nm due to the d—d transition of Mn®* shown in more detail in the inset. Plots of (b) the change over time in A, and of the percentage change
in maximum absorbance (c) from 200 to 600 nm, corresponding to the LMCT of Mo—0, and (d) from 300 to 600 nm, corresponding to the d—d

transition of Mn>*.
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Figure 6. Plot of In(integration) against time for the integration of the

peak due to the bound —OCH,— protons of Na-AE—NH, in D,0O at pD 7.3

(5 mg/mL; I = 0.0246 M; kg, = 8.0 £ 0.4 X 107% s7%; R* = 0.994) together with the corresponding data for (a) 10 and 20 mg/mL Na—AE—NH, in

D,0, from which k,, values were determined to be 8.5 + 0.6 X 10™°s

1 (R*=0.993) and 11.8 + 0.7 X 107° s (R* = 0.996), respectively, (b) Li-

and K—AE—NH, in D,0 (5 mg/mL), from which k., values were determined to be 9.0 + 0.6 X 107%s™* (R* = 0.995) and 9.1 + 1.2 x 107¢s7* (R?
= 0.985), respectively, and (c) S mg/mL Na—AE—NH, in PB at pD 7.4 (I = 0.0564) and in PBS(1xX) at pD 7.4 (I = 0.1961 M), from which kg,
values were determined to be 5.6 + 1.0 X 107 s™! (R* = 0.965) and 5.9 + 0.7 X 107 s™! (R* = 0.982), respectively.

ppm. This was most clearly observed for a solution of Na—
AE—NH, in D,0 over a period of 14 days (Figure 4), and a
similar trend was seen for all other HPOMs in this study
(Figures 11; S15—S18).

Following changes over time in the integration of the peaks
due to the bound and free —OCH,— protons showed that
Na—AE—NH, in D,0 at pD 7.3 decomposed by almost 41%
after 24 h and by 94% after 97.5 h (Figure 4). This
corresponds to a 94% decrease in the integration of the peak
due to the POM-bound ligand and a matching 94% increase in
the integration of the peak due to the free ligand after 97.5 h,
indicating that the HPOM almost completely dissociated in 4
days. The decomposition of Na—AE—NH, in D,0O followed a
pseudo-first-order kinetic rate law with an observed rate
constant (ky,) of 8.0 + 0.4 X107® s™. This rate constant was
determined by following changes in the integration of the
peaks corresponding to the bound and free —OCH,— groups
(Figure 4c), based on the total amount of ligand remaining the
same in solution ([AE—R] = [AE—R], — [Tris—R], where
[AE—R] is the concentration of the HPOM, [AE—R], is the
initial concentration of the HPOM, and [Tris—R] is the

concentration of the free ligand), both of which showed the
same kinetics during the first 77 h.

Decomposition of AE—NH, in ultrapure water was also
observed by UV—vis spectroscopy (Figure 5). The AE
structure gives rise to a distinctive peak in the UV—vis
absorbance spectrum in the region of 200—220 nm due to the
ligand to metal charge transfer (LMCT) transition from the
ligand-centered 45-OR 7 orbitals to the metal-centered Mo®*
ty, orbitals, and the position of the maximum absorbance
(Amax) of this peak depends on the nature of the ligand.lz’%’46
In addition, a much weaker and broader band in the visible
region, around 300—400 nm, is present due to the d—d
transition of the HOMO t,, to the LUMO e, of Mn**. Both of
these peaks were observed to change over time for a solution of
Li—AE—NH, in water. The position of 4, blue-shifted from
213 nm toward 208 nm, and a shoulder peak appeared at
around 230 nm (Figure Sb). These changes in the UV—vis
absorbance spectrum correspond to the formation of the
molybdate ion ([MoO,]*”), indicating that the AE POM
structure decomposed into its basic building blocks.”” The
absorbance of the dominant peak at 208 nm also increased
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Figure 7. Plots of the relative integration over time of the (a) peak due to the POM-bound —OCH,— protons and (b) peak due to the —OCH,—
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Figure 8. (a) Plot of In(integration) against time for the pseudo-first-order decomposition reaction of S mg/mL Li—AE—NH, in deuterated
PBS(1x) at 25 °C with a kg, of 6.1 + 1.2 X 1076 57! (R* = 0.995), 37 °C with a ky, of 20.8 + 1.7 X 107 s (R* = 0.999), and 50 °C with a ky, of
107.5 £ 17.1 X 107% s7! (R? = 0.994) and (b) the corresponding Arrhenius plot of In(kyy) as a function of T™* with an E, of 92 kJ mol™" (R? =

0.993).

over time as the concentration of [MoO,]*” gradually
increased (Figure Sc). In addition, the peak around 300—400
nm due to the d—d transition of Mn** was also observed to
increase over time, indicating a change in the coordination
environment of Mn** (Figure 5d). Overall, both UV—vis and
'"H NMR show gradual changes over several hours in the
spectra of HPOMs in aqueous solutions that are clearly due to
the decomposition of the POM core into [M0O,]*~ and Mn**
as the ligand is released into solution.

Influence of Concentration and the Presence of lons
in Solution. The influence of the composition of the
solution—such as HPOM concentration, the counterion,
ionic strength, and pH—on the stability of AE—R HPOMs
was also investigated. Increasing the concentration of Na—
AE—NH, in D,0 resulted only in a slight increase in the rate
of decomposition as can be seen from the k., obtained for 5
mg/mL (4 mM), 10 mg/mL (8 mM), and 20 mg/mL (16
mM) solutions: 8.0 + 0.4 X 107% 8.5 + 0.6 X 107% and 11.8 +
0.7 % 107% s}, respectively, as determined from changes in the
integration of the —OCH,— peaks in the 'H NMR spectra
based on pseudo-first-order kinetics (Figures 6a; S14).
Similarly, although the counterion has a significant effect on
the solubility, it did not show any noticeable effect on the rate
of decomposition, suggesting that solubility can be tuned
without affecting stability (Figures 6b; S15). As a result, the
Li-, Na-, and K-HPOMs dissolved in D,O decomposed with
highly comparable k,, which were in the range of 8 X 1076 to
9 X 107% s7!. Moreover, increasing the ionic strength through
the presence of additional ions in solution had little effect on
the stability of the HPOMs. Hence, AE—NH, decomposed at
approximately the same rate in D,O at pD 7.3, in deuterated
phosphate buffer (PB) at pD 7.4, composed of 10 mM
Na,HPO, and 1.8 mM KH,PO,, and in deuterated phosphate-
buffered saline (PBS(1x)) at pD 7.4, which is meant to

simulate physiological conditions and was therefore composed
of 10 mM Na,HPO,, 1.8 mM KH,PO,, 2.7 mM KC], and 137
mM NaCl (Figures 6¢c; S19—S822). This indicates that ions in
solution do not play a role in the decomposition of AE-R
HPOM s since the much higher salt content of PBS(1x), which
resulted in an ionic strength of 0.1961 M for the HPOM
solution, gave a similar k., to solutions in PB and in D,0,
which had lower ionic strengths by ca. 3.5 and 8 times,
respectively.

Influence of pH and Temperature. Following the
HPOMs in deuterated buffered solutions at pD 4.4, 7.4, and
10.0 clearly showed that the pD had a significant effect on the
rate of their decomposition in aqueous solutions (Figures 7;
$21-S26). For AE—NH, in deuterated carbonate buffer (CB)
at pD 10.0, more than 50% decomposition occurred within the
first 30 min and essentially full decomposition was observed
after 24 h, showing a much faster decomposition rate due to
the high pD when compared to PB at pD 7.4, in which AE—
NH, only decomposed by 35% after 24 h. A dark brown
precipitate was also observed to form after a few hours, which
most likely corresponds to a manganese (III) salt precipitating
out of solution since the IR spectrum of the precipitate did not
display the characteristic bands of the POM core and a similar
spectrum was obtained for the precipitate formed from
manganese (III) acetate in CB (Figure S6). In deuterated
acetate buffer (AB) at pD 4.4, precipitation was also observed
over time, but in this case, it was due to the protonation of
AE—NH,, which reduces its net charge, making it less soluble,
since the IR spectrum of the precipitate showed that the POM
core remained intact, and a similar IR spectrum was obtained
for the precipitate formed by adding 1 M HCI to a solution of
AE—NH, in water to lower the pH to 4.3 (Figure S7). This
precipitation led to an observable decrease over time in the
integration of the peak corresponding to the bound —OCH,—
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Figure 9. (a) Plot displaying changes in the integration over time of the peak due to the —OCH,— protons of the free ligand released by the
decomposition of AE-R in D,0 (5 mg/mL) and (b) the corresponding plot of In(integration) against time for the integration of the peak due to
the bound —OCH,— protons, from which k, values were determined to be 0.10 + 0.04 X 107¢ s™" (R* = 0.723), 7.96 + 0.44 X 10™°s™" (R* =
0.994), 0.29 + 0.03 X 107 s (R* = 0.965), and 0.28 + 0.03 x 107* s™! (R* = 0.954) for R = —CH;, —NH,, —Cl (~NHCOCH,Cl), and —Biot

(biotin) respectively.
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Figure 10. (a) UV—vis spectra of 0.02 mg/mL Li—AE—CH, in PBS(1X) at pH 7.4 acquired over 90 h at room temperature with the weaker peak
at 300—400 nm due to the d—d transition of Mn*" shown in more detail in the inset. Plots of (b) change over time in 4,,,, and of the percentage
change in maximum absorbance (c) from 200 to 600 nm, corresponding to the LMCT of Mo—O, and (d) from 300 to 600 nm, corresponding to
the d—d transition of Mn>* for solutions of AE—CH; and AE—NH, in PBS(1x) at pH 7.4.

protons, which gradually disappeared (Figure 7a). However, a
corresponding increase in the peak due to —OCH,— protons
in the free ligand was not observed, despite the ligand being
soluble in AB (Figure 7b). In fact, hardly any further changes
in the '"H NMR spectrum were observed over 14 days,
indicating that little to no further decomposition took place.
Furthermore, a solution of AE—CHj in AB at pD 4.4 was also
followed by '"H NMR (Figure S24), and the peaks due to the
bound —OCH,— and —CHj, protons remained more or less
unchanged during 14 days as AE—CHj did not precipitate out
of solution. Consequently, it can be concluded that HPOMs
are most stable in aqueous solutions with lower pH.

It was also observed that the temperature of the solution has
a notable effect on the decomposition of AE—NH, in
deuterated PBS(1x) at pD 7.4 (Figures 8; S27—S30). 'H
NMR spectra were acquired every hour over 6 h at exactly 25
°C, and at this temperature, k,, was calculated to be 6.1 + 1.2
X 107% 57!, corresponding to the initial rate of decomposition.
However, when the solution was placed at 37 °C, to more
closely simulate physiological conditions, the value of k,, more
than tripled to 20.8 + 1.7 X 107° s™'. Increasing the

temperature of the solution further by the same amount to
50 °C and following changes by 'H NMR over 6 h gave a kg,
of 107.5 + 17.1 X 107 s™* (Figure 8a), almost 20 times higher
than at 25 °C. From this temperature dependence of kg, the
activation energy of dissociation was estimated using the
Arrhenius equation to be around 92 kJ mol™' (Figure 8b).
Once this kinetic barrier is overcome, there is a clear entropic
gain in decomposition as multiple separate molecules are
formed from each HPOM.

Influence of the Functional Group. Interestingly, the
nature of the organic functional group of the AE—R HPOM:s
had a notable effect on the stability of the HPOMs in D,0O
(Figures 9; S14—S18). AE—NH, decomposed much faster
than all the other HPOMs in this study. Full decomposition
was observed after 98 h for AE—NH,, while AE—CH,
remained relatively stable even after 336 h in D,0 and showed
the slowest rate of decomposition (k.,s = 0.1 + 0.04 X 107¢
s71). The HPOM:s with amide-bound moieties, AE—CI (k,,
0.3 + 0.03 X 107%s7!) and AE—Biot (ky,, = 0.2 + 0.02 X 107¢
s!), displayed very similar intermediate stability as only
around 25% decomposition was observed after 338 h.
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Figure 11. (a) Decomposition of AE—Pyr in D,0 (5 mg/mL) resulting in hydrolysis of the ligand and the HPOM as shown by the '"H NMR
spectra of pyridinecarbaldehyde and of AE—Pyr after 0 and 240 h in D,O. (b) Plot of the relative integration in proton equivalents over time of the
peaks due to the —OCH,— protons of AE—Pyr and AE—NH, in D,0 and the corresponding exponential curves for a pseudo-first-order reaction
using kg, from the plot (c): 7.9 + 1.4 X 107¢ s (R* = 0.964) for AE—Pyr and 8.3 + 0.4 X 107® s (R? = 0.988) for AE—NH,.

Therefore, these results suggest that the rate of HPOM
dissociation most likely depends on the steric and electron-
withdrawing properties of the functional group.

UV—vis spectra of AE-NH, and AE—CH, in PBS(1xX) at
pH 7.4 acquired over 90 h further confirmed the influence of
the functional group on the decomposition (Figure 10). Even
at a slightly higher pH, AE—CHj remained largely stable as
Amax Was only slightly blue-shifted from 215 to 211 nm after 90
h, while for AE—NH,, the faster decomposition into [MoO,]*~
resulted in a shift toward 208 nm and the appearance of a
shoulder peak at 230 nm (Figures 10b; S44). Moreover, after
90 h, the absorbance of the LMCT peak increased by only 2%
for AE—CHj;, while a 16% increase was observed for AE—NH,
in the same time period. Similarly, the increase in the
absorbance of the d—d transition peak was much more
pronounced for AE—NH, as it initially increased and then
began to decrease due to the manganese (III) salt precipitating
out of solution, as confirmed by IR spectroscopy (Figure S8).
In contrast, for AE—CHj, the peak corresponding to the d—d
transition increased more gradually and only started to
decrease after around 70 h (Figure 10d). Overall, the data
from both UV—vis and '"H NMR are consistent with the fact
that the nature of the functional group on the ligand has a large
effect on the stability of the HPOM, which is an important
factor to be considered when synthesizing new HPOMs that
need to be stable under aqueous conditions.

In addition, some ligands also appear to be susceptible to
hydrolysis in the presence of water. Over time, the '"H NMR
spectra of both AE—Cl and AE—Biot showed the formation of

tris(hydroxymethyl)aminomethane ((HOCH,);CNH,) along
with free chloroacetic acid and biotin, respectively, indicating
hydrolysis of the amide bond (Figures S16—S18). Moreover,
hydrolysis was likely catalyzed by [MoO,]*” formed from the
decomposition of the HPOM, in accordance with the
previously observed reactivity of this oxoanion toward amide
bonds (Figure S17).*** On its own in D,O, around 21% of
the prefunctionalized ligand used to synthesize AE—CI
((HOCH,);CNHCOCH,CI) was hydrolyzed after 14 days,
based on the integration of the peaks due to the —OCH,—
protons in the "H NMR spectra. However, for a solution of the
ligand in the presence of 3 equiv of [M0oO,]*”, both at a
comparable concentration to that obtained by the full collapse
of AE—CI, the ligand decomposed by 70% in the same amount
of time. Therefore, due to the catalytic nature of [MoO,]*",
further decomposition of the ligand can take place. Likewise,
AE—Pyr was observed to undergo hydrolysis of the ligand
itself, in this case via the imine bond, to form the AE—NH,
HPOM and pyridinecarbaldehyde immediately upon dissolu-
tion in D,0, which shows a much faster rate of decomposition
than for AE—Cl and AE—Biot (Figure 11b).>”*" Then, after
release of pyridinecarbaldehyde, the AE—NH, left in solution
was observed to decompose in the same way as previously
discussed, with a similar k., of 7.9 + 1.4 X 107¢ s™* (Figure
11c). Hence, it appears that, despite being commonly used, the
amide and imine bonds in these HPOMs are susceptible to
hydrolysis, and therefore, alternative methods may need to be
considered for attaching organic moieties if a highly stable
HPOM in an aqueous environment is desired. Imine bonds are
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Figure 12. Plots of the changes over time in % distribution of species in solution based on the integration determined by deconvolution of the
peaks in the 'H NMR spectra corresponding to the POM-bound —OCH,— protons due to AE—Pyr and HPOMs formed by (a) the decomposition
reaction of AE—Pyr (S mg/mL) into AE—NH,, via an asymmetric AE—Pyr—NH, HPOM intermediate, in (b) DMSO-d, with 15 equiv of residual
water, (c) ACN-d; with 23 equiv of residual water, and (d) a mixture of 95% ACN-d; and 5% D,O.

Scheme 1. Suggested Mechanism of Decomposition of AE—R in Water by Nucleophilic Attack of Hydroxide Ions at the
—OCH,— Groups Attached to the POM Core, Resulting in the Release of the Free Ligand and Breakdown of the POM Core
into Molybdate ([M00,]*") and Free Mn>*

particularly prone to hydrolysis, as full decomposition of AE— decompose gradually into pyridinecarbaldehyde and AE—Pyr—
Pyr into AE—NH, was observed within a few minutes, NH, after around S days. However, in ACN-d;, which
followed by subsequent decomposition of the resulting AE— contained a slightly higher amount of residual H,0 (23
NH, in under 1 week. Nevertheless, compared to imine bonds, equiv), decomposition was much faster (Figures 12c; S41).

amide bonds appear to be more stable with only around 25% After only 24 h, 50% of AE—Pyr decomposed into AE—Pyr—
decomposition observed for AE—Cl and AE—Biot over 14 NH,, and then, the formation of AE—NH, from AE—Pyr—

days. NH, took over as the dominant process. Such a fast

Stability in Organic Solvents. The decomposition of decomposition was confirmed to be due to residual water
these AE—R HPOMs over time was also followed in organic and not ACN itself, as AE—Pyr displayed a much faster rate of
solvents, which showed that the nature of the solvent has a decomposition in a mixture of 95% ACN-d; and 5% D,O
profound influence on the stability of HPOMs. In MeOD-d,, (Figures 12d; S38), with 30% of AE—Pyr being converted into
the appearance of a very weak peak in the range 3.5—4.0 ppm AE—Pyr—NH, immediately upon dissolution. Further decom-
characteristic of the —OCH,— protons of the free ligand was position into AE—NH, was then observed reaching 100%
observed to increase very slowly over time by 'H NMR decomposition of AE—Pyr after only 6 h with 75% conversion

(Figures S31 and S32), while by UV—vis spectroscopy, the into AE—NH, after 8 h. As a result, the imine bond seemingly
absorbance of Li—AE—NH, in MeOH was observed to slightly makes HPOMs highly unstable toward hydrolysis and these
decrease over time (Figure $45). However, in ACN, essentially HPOMs should only be used in highly dry media if high

no change was observed in the UV—vis spectra of TBA—AE— stability is required.’’

NH, as A, remained constant at 215 nm (Figure S$46). Mechanism of HPOM Decomposition. The observed
Similarly, with the exception of AE—Pyr, the '"H NMR spectra influence of the chemical nature of the functional group on the
of all other HPOMs in DMSO-dgs and ACN-d; remained tris(alkoxo) ligand, as well as the higher rate of decomposition
unchanged over 14 days (Figures S33—S43). As a result, the with increasing pH, suggests that the decomposition
stability of HPOMs, in general, is much higher in organic mechanism in aqueous solutions occurs via a concerted
solvents and even more so in polar aprotic solvents. nucleophilic attack by hydroxide ions at the —OCH,— groups

Unlike most other HPOMs, which showed relatively high attached to the POM core. This results in the release of the
stability in organic solvents, AE—Pyr was highly sensitive to ligand from the POM and disintegration of the AE POM

the presence of residual water, which can attack the imine structure into [MoQ,]*™ and free Mn>* as a result (Scheme 1).
bond to form the AE—-NH, HPOM and pyridinecarbaldehyde Electron-withdrawing groups, such as the —NH, group, will
via an asymmetric AE—Pyr—NH, (§-[MnMo¢O,4{(OCH,);- remove electron density from the neighboring —OCH,—
C—N=CH(2-C;H,N)}{(OCH,);C—NH,}]*~) HPOM inter- groups, making them more susceptible toward nucleophilic
mediate (Figure 12).°° When AE—Pyr was dissolved in attack. Consequently, the presence of the aliphatic —CH,;
DMSO-dg, containing 1S5 equiv of residual H,O, it remained group results in a much more stable HPOM. Therefore,
relatively stable (Figures 12b; S36) and only started to placing less-electron-withdrawing groups close to the

| https://doi.org/10.1021/acs.inorgchem.1c00511
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00511/suppl_file/ic1c00511_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00511/suppl_file/ic1c00511_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00511/suppl_file/ic1c00511_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00511/suppl_file/ic1c00511_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00511/suppl_file/ic1c00511_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00511/suppl_file/ic1c00511_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00511/suppl_file/ic1c00511_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00511?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00511?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00511?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00511?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00511?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00511?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00511?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

—OCH,— POM core should be considered for higher stability
when synthesizing HPOMs. Furthermore, steric hindrance
toward nucleophilic attack at the —OCH,— groups may also
play a role in making HPOMSs more stable. The HPOMs with
amide bonds, AE—Cl and AE—Biot, showed intermediate
stability, with the bulkier AE—Biot displaying a slightly higher
stability, which can be due to steric contributions as biotin is
known to be able to fold on itself.”>** However, although the
steric hindrance of the post- and prefunctionalized HPOMs
may make them more stable toward decomposition via
nucleophilic attack at the —OCH,— groups, they are
susceptible to hydrolysis of the ligand itself, which can be
catalyzed by [MoO,]*~ formed upon collapse of the POM.
This can lead to further decomposition of the overall structure,
depending on the stability of the functional groups linking the
ligand to the HPOM. As a result, the chemical structure of the
ligand grafted to the HPOM is highly important in
determining its stability against decomposition in solution
and the nature of the species formed over time.

B CONCLUSIONS

The solubility, stability, and speciation under different
conditions of several representative HPOMs based on the
archetypical AE structure with different functional groups and
countercations were established. Since HPOMs are typically
synthesized as TBA salts, a cation metathesis procedure was
optimized to efficiently obtain full conversion of the HPOMs
into the corresponding Li, Na, and K salts in good yields. This
fast and efficient procedure resulted in a range of HPOM:s with
different countercations, which were observed to have a
significant effect on the solubility in different solvents. The
nature of the ligand also played an important role in the
solubility. Therefore, it is possible to tune the solubility of
HPOMs through both the counterion and the attached organic
moiety.

Once HPOMs were solubilized in aqueous solutions by
exchanging the countercation, NMR and UV—vis spectroscopy
revealed that the composition of the HPOM and the
conditions in solution had a large influence on the stability.
In general, the stability of HPOMs significantly decreased with
increasing pH and temperature. The dissociation mechanism
most likely occurs via a concerted nucleophilic attack by
hydroxide ions at the —OCH,— groups attached to the POM
core, resulting in the release of the ligand from the POM and
leading to the collapse of the AE structure into [MoO,]*” and
free Mn®*. Although counterions play a key role in solubilizing
the HPOM, the presence of different ions in solution did not
have a noticeable influence on the stability of HPOMs,
allowing for solubility to be altered without affecting stability.
However, the nature of the functional group had a large
influence on the stability, suggesting that placing less electron-
withdrawing and more sterically hindered groups on the
quaternary carbon of the tripodal anchor to the POM could
favor higher stability. Furthermore, the stability of post-
functionalized HPOMs is largely dependent on the type of
bond used for postfunctionalization. Ligands bound via amide
bonds were shown to undergo hydrolysis, while imine-bound
ligands were particularly susceptible to hydrolysis and
decomposed even in organic solvents with just traces of
water. Consequently, this study gives important insights into
the stability of HPOMs, revealing that critical assessment of
their solution dynamics is necessary under the conditions of
their use. It also highlights the possible strategies that can be

applied in the synthesis of new HPOMs, particularly regarding
the nature of the functional groups of the ligand and the type
of linkage used to attach the ligand to the POM cluster.
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