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The science of polyoxometalates (POMs) has come a long way since molybdenum blue
was first described in 1778 [1]. Since then, polyoxometalates (POMs) have been showing
remarkable progress and unexpected surprises in their basic principles and applications.
Polyoxometalates are a special class of soluble metal oxides (intermediate state) between
monomeric metal oxides and infinite metal oxides, which have amazing differences in
sizes, chemical compositions, and physical properties from monomeric and infinite metal
oxides. The structures of POMs are rich and complex, and their chemical compositions are
mainly Mo, W, V, Nb, and Ta. Heteroatoms can be P, As, B, Al, Si, Ge, S, and other atoms,
and the polyoxometalate structures can be divided into saturated and unsaturated ones.
As we all know, there is a general correlation between the complexity of the structure of
a compound and its displayed function. The wide variability of chemical compositions
and a large number of unusual structural types make POMs exhibit a large variety of
different properties, which attracts many researchers to continuously explore the synthesis
strategy, structural regulation, properties, and applications of POM materials. Many of
these attractive features include controllable size, composition, charge density, REDOX
potential, acid strength, high solid-state thermal stability, solubility in polar/non-polar
solvents, and reversible electron/proton storage.

In this context, this Special Issue aims to highlight recent results in all the fields of
POMs and POM-based materials. It is composed of nine original articles, overall reporting
results about the syntheses and properties of different POMs and different POM-based ma-
terials, and two review articles, one of which is about structural types, synthetic strategies,
and even relevant catalytic applications of Ti/Zr-substituted POMs, and the other about
the application of Anderson-type ([XMgO24]" ™) POMs with different structures in organic
synthesis reactions.

Pavel A. Abramov et al. [2] studied the affinity of [B-MogOx]*~ toward different pro-
ton sources in various conditions. It is widely known that protons are very important in the
reaction of polyoxometalates. The current study reveals that the structural rearrangement
of [B-MogOy4]*~ as a direct response to protonation was demonstrated. The proton transfer
reaction between (BugN)4[B-MogOo] and (BugN)4H>[V19Oog] results in the formation of
[VaMo4Oq9]*~. The same type of reaction between (BugN)4[3-MogO»4] and [H4SiW1,040]
leads to the formation of [W,Mo4O19]>.

Yu-Fei Song et al. [3] mainly studied the conformational changes of four azoben-
zene covalently functionalized Keggin compounds using ion migration mass spectrometry
(IMS/MS). The photo-responsive trans—cis conformational changes of azobenzene Keg-
gin compounds were clearly revealed, which successfully opened up an important new
characterization dimension for polyacids.

Sébastien Floquet et al. [4] succeeded in combining a covalently decahydro-closo-
decaborate cluster [B;0H;o]>~ with Keggin- and Dawson-type POMs through an amino-
propylsilyl ligand (APTES) acting as both a linker and a spacer. Mono- and di-adduct
compounds of the boron cluster were obtained with the Keggin-APTES, while only the
di-adduct of the boron cluster was isolated with the Dawson-APTES. DFT studies and
electrochemical studies were also conducted. Finally, electrocatalytic reduction of protons
into hydrogen was evidenced in these systems.

Molecules 2023, 28, 4662. https:/ /doi.org/10.3390/molecules28124662 https://www.mdpi.com/journal /molecules
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Guo-Yu Yang et al. [5] synthesized three new transition metal-substituted POM com-
pounds. [Nig(OH)3(DACH)3(H20)6(PW9O34)]-31H,0O (1, DACH = 1,2-diami-nocyclohexane)
is a Nig cluster-substituted Keggin unit decorated with a DACH ligand. This compound is
an isolated hexa-Ni-substituted Keggin unit. By introducing different organic ligands, such
as rigid 5-methylisophthalate (HMIP) and flexible adipate
(AP), [Ni(DACH);][Nig(OH)3(DACH)3(HMIP), (HO)2(PW9O34)]-56H,0 (2) with a similar
anionic monomeric POM cluster to compound 1 was obtained,
and [Nl(DACH)z][N16(OH)3(DACH)Z(AP)(H20)5(PW9034)]2H20 (3) with a novel 1-D
POM cluster organic chain (POMCOF) was obtained. The synthesis of these compounds
provides us with a new strategy for using chainlike dicarboxylate acid as a linker to
make POMCOFs.

Bao Li et al. [6] prepared a series of triol ligand-modified Cu-centered Anderson-Evans
POMs with different counterions. They combined different molybdenum sources, triol
ligands, and different counter cations, such as NH*, Cu?*, and Na*, to systematically
investigate the roles of the cations in the packing of the produced POM structures. This
investigation found that the charges, sizes, and coordination manners of the countercations
have an important impact on the final structures of polyanions.

Bao Li et al. [7] synthesized two new compounds of vanadomolybdates with similar
unprecedented hepta-nuclear structures, which were both stabilized by triol ligands. It is
known that the preparation of vanadomolybdates is relatively difficult due to their low
structural stability. Therefore, the present study provides a new strategy to prepare and
stabilize vanadomolybdates by using triol ligands.

Xiaoshu Qu et al. [8] successfully constructed a nanocomposite film composed of
vanadium-substituted Dawson POMs and TiO, nanowires via the combination of hy-
drothermal and layer-by-layer self-assembly methods. Due to the unique three-dimensional
core—shell nanostructure of the composite, dual-function electrochromic (EC) photomod-
ulation and electrochemical energy storage are significantly improved. The solid elec-
trochromic energy storage (EES) devices are prepared by using the composite films as
cathodes, which were able to light up a single light-emitting diode for 20 s. Taken to-
gether, these results demonstrate that EES devices based on POMs have great potential in
applications requiring multi-function supercapacitors.

Changwen Hu et al. [9] successfully synthesized two new compounds constructed
from vanadium-containing Keggin-type polyoxoniobates and nickel complexes [Ni(en)]?*
(en = ethylenediamine) by controlling and changing the hydrothermal temperature and
vanadium sources. It should be noted that nickel-containing polyoxoniobates have rarely
been reported previously. The selective oxidation of benzyl alcohol by the two compounds
was also investigated, and the results showed that they had high catalytic activity. This
study not only enriches the structural database of polyoxoniobates but also expands the
catalytic applications of polyoxoniobates.

Xiao-Bing Cui et al. [10] synthesized three novel compounds based on Ge-V-O clusters
by the hydrothermal method. All the previously reported Ge-V-O compounds were totally
based on aliphatic organic ligands; compounds 1 and 2 are the first examples of Ge-V-O
clusters containing aromatic organic ligands. The catalytic properties of these compounds
for the epoxidation of styrene were also explored in this study:.

In addition to nine papers on the synthesis and properties of polyoxometalates and
POM-based materials, two related review articles were also published in this Special Issue.

Hongjin Lv et al. [11] mainly reviewed the structural types, synthetic strategies,
and even relevant catalytic applications of Ti/Zr-substituted POMs. Transition metal-
substituted POMs are a very important subclass of POMs, especially in catalytic chemistry.
Common transition metal-substituted POMs are based on Cu, Co, Ni, and so on, and
sometimes on lanthanide. However, Ti/Zr-substituted POMs are relatively less reported,
and, to the best of my knowledge, no review about Ti/Zr-substituted POMs has been
published previously. Therefore, this review gives us an overview of the Ti/Zr-substituted
polyoxometalates.
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The second review of this Special Issue by Yongge Wei et al. [12] reviewed the applica-
tion of Anderson-type ([XMgOp4]"~) POMs with different structures in organic synthesis
reactions. This will provide a new strategy for further study on the catalytic application of
Anderson POMs and green catalysis.

Ultimately, it is our sincere hope that this Special Issue will serve as a reference for
those who wish to learn more about POMs as an area of science, as well as help new
researchers become inspired, interested, and engaged in this topic.

Funding: This research received funding from grant from Jilin Provincial Department of Science and
Technology (No. 20190802027ZG).

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The affinity of [{5-M08026]4* toward different proton sources has been studied in various
conditions. The proposed sites for proton coordination were highlighted with single crystal X-ray
diffraction (SCXRD) analysis of (BugN)3[3-{Ag(py-NH2)MogOq]}] (1) and from analysis of reported
structures. Structural rearrangement of [B-MogOqs]*~ as a direct response to protonation was studied
in solution with Mo NMR and HPLC-ICP-AES techniques. A new type of proton transfer reaction
between (BugN)4[-MogOg] and (BugN)4H;[V19Osg] in DMSO results in both polyoxometalates
transformation into [VoMo4019]*~, which was confirmed by the ®>Mo, 'V NMR and HPLC-ICP-AES
techniques. The same type of reaction with [H4SiW1,049] in DMSO leads to metal redistribution
with formation of [WoMo,Oq91%~.

Keywords: proton transfer; octamolybdate; NMR; chromatography; structural analysis

1. Introduction

Protons play a key role in a wide range of water-associated processes, from geo-
chemistry to biology [1]. The appearance of the Theory of Coupled Electron and Pro-
ton Transfer Reactions [2—4] opened rich prospects for chemical reactions design [5-8].
Currently, proton coupled electron transfer (PCET) processes play crucial roles in syn-
thesis and catalysis [9,10], e.g., artificial photosynthesis systems [11-14] and PCET at
interfaces [15-18].

In polyoxometalate (POM) chemistry, protonation affects the formation, stability and
reactivity of polyoxoanions. Most self-assembly cascade reactions are pH driven when fast
protonation-deprotonation processes provoke rapid species transformation/organization
into various associates up to nanoscopic size. The study of self-assembly processes is one
of the top subjects in modern chemical science [19-27]. Such a specific organization of the
matter in different solutions is a research focus for a large number of research groups. For
example, research groups led by T. Mak and Di Sun successfully merged polyoxometalate
chemistry with that of coinage metal clusters using the self-assembly approach [28-30].

The electronic structure of polyoxoanions together with low-energy protonation makes
such objects very attractive for PCET reactions. The most important catalytic process
in this field is water oxidation [31,32]. Such POM catalysts as [{Ru!v4(OH),(H,0)4}(y-
SiW19034)2]'%" [33-35] and [Col4(H,0),(B-x-PW9O34),]'%~ have become classics [36,37].
Recently, [V6O13(TRIOLNO,), 12~ was applied to achieve concerted transfer of protons
and electrons. Fully reduced clusters can induce 2e~ /2H* transfer reactions from surface
hydroxide ligands [38].

In the chemistry of group 6 polyoxometalates, the polyoxomolybdates are signif-
icantly more labile than the polyoxotungstates, thus making researchers favor the lat-
ter in their studies of POM chemistry. However, several studies of polyoxomolybdates’
reactivity [39] and catalytic performance (electron transfer reactions) appeared [40-45].
One of the central complexes in this chemistry is (BusN)4[3-MogOy] (Scheme 1), which

Molecules 2022, 27, 8368. https:/ /doi.org/10.3390/molecules27238368
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is a standard precursor of all reactions in organic media, leading to a huge number of
materials with different properties [46-49]. Our ongoing research focuses on the use
of the coordination chemistry of the [B-MogOys]*~ anion in the study of silver chem-
istry in non-aqueous solutions [50-52]. Karoui and Ritchie used (BusN)4[3-MogO»] in
the microwave-assisted synthesis of tris(alkoxo)molybdovanadates [V3Mo3016(03-R)]>~
(R = CsHgOH or C4HgNH,) by the reaction between [3-MogOa4]*~, [H3V19O2s]*>~ and
pentaerythritol or tris(hydroxymethyl)aminomethane [53]. These results show the possibil-
ity of the reaction between two different types of polyoxometalates producing mixed-metal
compounds based on a different structural type. Such reactions are practically unknown
and can generate interesting mixed metal complexes. This is very important and can
be used for various materials preparation applied in catalysis (different Mo/V oxides),
photochemistry, solid-state devices (capacitors), biochemistry and biomedicine.

Scheme 1. The structure of the [3-MogOy4]*~ anion.

An important question is what is the trigger and the driving force of such metal
redistribution reactions? In this research, we focused on the behavior of the [3-MogOgg]*~
anion toward protonation to answer this question. Some years ago, we suggested a
straightforward hyphenated HPCL-ICP-AES technique [54] as an efficient tool to study the
reaction products in different polyoxometalate systems [55-57]. In the present research,
this technique helps us to have control over products’ formation in different conditions.

2. Results
2.1. Structural Analysis

The structure of [3-MogOy6]*~ is preorganized for the coordination of different metal
cations due to the presence of two trans-located lacunes (Scheme 1). During the study of
complexation in the Ag*/ [B-MogOy]*~ /L (L = auxiliary ligand) systems [50,51,58], we
found a large number of equilibria that can be easily shifted by the addition of different
ligands. In the present case, we tested 4-aminopyridine (py-NH>) as an auxiliary ligand in
order to produce a 1D {-Mog-Ag-py-NH;-Ag-Mog-} coordination polymer. Instead of this,
the reaction gives (BusN)3[Ag(py-NH;)MogOy4] as the main product (phase purity was con-
firmed by XRPD, see Supplementary Materials, Figure S1). In the crystal structure (SCXRD
details are collected in Supplementary Materials Table S1) Ag*, [3-MogOa]*~ and py-NH,
combine into another type of 1D coordination polymer when [Ag(py-NH;)MogOos]>~
anions stack together via py-NH, ... O=Mo interactions (Figure 1).
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Figure 1. py-NH, ... O=Mo interactions in the crystal structure of 1.

Three typical bonding distances surround Ag*: d(Agl-N1) = 2.27(3) A, d(Agl-O6)
=2.372(7) A, d(Ag1-O2) = 2.544(6) A and two longer contacts d(Agl1-09) = 2.639(7) and
d(Agl-O13) = 2.689(7) A indicate CN = 3+2 for Ag™*. These distances are in agreement
with the previously published pyridinium complexes of this type [50]. The distances for
py-NH; ... O=Mo interactions fill the interval between 2.974 and 3.285 A. The shortest
N ... O contacts 2.974 and 3.021 A are depicted in blue in Figure 1.

The formation of this coordination polymer via NH; ... POM interactions is very
interesting. We did the structural search for bonding between the oxoligands of the [f3-
MogOy]*~ lacunes and H-atoms, and collected 11 hits (BURBOH, CASNIU, COPFIW,
EWILIG, GEBYER, GISHEW, HIJSUR, MAXPUZ, MEPNIH, VEHTAEF, YAGNOJ) from
CCDC (ConQuest Version 2020.2.0). We will use the corresponding refcodes of deposited
crystal structures as references in the description below.

The interactions between [-MogOss]*~ and Me;NH(R), Me,NH,* and NH,* in the
crystal structures of YAGNO]J (a); BURBOH (b); HIJSUR (c); GISHEW (d) are shown in
Figure 2.

(a) (b)

Figure 2. Cont.
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(©) (d)

Figure 2. H ... O=Mo interactions in the crystal structure of: (a) YAGNOJ; (b) BURBOH; (c) HIJSUR;
(d) GISHEW.

According to the structural analysis, RsNH*, R;NH," and NH,* interact with terminal
O=Mo groups of [B-MogOy]*~ lacunes. Moreover, even Me;N* can interact with the
lacune (VEHTAF). In the crystal structure of GEBYER, the [3-MogO,s]*~ lacunes interact
with two H,O molecules. In the case of 1, we detected interaction between the neutral
NH,-group protons with the O=Mo groups of polyoxomolybdate. This illustrates strong
attraction between the lacune terminal oxoligands and H-atoms possessing some acidity
(chiefly N-H, but also C-H in Me;N*). Considering this, we can suggest direct proton
transfer exactly to these oxoligands-producing terminal Mo-OH group, which is highly
reactive (M-O m-bonding breaking) and initiates further rearrangement of octamolybdate
into hexamolybdate. The detailed mechanistic studies of this transformation are still
absent. In this research, we used this channel to initiate the reaction between [3-MogOy4]*~
and different protonated polyoxometalates serving as proton source. Such direct reactions
between two different polyoxometalates are poorly studied. The HPLC-ACP-AES technique
was used to control the products.

2.2. Reactivity of [B-MogOa6]*~

The first candidate for this type of reaction was easily prepared (BusN)sH,[V19O0s].
The HPLC-ICP-AES chromatogram of pure (BusIN)4[[3-MogOy4] in acetonitrile shows a
major molybdenum peak (tg = 3.6 min), corresponding to the octamolybdate anion [f3-
MogOy]*~, and a minor peak (tr = 4.8 min), which can be assigned as a hexamolybdate
anion [MogO19]?~ (Figure 3a) [59]. The profile of the major peak is asymmetric due to
the presence of [«-MogO»]*~, according to the previous ESI-MS data, demonstrating the
absence of any other molybdates in the solution [50]. The HPLC-ICP-AES chromatogram of
a freshly prepared solution of (BusN)4H>[V19O23] shows a single peak containing vanadium
(tr = 3.0 min), which confirms the presence of individual vanadate anion [V10023]°~ in
the solution (Figure 3b). Moreover, the addition of 2 eq of BusyNOH to the solution of
(BugN)4H>[V19O2s] does not reflect any POM transformation.
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Figure 3. HPLC-ICP-AES chromatograms of (a) [B-MogOos]*~ and (b) [V19O25]°~ in acetonitrile.

The reaction between (BugN)4[3-MogO»¢] and (BugN)4H[V19Os8] in DMSO does not
proceed at room temperature, according to >V NMR data, which is the fastest way to
check the reaction progress. The reaction mixture must be heated over 50 °C to activate the
polyoxometalates” transformation. The HPLC-ICP-AES technique was used to investigate
the reaction products at different molar ratios of the reagents. The reaction time was 10 min.

For molar ratio 5/1 Mo:V =5/1) at C,, of (BugN)4[B-MogOo4] = 6 mM, we observed
one peak with the atomic ratio Mo:V = 2.2 (tg = 4.3 min) (Figure 4a) and a second V-free
peak (tg = 4.8 min), which may be ascribed to unreacted octamolybdate (Figure 4a). With
an increase in the vanadate concentration (Mo/V = 5:2 molar ratio), the same major peak
with atomic ratio Mo:V = 2.5 was observed, the intensity of which doubled (Figure 4b). In
addition, a chromatogram shows a minor Mo-free peak (tg = 3.0 min), which indicates an
excess of the decavanadate anion in this case (Figure 3b).

b

—Mo 281.6 nm

—Mo 281.6 nm 60,000
—V 292.4 nm

—V292.4 nm

30,000

Intensity, cps

a3 6 2 3 4 5 6
Time, min . .
Time, min

Figure 4. HPLC-ICP-AES chromatograms of the POM mixture at (a) the initial Mo/V ratio = 5/1 and
(b) Mo/V ratio=5/2.
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No significant changes in the chromatograms were observed with a further increase
in the concentration of vanadate. The atomic ratio Mo:V = 2.2 indicates the formation of
[VaMo,4O19]*~ Lindqvist type anions as the reaction product. According to °'V NMR, the
total intensity of the other V peaks is ca. 1% of the intensity of the signal from the major
product (See NMR part).

The next candidate to study the proton transfer controlled reaction with (BugIN)4[3-
MogOy4] was [H4SiW12049]-14HO. Preliminary experiments showed that the reaction
between (BusIN)4[3-MogOy4] and [H4SiW1,040]-14H,O in acetonitrile proceeded slowly
and led to the formation of a number of products in comparable amounts. Therefore,
CH3CN was replaced with dimethyl sulfoxide (DMSO). The HPLC-ICP-AES chromatogram
of a freshly prepared solution of silicotungstic acid in DMSO shows a single peak containing
tungsten (tgr = 6.2 min), which confirms the presence of individual silicotungstate anion
[SiW12049]*~ in the solution (Figure 5a) (The intensities of Si lines are significantly lower
than W or Mo and cannot be adequately estimated).

—W 239.7 nm b —Mo 281.6 nm
—Mo 281.6 nm —W 239.7 nm
ﬂ 10,000

(72}

Q.

(&)

>

Ec=)
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o 5000

et
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Figure 5. HPLC-ICP-AES chromatograms of (a) [SiW1,04]*~ and (b) [A-MogOys]*~ in dimethyl sulfoxide.

The HPLC-ICP-AES chromatogram of (BusN)4[3-MogOys] in DMSO (Figure 5b) is
similar to the chromatogram in acetonitrile (Figure 3a) and shows a major molybdenum
peak (tr = 4.5 min), corresponding to the octamolybdate anion [B-MogOy]*~, and a minor
peak of [MogO19]%~ [59]. Since the viscosity of DMSO is 5 times that of acetonitrile, we
were forced to reduce the concentration of the ion-pair reagent in the HPLC eluent to
prevent column overpressure. Therefore, the peak retention times in DMSO increased. The
HPLC-ICP-AES technique was used to investigate the reaction products between (BusN)4[ 3-
MogOy] and [H4SiW1,049]-14H,0 at different molar ratios. For the Mo/W = 10/1 molar
ratio at C, of (BugN)4[B3-MogOys] = 3 mM, we observed four peaks (Figure 6a): (i) unreacted
octamolybdate (tr = 4.5 min), (ii) poorly separated peak with atomic ratio Mo:W = 2.3
(tr = 4.7 min), (iii) hexamolybdate (tg = 5.7 min) and (iv) Mo-free peak (tgr = 6.2 min) from
unreacted silicotungstic acid. With an increase in the tungstate concentration (Mo/W =10/2
molar ratio), the same major peak with atomic ratio Mo:W = 2.3 was observed (Figure 6b).
In addition, the chromatogram shows minor W-free peaks (tg = 4.5 min, tg = 5.6 min) and
a single peak containing tungsten (tg = 6.2 min), which may indicate an excess of the
tungstate anion. Further increase in the concentration of tungstate (Mo/W = 10/4 molar
ratio) leads to the disappearance of the first molybdenum peak ([B-MogO9]*~, tg = 4.5 min)
and an increase in the intensity of the peak of unreacted tungstate.

10
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Figure 6. HPLC-ICP-AES chromatograms of the POM mixture at (a) the initial Mo/W ratio = 10/1,
(b) Mo/W ratio = 10/2 and (¢) Mo/W ratio = 10/4.

Thus, according to the HPLC-ICP-AES results, the proton transfer between the sil-
icotungstic acid and [B-MogOq]*~ triggers metal redistribution with the formation of
Lindqvist type [W,Mo,4019]%>~ anion as the reorganization product of [B-MogOy]*~. Cu-
riously, [-MogOy4]*~ does not react in this case. The Keggin anion almost completely
converts into the mixed Lindqvist at Mo/W ratio = 10/1 (Figure 6a). We reported a sim-
ilar process earlier, when direct reaction of [H3PW1,049] with [NbO(C,04),]~ yielded
[PW11NbOy]*~ [60].

The reaction between (BusN)4[3-MogOy4] and acetic acid was investigated with the
HPLC technique. The reaction was run in DMSO (C, of = 3 mM) by the addition of various
concentrations of acetic acid (Figure 7).

The HPLC chromatogram of a freshly prepared solution of (BusN)4[(3-MogO»4] shows
the peaks from octamolybdate [3-MogOqs]*~ (Figure 5, peak no. 3, tg = 4.5 min) and
hexamolybdate [MogO19]2~ (Figure 7, peak no. 5, tg = 5.6 min) in the ratio of 95:5. Addition
of 0.001 M acetic acid decreases the octamolybdate peak intensity, while causing an increase
in the hexamolybdate peak intensity and the appearance of a new peak (peak no. 4,
tr = 5.1 min). Further increase in the acetic acid concentration continues to reduce the
intensity of the octamolybdate peak and leads to an increase in the intensity of peak no.
4, as well as the appearance of two minor peaks (peak no. 1,2) of smaller molybdates. At
an acetic acid concentration of 0.008 M, the intensity ratio of the peaks corresponding to
octamolybdate (peak no. 3), the new product (peak no. 4), and hexamolydate (peak no. 5),
is 1.8:3.4:1, respectively. No further changes in the ratio of species in solution was observed

11
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with an increase in the concentration of acetic acid from 0.008 M to 0.01 M; however, the
intensity of all peaks decreases by 1.5, and further acidification leads to the formation of a
white precipitate, which makes the HPLC analysis unapplicable.

0.3 4

CH,COOH
4
3 0.01M
12 5
0.0 ]
0.3 8

0.008 M

0.0 N\/\‘/\/\ '
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Figure 7. The HPLC-UV chromatograms of (BusN)4[-MogOy] in dimethyl sulfoxide with the
addition of acetic acid.

From this observation it follows that the transformation of [3-MogOys]*~ into [MogO19]%>~
can be explained as direct dimolybdate ([M0,07]?7) elimination, as was proposed ear-
lier. There are two simple molybdate anions in the reaction mixture. In the literature
there is a structure of K[MoO,(OAc)3;]-HOAc [61] complex, showing the possibility of
[MoO;,(OAc);3]~ existence in the solution. The new peak (Figure 7, peak no. 4) can be
assigned as [MogO»4(OAc),]*~, with the same structure as reported for the malonate
derivative ((NHg)4[MogO,4(C3H,0,),]-4H,0) [62].

2.3. NMR

NMR spectroscopy was anticipated to be an informative tool to study the reaction
between (BusN)4[[3-MogOy4] (M08) and (BusN)4H;[V19O28] (V10) due to the presence of
both 'V and Mo NMR active isotopes. We measured “>Mo NMR spectra for the following

solutions to study the effects of acidification of Mo8 by Hpts (Hpts = p-toluenesulfonic
acid) (Figure 8).
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Figure 8. > Mo NMR data for Mo8 acidification: (a) 70 mg Mo8 + 2 mg of Hpts in 600 uL. DMSO-dy;
(b) 70 mg Mo8 + 5 mg of Hpts in 600 uL DMSO-dg; (c) 70 mg Mo8 + 10 mg of Hpts in 600 pL
DMSO-dg.

As can be seen, addition of Hpts as a non-coordinating organic acid to the solution of
(BugN)4[B-MogOq4] leads to the disappearance of the [-MogOy4]*~ isomer and an increase
in the amount of [MogO19]>~. Simple (mononuclear or binuclear) Mo-containing complexes
were not detected, most likely due to the fast exchange. The signals from such species
should appear in a negative region, in comparison with the literature [63].

The reaction between Mo8 and V10 was studied using both ®*Mo and 5!V NMR
(Figure 9).
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Figure 9. Mo NMR data describing Mo8 and V10 reaction: (a) 70 mg Mo8 (300 uL DMSO-d6)
+ 55 mg V10 (300 pL. DMSO-dg) room temperature; (b) 70 mg Mo8 (300 uL DMSO-d6) + 22 mg V10
(300 pL. DMSO-dg), after 10 min at 60 °C; (c) 70 mg (BugN)2[MogO19] in 600 pL. DMSO-d; (d) 70 mg
Mo8 in 600 uL DMSO-dg; (e) 70 mg of (BugN)3Na[V,Mo04019] in 600 uL. DMSO-dg * Chemical shift
(CS) =137.4301 ppm, ** CS = 123.3993 ppm.

13



Molecules 2022, 27, 8368

The 51V NMR spectra (Figures 52-54) show exclusive formation of [VoMosOq9]*,
to the detriment of other mixed metal Lindqvist molybdovanadates, meaning that such
reactions can offer a straightforward way to this anion. Two signals in the Mo NMR
spectrum of (BusgN)4[[3-MogOy4] indicate an equilibrium between « and 3 isomers, as
described in the literature [64]. In the case of spectrum b (Figure 9), the baseline correction
was not as accurate, and the peaks from Mo8 have slightly negative intensities. Moreover,
due to this problem, the profile of the main signal is also not as correct. Nevertheless, we
can postulate the presence of [VoaMo04O19]* and [MogO19]%~ in the reaction mixture.

3. Materials and Methods
3.1. Physical Methods

(BugN)4[B-MogOz], (BugN)2[MogO19], (BugN)2[M0207], (BugN)4Hz[V19O2s] and
(BugN)3Na[V,Mo4019] were prepared according to the literature data (Inorg. Synth. Vol.
27). DMSO was distilled in vacuo over NaOH. [H4SiW1,040]-14H,0 was manufactured by
“The Red Chemist” (Saint Petersburg, USSR) and checked with FI-IR and TGA prior to use.
Other reagents were of commercial quality (Sigma Aldrich) and were used as purchased.
IR spectra were recorded on a Bruker Vertex 60 FI-IR spectrometer. Elemental analysis was
carried out on a MICRO Cube CHN analyzer.

Synthesis of (BugN)3[Ag(py-NH2)MogO26] (1): (BusN)4[-MogOy6] (200 mg, mmol)
was dissolved in 2 mL of DMF under sonication, and afterward, 20 mg (mmol) of py-NH,
was added to the observed clear solution. Solid AgNOs3 (32 mg, mmol) was added to the
reaction mixture under sonication. The resulting mixture was placed in Et;O atmosphere
at 4 °C to obtain crystalline material. The crop of large colorless crystals was isolated after
48 h. Yield was 175 mg (90% based on initial octamolybdate).

Elemental analysis. Calcd C, H, N (%) for 1: 30.1, 5.4, 3.3; found C, H, N (%): 30.0, 5.3, 3.2.

IR (KBr, cm™1): 3485 (w), 3336 (m), 3222 (w), 2959 (vs), 2929 (s), 2872 (s), 1632 (vs),
1611 (s), 1554 (w), 1522 (m), 1480 (vs), 1456 (s), 1375 (m), 1355 (w), 1333 (w), 1278 (w),
1214 (m), 1148 (w), 1100 (w), 1060 (w), 1028 (w), 1014 (m), 970 (s), 947 (vs), 928 (vs), 905 (vs),
865 (vs), 847 (vs), 825 (s), 811 (m), 700 (vs), 657 (vs), 567 (m), 551 (s), 520 (s), 472 (m), 444 (w),
407 (s).

3.2. NMR

51V and **Mo NMR spectra were recorded on a Bruker Avance 111 500 spectrometer
(BBI detector), using NaVO3 and NayMoOj as internal standards. Spectra were measured
in DMSO-d¢ at room temperature using standard 5 mm NMR tubes.

3.3. X-ray Diffraction on Single Crystals

Crystallographic data and refinement details are given in Table S1 (Supplementary
Materials). The diffraction data for 1 were collected on a Bruker D8 Venture diffractometer
with a CMOS PHOTON III detector and IuS 3.0 source (Mo K« radiation, A = 0.71073 A) at
150 K. The ¢- and w-scan techniques were employed. Absorption correction was ap-
plied by SADABS (Bruker Apex3 software suite: Apex3, SADABS-2016/2 and SAINT,
version 2018.7-2; Bruker AXS Inc.: Madison, WI, USA, 2017). Structures were solved by
SHELXT [65] and refined by full-matrix least-squares treatment against | F|? in anisotropic
approximation with SHELX 2014 /7 [66] in the ShelXle program [67]. H-atoms were refined
in geometrically calculated positions.

CCDC 2215910 contains the supplementary crystallographic data. These data can be
obtained free of charge via http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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3.4. XRPD

X-ray powder diffraction patterns were measured on a Bruker D8 Advance diffrac-
tometer using LynxEye XE T-discriminated CuK« radiation. Samples were layered on a
flat plastic specimen holder.

3.5. HPLC-ICP-AES and HPLC

Separation was performed with the HPLC system Milichrom A-02 (EcoNova, Novosi-
birsk, Russia), equipped with a two-beam spectrophotometric detector at the wavelength
range of 190—360 nm in the ion-pair mode of reversed phase chromatography (Pron-
toSIL 120-5-C18AQ, 2 x 75 mm), eluents: A—0.06% tetrabutylammonium hydroxide (for
(BugN)4[B-MogOs] and (BugN)4H»[V19O0s]), 0.02% tetrabutylammonium hydroxide (for
(BugN)4[B-MogO»¢] and [H4SiW 1,049 ]-14H,0); B—acetonitrile. Gradient elution with a
gradual increase in acetonitrile concentration was employed to resolve the species. ICP-
AES spectrometer iCap 6500 Duo (Thermo Scientific, Waltham, MA, USA) with concentric
nebulizer was applied as detector in hyphenated HPLC-ICP-AES. For the element detection
Mo 281.6 nm, V 292.4 nm and W 239.7 nm, spectral lines were selected. All measurements
were performed in three replicates.

The data acquisition and processing were carried out with iTEVA (Thermo Scientific,
Waltham, MA, USA) software. In order to eliminate plasma quenching, we diluted the
liquid coming out of the column into the spray chamber with deionized water. The steady
state of the plasma and the optimal values of the analytical signals were finally achieved at
the eluent flow rate of 0.25 mL min~! and the eluent velocity of 3 mL min~! (peristaltic
pump speed—75 rpm).

4. Conclusions

This manuscript describes an affinity of [B-MogOqg]*~ lacunes for interaction with
H-atoms possessing some N-H or even C-H (in Me4N™) acidity. We demonstrated this
in the case of 1D polymeric chains formation via py-NH; and [B-MogOy4]*~ interaction.
This example illustrates a general approach to the formation of soft matters based on
such types of interactions. The reaction of [3-MogOas]*~ with diluted acids generates a
set of unknown complexes, according to the HPLC-ICP-AES data. Moreover, there was
a new type of reactivity of [B-MogOyg]*~ combining: (i) proton transfer from another
type of polyoxometalates in solution, (ii) backbone breaking and (iii) transformation into
mixed Lindqvist type complexes has been demonstrated. In the case of (BusN)4H[V19Oas],
this reaction gives [VaMo,Oq9]4 . [HiSiW1,040] plays a role as a proton and W source,
producing [W)yMo04019]%~. The key study here is proton transfer into the lacune of [3-
MogOgs]*~, generating the reactive transition state. At the current stage, it is impossible to
deduce the mechanism, which is not as simple as [Mo,07]?" -elimination. In comparison
with the microwave synthesis reported by Karoui and Ritchie, simple thermal activation
does not need any special equipment. The addition of any triol type organic ligands into
the reaction mixture will be the next step in such reactivity studies. Such an approach
opens a way to new mixed functionalized complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules27238368/s1, Table S1: SCXRD Experimental details;
Figure S1: Comparison of experimental and calculated powder diffraction patterns for 1; Figure S2:
51y NMR spectrum of (BugN)3Na[VoMo4O19] (DMSO-dg, r.t.); Figure S3: 51y NMR spectrum of the
reaction mixture containing 70 mg Mo8 (300 uL DMSO-dg) + 55 mg V10 (300 uL. DMSO-dg); Figure S4:
51y NMR spectrum of the reaction mixture containing 70 mg Mo8 (300 uL DMSO-dg) + 22 mg V10
(300 uLL. DMSO-dg), after 10 min at 60 °C.
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Abstract: Accurately characterizing the conformational variation of novel molecular assemblies
is important but often ignored due to limited characterization methods. Herein, we reported the
use of ion-mobility mass spectrometry (IMS/MS) to investigate the conformational changes of
four azobenzene covalently functionalized Keggin hybrids (azo-Keggins, compounds 1-4). The as-
prepared azo-Keggins showed the general molecular formula of [C14H3¢N]4[SiW11040(Si(CH;)3NH-
CO(CHz)nO—C6H4N=NC6H4—R)2] (R =H,n=0 (1),’ R = NOz, n=20 (2); R=H,n=5 (3),' R=H,
n =10 (4)). The resultant azo-Keggins maintained stable monomeric states in the gas phase with
intact molecular structures. Furthermore, the subtle photo-responsive trans-cis conformational
variations of azo-Keggins were clearly revealed by the molecular shape-related collision cross-section
value difference ranging from 2.44 A2 to 6.91 A2. The longer the alkyl chains linkers were, the
larger the conformational variation was. Moreover, for compounds 1 and 2, higher stability in trans-
conformation can be observed, while for compounds 3 and 4, bistability can be achieved for both
of them.

Keywords: polyoxometalates; azobenzene; photo-responsive; ion-mobility mass spectrometry;
shape characterization

1. Introduction

Azobenzene (Azo) and its derivatives have been widely investigated as promising
photochemical systems, owing to their properties of reversible trans-cis isomerization
upon light irradiation, which further results in reversibly changed physical and optical
properties such as the solubility, dipole moment, surface free energy, and mechanical
actuation behaviors [1-6]. By attaching azo groups, photochemical properties could be
introduced to new functional materials [7]. In recent years, polyoxometalates (POMs), a
class of anionic molecular metal oxide clusters with intriguing physical properties and
nanometer size [8-14], have been applied to combine with azo groups. The resultant azo-
based polyoxometalates (azo-POMs) have shown fascinating photo-responsive behaviors
and have been applied for to a broad area, such as lyotropic or thermotropic liquid crystal,
supramolecular self-assembly, and catalysis [15-19]. Different from small molecular azo,
macromolecular azo-POMs show relatively complicated physical properties because of
the introduction of more parameters such as large molecular size, multiple charges, steric
hindrance effect, electronic effect, etc. [20]. Although the reversible trans-cis conformational
change of molecules was studied, the detection means were still limited to UV-Vis or NMR
spectroscopy [19,21]. Moreover, the shape’s variation was inevitably involved during
conformational changes; however, this factor is often ignored. Therefore, it is important to
develop novel characterization methods for obtaining more structural information about
these azo-POM macromolecules.
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The technique of ion mobility mass spectrometry (IMS/MS) has been demonstrated to
be useful for larger and more complex biological molecules as early as the 1990s [22-25].
With the development of ion mobility separation technology and high-resolution electro-
spray ionization mass spectrometry systems, the applications of IMS/MS were expanded
to the investigation of polymers, proteomics, protein digest mixture, and carbon clusters as
well as the supramolecular assembly of POMs [26-32]. By coupling MS instruments that
separate ions on the basis of mass-to-charge ratio and IMS instruments that separate ions
based on size-to-charge ratio, a two-dimensional mobility-mass spectrum could be obtained
with information on size, charge, shape, and mass dimensions. In particular, the isomers or
conformers have different shapes while very similar mass information can be separated
in the mobility space [18,29]. During the past five years, the conformational variation of
azobenzene was studied by using IMS/MS. However, most related studies were focused on
the organic azo-based small molecules with CCS values less than 277 A2 [33,34]. In contrast,
tew works were reported for investigating the azo-based large macromolecules, which may
bring a more complex while fascinating isomerization behavior. Therefore, it should be
interesting to study azo-based POMs by using IMS/MS, due to their 1-10 nm molecular
sizes, multiple negative charges, and redox properties, which were quite different with
small azo molecules.

To best of our knowledge, the only work for studying the azo-POMs by IMS/MS was
reported by Song, Cronin, and co-workers [18]. Taking the advantage of IMS/MS, the
high CCS value of 600 A2 and the bistability conformational variations of azo-modified
Mn-Anderson POMs (denoted as azo-Andersons) were observed. A significant difference
in the collision cross-section (CCS) value of the oligomeric compounds was observed
between the trans- and cis-conformation of the azo groups. However, these oligomeric
structures involved the influence of intermolecular arrangement, which may overestimate
shape differences caused by the isomerization of the single molecule itself. Therefore,
applying the novel azo-POM systems with relatively stable monomeric molecules is crucial
for detecting the bistability nature of azo-based macromolecules with the more subtle and
intriguing reversible variation. Moreover, it was also intriguing to develop the substituents
effect on the stability of trans- and cis-isomers.

2. Results and Discussion

In this work, four azo ligands with different lengths of alkyl linkers and substituent
groups were covalently grafted onto the lacunary Keggin of [SiW 1103918~ (SiW17) (denoted
as azo-Keggins). The as-prepared azo-Keggins showed the general molecular formula
of [C16H36N14[SiW 1104 (Si(CH,)3-NH-CO(CH2)n O-CsHyN=NCgHs—R),] (R=H, n =0
(1); R=NO,,n=0(2); R=H, n=5(3); R=H, n =10 (4)). Different from the previously
reported azo-Andersons, in which two azo ligands were attached to the opposite sides
of MnMoO1g, the resultant azo-Keggins contained two azo ligands on the same sides of
SiWy; (Figure 1). Considering strong intermolecular interactions was the prerequisite for
the formation of large aggregates in the solution or gas phase; these azo-Keggins were
expected to have weak intermolecular interactions due to hindrance from Keggin clusters
with large molecular size and strong electrostatic repulsion.

The azo-POMs can be detected by electrospray ionization mass spectrometry (ESI-
MS), as the aggregates commonly yielded multiple species with similar m/z resulting in
overlapping envelopes in the mass spectra [18]. The ESI-MS spectra of compounds 1-4 were
acquired by directly using their acetonitrile solutions. In each case, a series of notable peaks
was observed and can be well assigned to the corresponding fragment ions, demonstrating
that these hybrid structures were successfully prepared and remained intact both in the
solution and gas phase. As shown in Figure 2, compounds 1-4 showed MS signals at
m/z 1898.1, 1943.0, 1968.1, and 2038.2, which can be assigned to the fragment ions of
[X4_4+2TBAJ?* (X;_4 = the anionic part of compounds 1-4; TBA = tetrabutylammonium).
All four peaks provided the unambiguous isotopic distribution envelopes without any
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similar overlapping fashion, suggesting the monomeric state of azo-Keggins. Full spectra
and a list of identified peaks are provided in the Figures S1-54.
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Figure 1. The lacunary Keggin cluster [SiW11039]%~ functionalized by photo-responsive azobenzene
groups with different lengths of linkers and substituent groups (Compound 14). Upon UV irradiation,
the azo bond switches from trans- to cis-conformation. Under visible light irradiation, the bond

switches back again.
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Figure 2. ESI-MS spectra of the compound 14 (red peaks in a—d) showing the m/z towards fragment
ions of [X;_4 + 2TBAJ*~ (X34 = anionic part of 1-4). The corresponding simulated isotopic patterns
of the [Xq_4 +2TBA]?>~ were indicated as the grey peaks in a—d.

After confirming the monomeric state of azo-Keggins with intact molecular struc-
ture, IMS/MS measurements were applied to analyze their bistability conformation and
reversible dynamics, considering that MS was unable to provide the information on shape.
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A commercially available travelling-wave ion-mobility spectrometer (TWIMS) was coupled
with mass measurements to separate the ions according to their mobility and to derive the
collision cross-section (CCS) data of the ions. Figure 3 showed the 2D IMS/MS spectrum of
compound 1, with the peak intensity displayed by a color-coded logarithmic scale. The
x-axis represented the m/z range from MS, and the y-axis represented the drift time from
IMS. As we might expect, the spectrum of compound 1 showed a clearer situation than
that of azo-Andersons, where larger oligomeric structures or the higher charge states were
minor. Same results were observed in the 2D IMS/MS spectra of 2—4 both in their trans-
and cis-conformations (Figures S5-512). The intense (yellow) line of the peaks could be
easily assigned to the individual cluster ions as observed in ESI-MS. All these peak en-
velopes could be assigned. The intensive peak at m/z = 1989.1 and drift time = 10.8 ms was
assigned to the monomeric Keggin hybrids: [X; + 2TBAJ*~ (X1 = anionic part of 1). The
corresponding higher charge peaks were assigned to minor aggregates: [2X; + 5TBA]®~,
[3X1+8TBAJ*~, and [4X;+11TBAJ°~ (Figure 3).
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Figure 3. The 2D IMS/MS spectrum of compound 1. The diagonal lines of similarly charged species
were encircled by ellipsoids and the charges of these species were given in white. The peak in green
rectangle was assigned to [X1 + 2TBAJ>~.

With the further inspection of the IMS/MS spectrum of compound 1, the conforma-
tional variation of these azo functionalized POM macromolecules could be observed. It
was well known that the conformation of the azo bond can change from trans to cis upon
UV irradiation at 365 nm and reversibly recovered back to trans conformation when the
sample was exposed to visible light. The two conformations were relatively stable under
the constant light condition, which enabled the detection of the bistability of azo-Keggins
and the reversible transformation process. Additional UV-Vis and 'H NMR experiments
were conducted before and after UV irradiation at 365 nm. Moreover, the kinetic curve of
the UV absorbance with time increasing was provided to follow the isomerization process
(Figure S20). The results showed that almost all trans-isomers were changed to cis-isomers
after 5 h UV light irradiation. The cis-isomer samples were immediately measured by
IMS/MS under the exclusion of light. Figure 4 showed the drift time spectra for the main
MS peaks of anionic part of compounds 1-4 with two TBA cations [X;—4 + 2TBA]?>~. Before
and after UV irradiation, the drift time peaks (as indicated by green rectangle in Figure 3)
manifested a clear shift, suggesting that the shape of compounds was changed. In IMS, the
drift velocity of the ions was proportional to the electric field, and proportionality constant
K was related to the CCS of ions [23]. On the basis of the CCS value that can be measured
directly from the drift time, information about the chemical structure and 3D conformation
of the ions was further provided (Tables S1-54 Supplementary Materials).

Furthermore, the stability of specific isomers can be reflected in the intensity of drift
time peaks. As shown in Figure 4, 1-UV showed a lower peak intensity than its isomer
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1-Vis, suggesting the lower stability of cis conformation than that of trans conformation. The
decreased stability was attributed to the linkage of the Keggin POM cluster, which was con-
sidered a strong electron-withdrawing group [35]. Comparing the peak intensity of 2-UV
and 2-Vis, the terminal substituent of electron-withdrawing NO, groups further decreased
the stability of cis conformation [36]. Similar peak intensities were observed between two
conformational isomers toward 3 and 4, suggesting that the effect of substituent on the
stability of isomers was diminishing with the increased length of alkyl chains between
POMs and azo groups. Therefore, the conformation bistability of compounds 3 and 4 could
be achieved.

1158 —J1.80 Vi
4 N - = 3-UV
/ S N
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10.80 / - - =2V
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Figure 4. Comparison of the drift time graphs of the main MS peaks of compounds 1-4 with visible
(solid lines) and UV (dash lines) irradiation. The spectra were consistent for all three repeated cycles.

As shown in Figure 5, the CCS value between the trans and cis conformations of
compounds 1-4 showed the difference ranging from 6.91 A2 for the linker with the longest
alkyl chain to 2.44 A? for the smallest compound. Compared with the dimeric Anderson
azo-POMs (CCS difference from 26 A2 to 13 A2), monomeric azo-Keggins exhibited a
higher resolution difference, which could more precisely reflect the subtle conformational
change of macromolecules derived from the azo group itself. The CCS differences for
compounds 1-2 were 2.44 A2 and 5.07 A2, respectively, which were consistent with both
of the roughly calculated conformational difference of the azo or nitro-azo groups by
ChemBio3D Software and 2.1 A2 CCS difference of the conformational variation of the
protonated azo reported in the literature [35]. As for compounds 34, the greater CCS
difference value was attributed to the more significant shape variation caused by flexible
alkane chains. Therefore, for macromolecular azo-Keggins, the conformational change
originated mainly from the transformation of organic azo ligands, while the influence from
bulky POM clusters was minor. The IMS/MS measurement toward compounds 1-4 with
reversible UV /Vis irradiation was repeated three times, and the resulting spectra were
consistent through all repetitions of the isomerization, suggesting reproducibility.

It is worthwhile to note that our previous work reported the investigation of the
IMSMS study of azo-Anderson assemblies [18]. In contrast, the azo-Keggin assemblies
reported herein showed very different results: (1) The resultant azo-Keggins could stabilize
the monomeric state, while azo-Anderson favored to form aggregates (dimer, trimer, and
tetramer, etc.). Moreover, the conformational variation of azo-Keggins was more precisely
reflected in IMS/MS results with a smaller CCS difference (2.44 A2 to 6.91 A2) than that
of azo-Anderson aggregates with a large CCS difference (13 A2 to 26 A?), which was
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due to the influence of the intermolecular arrangement. (2) The azo-Andersons with
substituents of electron donor groups (such as alkoxyl chains) showed a higher stability
of cis-conformation compared with that of a trans-conformation. As complementary, azo-
Keggins with a substituent of electron-withdrawing groups exhibited a higher stability of
trans-conformation than that of cis-conformation. When long alkyl chains were present in
azo-Keggin assemblies (-C5 and -C10 alkyl chains were linked between azo and POMs),
the bistability of both trans- and cis- isomers can be achieved.

420
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Figure 5. The changes in collision cross-section of compounds 1-4 when switching between trans and
cis conformations of the azo bond. The formula of the azo-Keggin monomers was [X;—4 + 2TBA]>~.

3. Materials and Methods
3.1. General Materials

All materials and reagents were purchased from commercial sources and used without
further purification. KgSiW11039-13H,0 and azo-functionalized compounds 1, 3 and 4
were prepared according to the literature [15]. Fourier transform infrared (FT-IR) spectra
were recorded on JASCO FT-IR 410 spectrometeror or a JASCO FI-IR 4100 spectrometer
(JASCO, Tokyo, Japan). 'H NMR spectroscopy was performed on a Bruker DPX 400
spectrometer (Bruker, Zurich, Switzerland) using the solvent’s signal as an internal standard.
Quantitative elemental analyses of C, H, and N were determined by microanalysis services
within the College of Chemistry, Beijing University of Chemical Technology.

3.2. IMS/MS Studies and Determination of Collision Cross-Sections

All measurements were performed on a Synapt™ G2 HDMS™ from Waters (Mas-
sachusetts, USA) with equipment of a Quadrupole and Time-of-flight (Q/ToF) module for
MS analysis. The IMS section is a travelling-wave IMS, which is located between the Q-
and ToF-sections consisting of a trap cell, an ion-mobility cell, and a transfer cell. All com-
pounds were directly dissolved in HPLC-grade acetonitrile at a concentration of 107> M.
The solutions were filtered through a syringe filter (0.2 pum) before being injected into the
spectrometer via a Harvard syringe pump at a flow rate of 5 uL-min~!. The parameters for
IMS/MS measurement of all compounds have been set up with the following: ESI capillary
voltage: 1.93 kV; sample cone voltage: 10 V; extraction cone voltage: 4.6 V; source tempera-
ture: 80 °C; desolvation temperature: 120 °C; cone gas flow: 15 L-h~! (Ny); desolvation gas
flow: 500 L-h~! (N); source gas flow: 0 mL-min~!; trap gas flow: 2.5 mL-min~!; helium
cell gas flow: 200 mL-min~%; IMS gas flow: 90.00 mL-min~!; IMS DC entrance: 25.0; helium
cell DC: 35.0; helium exit: —5; IMS bias: 30; IMS DC exit: 0; IMS wave velocity: 700 m-sL;
IMS wave height: 40 V.

Collision cross-sections (CCSs) were estimated following calibration with Equine
Cytochrome C and T10 olgiothymidine to determine instrument-dependent parameters
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A and B from published CCSs data [5], as previously described in the literature [24]. The
analysis of MS spectra was carried out using Mass Lynx V4.1 Software supplied by Waters.
Driftscope V2.1 was used for the analysis of IMS/MS spectra and calibration of the drift
cell for the determination of CCSs. IMS experiments were performed in -ve mode. All drift
times and cross-sections are quoted for the intact 2- fragment (i.e., [X;_4 + 2TBA]*") for
the following reasons: (1) [X1— + 2TBA]?>~ forms were the largest molecular fragment in
ESI-MS spectra. (2) [X1-4 + 2TBA]2’ forms had relatively intact molecular structure instead
of partial structural fragments. (3) As the characteristic peak, [X1—4 + 2TBAJ?>~ existed in all
IMS/MS spectra of compounds 1-4.

3.3. Synthesis of (BugN)4{SiW11039[O(SiCH,CH,CH,NHCOR),1} (R = -OCsH4sNNCsH5NO;,
Compound 2)

When (E)-4-((4-nitrophenyl)diazenyl)phenyl (3-(triethoxysilyl)propyl)carbamate (0.77 g,
1.57 mmol) was dissolved in a solution of HyO/CH3CN (v/v = 20/60 mL) at room temper-
ature, a turbid solution was formed to which KgSiW11039-13H,0 (1.95 g, 0.60 mmol) was
added. The pH of the resulting reaction mixture was slowly adjusted to 0.7 with 1M HCl,
and the clear solution was stirred overnight. Then, CH3CN was evaporated and NBuyBr
(4.20 g, 13 mmol) was added to the aqueous solution to precipitate the expected product.
The precipitate was collected and washed with deionized water (100 mL), ethanol (100 mL),
and diethyl ether (100 mL) before being dried in a vacuum. Yield: 2.25 g (85.8%). IR (KBr,
cm™1): v = 3418 (m), 2961 (m), 2873 (m), 1742 (m), 1525 (m), 1485 (m), 1344 (m), 1205 (m),
1141 (w), 1044 (m), 964 (s), 947 (s), 904 (vs.), 856 (m), 804 (s), 535 (w). 'H NMR (CD3CN-d3,
400 MHz, ppm) 6 = 8.32 (d, ArH, 4H), 7.97 (d, ArH, 4H), 7.97 (d, ArH, 4H), 7.92 (d, ArH,
4H), 7.31 (d, ArH, 4H), 3.29 (t, CH,, 4H), 3.12 (t, CH,, 32H), 1.86 (s, CH,, 4H), 1.62 (q,
CH,, 32H), 1.37 (m, CHj, 32H), 0.97 (t, CHj, 48H), 0.76 (t, CH,, 4H). 1*C NMR (CD5CN-d3,
100 MHz, ppm) & = 156.6, 155.8, 155.0, 150.2, 149.7, 125.8, 125.3, 124.2, 123.7, 59.2, 44.1, 24.3,
24.0, 20.3, 13.9, 10.8. ESI-MS (negative mode, CH3CN): m/z: 1943 [X; + 2TBAJ*~. Anal.
Calcd. for C96H174N12048513W11 (4370.96)2 C, 26.38; H, 4.01; N, 3.85; Found: C, 25.91,‘ H,
4.02; N, 3.61.

4. Conclusions

In conclusion, four azo-Keggins macromolecules with hybrid structures in which
the photo-responsive azo moieties with different lengths of alkyl linkers and substituents
were grafted onto the SiWy; clusters were applied to investigate their photo-responsive
conformational variation properties. ESI-MS of compounds 1-4 showed that all fragment
ions can be well assigned without observing any similar overlapping fashion in each mass
envelopes, suggesting that the monomeric state of these azo-Keggins was intact both in
the solution and in the gas phase. The 2D IMS/MS spectra further indicated the high
stability of the monomeric state which presented as the main peak envelops. Moreover,
with the reversible UV and Vis photoirradiation, the subtle conformational change of
these azo-Keggins resulted in different CCS values with a higher resolution of 2.44 AZ.
Compared with the previously reported data for large assemblies of azo-Andersons, the
conformational variation results of monomeric azo-Keggins could more precisely indicate
the effect of each group on the shape and stability of isomers: (1) The longer the linker’s
length was, the greater the conformational variation. (2) Conformational bistability was
achieved for compounds 3 and 4, while for compounds 1 and 2 with electron-withdrawing
substituents, higher stability in the trans conformation was observed. This work opened
up a crucial new characterization dimension for which information on size, shape, charge,
mass, and variation can be revealed. Providing deep insight into the shape changes of POMs
into areas of self-assembly, catalysis, and responsive behavior from external stimulation
such as photo, thermal, magnetic, etc., was helpful.

Supplementary Materials: The following supporting information can be downloaded at: https://www.

mdpi.com/article/10.3390 /molecules27123927 /s1, Figures S1-54: ESI-MS spectrum of compounds 1-4
and notable peaks assignment. Figures S5, S7, S9, and S11: 2D IMS/MS spectrum of compounds 1-4
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before UV-irradiation. Figures S6, S8, S10 and S12: 2D IMS/MS spectrum of compound 1-4 after
UV-irradiation. Figures S13-516: Drift time of compounds [X7_4 + 2TBAJ?~ before and after UV-
irradiation. Tables S1-54: Change in drift time and CCS of monomeric compound [Xq_4 + 2TBAJ*~
when switching between the trans and the cis conformation of the azo bond. Synthesis method of
organic compounds used for the synthesis of compounds 1 and 2. Figures S17-S19: FT-IR, 'H NMR,
and '3C NMR spectra of compounds 1 and 2. Figure S20: (a) 'H NMR spectra of compound 2 in d3-
CH3CN before (bottom) and after (top) UV irradiation at 365 nm. (b) UV /Vis spectra of compound 2
in CH3CN. (c) The kinetic curve of UV absorbance with increasing time. (d) UV absorbance at 343 nm
upon alternating UV irradiation at 365 nm and visible light for five cycles. Figure S21: The models
of the azo and nitro-azo groups with trans- and cis-conformations. The models were constructed by
ChemBio3D Software, and the shape difference was roughly calculated by atom distance.
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Abstract: Herein we report the synthesis of a new class of compounds associating Keggin and
Dawson-type Polyoxometalates (POMs) with a derivative of the anionic decahydro-closo-decaborate
cluster [BygHj]?~ through aminopropylsilyl ligand (APTES) acting as both a linker and a spacer
between the two negatively charged species. Three new adducts were isolated and fully characterized
by various NMR techniques and MALDI-TOF mass spectrometry, notably revealing the isolation
of an unprecedented monofunctionalized SiWy( derivative stabilized through intramolecular H-H
dihydrogen contacts. DFT as well as electrochemical studies allowed studying the electronic effect of
grafting the decaborate cluster on the POM moiety and its consequences on the hydrogen evolution
reaction (HER) properties.

Keywords: polyoxometalate; hybrid; decaborate; DFT; NMR; hydrogen evolution reaction

1. Introduction

Polyoxometalates (POMs) and POM-based materials constitute a highly versatile class
of compounds rich in more than several thousand inorganic compounds, which can be
finely tuned at the molecular level. Because of their stunning compositions, diversified
architectures and their rich electrochemical redox behaviors, they are known to display
numerous properties or applications in many domains such as supramolecular chem-
istry [1-3], catalysis [4-6], electro-catalysis [7-9], and medicine, especially when POMs are
functionalized with organic groups or complexes [10-13].

On their side, hydroborates represent a wide family of anionic clusters, for which
many reports demonstrated their interest in different areas, especially in the biomedical
domain [14-18]. This property thus makes the studies of borane derivatives of a great
interest. In particular, the [B1oH10]?~ cluster offers the possibility of various selective
functionalizations [19,20] leading for example to closo-decaborate-triethoxysilane precursor,
which can be coordinated to luminescent dye doped silica nanoparticles, hence facilitat-
ing the tracing of the closo-decaborate drug pathway in BNCT (Boron Neutron Capture
Therapy) [21,22].
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Driven by the synthetic challenge that constitutes the association of two anionic species
with two complementary redox characters, reductive for hydroborates and oxidative for
POMs, and by the biomedical applications which could be reached by associating these two
families of compounds, this study aims to find the right strategy to design such POM-borate
adducts and to study their chemical properties.

In a previous paper, we demonstrated that it is possible to covalently graft decaborate
clusters to an Anderson-type polyoxometalate functionalized with the well-known TRIS
ligand (TRIS = tris(hydroxymethyl)aminomethane), namely [Mn""MogO15(TRIS), >~ [23].
Nevertheless, the compound [Mn""MogO1g(TRIS-Byg),]”~ resulting from the coupling
between both components revealed to be fragile, probably because of the rigidity of the
linker and the close proximity of both anionic components. This weakness is confirmed by
DFT calculations indicating an athermic or slightly exothermic process for the formation of
the adducts with Anderson-TRIS hybrid POMs.

In the field of hybrid POMs, the organosilyl derivatives of vacant polyoxotungstates
as [PW9Os41°~, [SiW1903612~, [PW11039]"~, [SiW11039]°~, or [PaW17061 110~ offer large
diversities of compounds exhibiting a wide panel of applications [24,25]. Among them,
the divacant POM Keggin [SiW19O36]8~ (noted hereafter SiW;g) and the monovacant
POM Dawson [P,W170¢1'%~ (noted hereafter P,W;7) derivatives are probably the most
used because of their stability, their topology and the richness of their electrochemical
properties in reduction. In particular, by reacting with aminopropyltri(ethoxy)silane (called
APTES) they can provide two very useful platforms, noted respectively SiW19-APTES and
P,W17-APTES (see Figure 1), for elaborating functional hybrid molecular architectures.

The aim of this study is to use these two different platforms to prepare new hybrid
compounds associating an anionic decaborate boron cluster (denoted hereafter B1g) with
Keggin and Dawson POM derivatives. The choice of polyoxotungstate moieties rather than
Mo-based POMs is based on its stability towards reduction. The employment of a long
and flexible linker as APTES is essential to tackle the challenge of combining efficiently
a reduced anionic boron cluster with an anionic oxidized polyoxometalate. The use of
APTES linker should limit the repulsion between the two components, while its flexibility
allows more easily accommodating the two entities. Finally, as shown in Figure 1, due to
monovacant and divacant characters of P,W17 and SiW, respectively, it is worth noting
that the relative conformations of the chains are different. For SiW;o-APTES, the two
alkyl chains are oriented nearly in parallel, whereas the monovacancy of P,W;; imposes
divergent directions for the two alkyl chains. This topology is well adapted for designing
triangular or square molecular species as evidenced by Izzet et al. [2,26], and in our case,
we expect that these two kinds of conformation could lead to different types of adducts
incorporating By clusters. In this study, we thus report the synthesis, the full characteri-
zation in solution by various NMR techniques, the electronic, the electrochemical and the
electrocatalytic properties of three new hybrid POMs. In the absence of XRD structures,
DFT studies provide a fine structural description of these hybrids and rationalization of
their properties.
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Figure 1. Molecular structures (DFT-optimized geometry) of (A) SiW1o-APTES and (B) P,Wy7-
APTES platforms highlighting the two different topologies of the APTES linker, and of (C)
[B1oH9CO]~ (X-ray diffraction structure from reference [27]). Legend: C in black, H in white,
N in dark blue, Si in pink, O in red, B in blue, WOg octahedra in orange and POy tetrahedra in green.

2. Results and Discussion
2.1. Syntheses

The synthesis of hybrid POMs can be achieved through different strategies. In the
present study, the best synthetic procedure to get the targeted hybrid POMs has been to
react first the lacunary POMs “SiW1” and “P,W17” with two aminopropyltri(ethoxy)silane
molecules (APTES) to give the two POM-APTES precursors (see Figure 2) of formu-
las (TBA)sH[(SiW19O34)(Si(CH3)3NH,),0]-3H,0 (denoted hereafter SiW19-APTES) and
(TBA)sH[P,W17041(Si(CH;)sNH;),0]-6H0O, denoted hereafter P,W17-APTES. The syn-
theses of these two precursors were adapted from Mayer at al. [28] by reaction of kg(y-
SiW10036)-12H;0 or Kjga—Po2W170¢; -20H,O with 3-aminopropyltriethoxy silane in pres-
ence of TBABr in HO/CH3CN medium acidified by concentrated HCI (for more details see
experimental section in Supplementary Materials). Note that for each, the proton usually
written as counter-cation is in fact probably an ammonium arm R-NH3*.

100
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o =@ Unreacted POM
g 60
§ ==& Mono
2 40 —t— Di
20
0
0 1 2 3

Bm/ Sin-APTES ratio

Figure 2. Evolution of the proportions of the products in the system SiW19-APTES /B1gHoCO/DIPEA
as a function of B1gHy9CO/SiW19-APTES ratio at fixed DIPEA /B1pHoCO ratio of 2. The proportion
of each species are determined by integration of the 2Si NMR signals. Reproduced with permission
from the doctoral thesis manuscript of Dr Manal Diab, University Paris Saclay/Lebanese University,
May 2018.
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The synthetic strategy to get POM-borate adducts is then to combine the amines
of these POM-APTES precursors with the reactive carbonyl of the decaborate cluster
[B1oHoCO] ™ (Figure 1C) to give an amide function connecting both components. Since
the boron cluster can react with water for giving a carboxylic acid and since heating the
synthetic mixture above 40-50 °C led to some degradation products or to some reduction
in the Dawson derivative by the hydrodecaborate cluster, reactions have been conducted
at room temperature and under nitrogen atmosphere. Furthermore, the coupling reaction
needs the presence of a base both to help the deprotonation of the ammonium arm(s) of
the POM-APTES precursors and to trap the proton produced by the coupling reaction. A
moderate and a bulky organic base, diisopropylethylamine (DIPEA), was thus used to
avoid the competition with APTES for the coupling reaction with [B1gHyCO] ™.

To quickly circumscribe the optimal conditions for the synthesis of the POM-borate
adducts, 2°Si, 3'P and '"H NMR titrations were conducted by varying the ratios of the three reac-
tants [B19pHoCO]~ /POM-APTES/DIPEA (all details are given in the Supplementary Materials).

For the [B19HoCO]~ /SiW19-APTES/DIPEA system, the 2°Si NMR studies in solution
reveal that it is possible to modulate the coupling reaction between [B1gHoCO]~ and POM-
APTES precursors by playing on the amounts of DIPEA and of [B;gH9CO] ™. For this
tri-reactants system, the successive formation of two POM-borate species identified as
mono- and di-adduct compounds was demonstrated thanks to their molecular symmetries
(Cg versus Cyy). Besides, the crucial role of DIPEA in the reaction of [B;gHyCO]~ with
POM-APTES precursors was clearly evidenced. No reaction occurs when no base is
used. NMR titration studies allowed establishing that the optimal quantity of base was
two equivalents for one equivalent of [B1gH9CO]~. The Figure 2 shows for instance the
proportions of SiWyg-derivatives determined by the integration of the different peaks
obtained by 2’Si NMR in the system SiW1o-APTES/[B;oHoCO]~ /DIPEA as a function of
[B1oH9CO]~ /SiW1o-APTES ratio at fixed DIPEA /[B1gHoCO] ™~ ratio of 2.

Starting from SiW19-APTES, it evidences first the formation of a mono-adduct, which
predominates for ration Bjy/SiW19-APTES = 1, before being converted into a di-adduct.
The NMR titrations studies allowed establishing that using proportions SiW1o-APTES
/B1opH9CO/DIPEA = 1/3/6 lead to the pure di-adduct denoted SiWyo-diB1, while us-
ing 1/1/2 ratios lead to around 80% of mono-adduct mixed with some unreacted start-
ing POM and the di-adduct. The separation of compounds has not been possible but
considering the effect of the added DIPEA amounts, we succeeded to reduce the for-
mation of the di-adduct and thus to get the mono-adduct compound denoted SiWqg-
monoByy with a good purity by decreasing the quantity of DIPEA in the proportions
SiW19-APTES/B1gHyCO/DIPEA =1/1/1.5. The Figure 3 summarizes the experimental
conditions used to isolate POM-borate adducts.

Similar NMR studies were also performed in solution with the Dawson derivative
P,W17-APTES (see Supplementary Materials). In contrast to SiWyg derivatives, the for-
mation of mono- and di-adduct of the Dawson derivative are not so separated as for
SiWjg. Therefore, we failed to isolate the mono-adduct as pure product. Nevertheless, we
can obtain quantitatively the di-adduct compound in the reaction mixture when ratios
P2W17-APTES/B10H9CO/DIPEA = 1/3/6 are used.

To summarize, the multistep coupling reactions have successfully been monitored by
2Si and 3P NMR, fully described in the Supplementary Materials, revealing that interme-
diate products can be followed and isolated. From these results, we established the experi-
mental conditions allowing to selectively synthesize with good yields the mono adduct of
SiW1p POM and the di-adducts of both POMs as mixed TBA* and DIPEAH™" salts, namely
(TBA)3(DIPEAH)3[(SIW10036)(B]ngCONHC3H6SI)(NH2C3H6SI)O]3Hzo denoted SiW1qp-
monoByy, (TBA)65(DIPEAH)15[(SIW10036)(B10H9CONHC3H6SI)20]ZHzo denoted Sin()-
diBlo, and (TBA)ﬁ(DIPEAHM[(P2W17061)(B10H9CONHC3H681)2O]-3H20, denoted PoW17-
diB1o (See Experimental Section in Supplementary Materials for more details). All adducts
were isolated as powders and were characterized by FI-IR, TGA, elemental analysis,
MALDI-TOF and NMR techniques. It should be noted that to our knowledge, SiWqp-
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monoBy is the first example of a POM-APTES monoadduct isolated so far from the direct
synthesis. All studies in the literature usually reported di-adducts with such types of
hybrid POMs [29-31].

.
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I - ® o

e

SiW,,-monoB10
Cs
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Figure 3. Scheme of syntheses of POM-borates adducts. The optimal quantities of reactants were
determined by NMR titration studies. The reactions are performed in dry acetonitrile, at room
temperature under inert atmosphere. Molecular structures are optimized geometry obtained by DFT.
Legend: C in black, H in white, N in dark blue, Si in pink, O in red, B in blue, WO¢ octahedra in
orange and POy tetrahedra in green.

2.2. FT-IR Spectroscopy

FT-IR spectra are given in Figures S11 and S12 in Supplementary Materials. The
FT-IR spectra of SiW1p-monoB1g, SiW1p-diB1g and P,W17-diByg evidence that the integrity
of the POM part is maintained compared to the POM-APTES precursors. Furthermore,
the association of the [BjgpH9CO]~ cluster is demonstrated by the disappearance of the
carbonyl CO band at 2098 cm ! in the B1yHoCO™ cluster, while the broad band located at
2464-2470 cm ! typical for B-H vibration bands of the decaborate moiety within the three
compounds SiWqg-monoBqg, SiW1g-diB19 and P,W17-diByg is significantly shifted from
that observed at 2517 cm ! for the [B;oHyCO]~ precursor [22,23].

2.3. Characterizations by MALDI-TOF Mass Spectrometry

Mass spectrometry (MS) is a very efficient technique for the characterization of poly-
oxometalates in solution. In our case, we did not succeed in getting mass spectra with
reasonable signal-to-noise ratio and exploitable data by the usual electrospray ESI-MS
technique. On the contrary, Matrix-Assisted Laser Desorption/Ionization coupled to a
Time-of-Flight mass spectrometer (MALDI-TOF) revealed to be an effective technique
for hybrid POMs characterization, as shown for example by Mayer and coworkers on
“SiW19” and “PoW17” organosilyl derivatives [28,32]. MALDI-TOF technique is applied on
samples which are diluted in a matrix solution (DCTB in our case, DCTB = Trans-2-[3-(4-ter-
Butylphenyl)-2-propenylidene] malonitrile) and then co-crystallized on a conductive target.
Thanks to a laser irradiation, it allows producing singly charged species (cationic or anionic)
and presenting the great advantage to strongly limit the number of peaks in comparison
with ESI-MS spectra, where multiply charged species are generated. In the present study,
the experiments were performed in both negative and positive modes (see Figure S14 in the
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Supplementary Materials for the example of SiW1y-diBg). According to previous works in
this field, the best results were obtained in the positive mode, although the anionic character
of the POM [28,32]. Indeed, as seen in the Supplementary Materials for SiW1y-diByy, the
intensity reached in the negative mode appears lower, but the number of peaks is higher as
there are more degradation species. Even thought our systems are polyanionic, they are
more efficiently analyzed as monocationic species resulting from adducts between POMs
and counter cations such as TBA™ and H in our case (H" coming notably from DIPEAH*
cations or protonated amines). Furthermore, the monocationic character of the species is
confirmed in all cases by the shift between peaks in the isotopic massifs.

The precursor SiW19-APTES and the compounds SiW19-monoB1g, SiW1o-diB1 and
P, Wy7-diB1g, were thus analyzed by this technique in the positive mode. The results are
gathered in Table S1 (see Supplementary Materials). The full spectra and a zoom on the
target compounds with a spectrum simulated with IsoPro3 software are shown in Figure 4
for SiWy derivatives and in Figures 515 and 516 for P, W17 ones.
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Figure 4. Reflector positive ion MALDI-TOF spectra of (a) SiW19-APTES, (b) SiW19-monoByg, and
(c) SiWyo-diB19. Zooms of major peaks in the 3000-5000 171/ z range are displayed with their respective
simulated spectra.

As shown in Figure 4 the spectrum of the precursor SiW1o-APTES (Figure 4a) displays a
major peak centered at m/z 4087.3 and a minor peak at m/z 4328.3. The first peak is assigned
to the monocationic species {(TBA)3H,[(SiW19O34)O(SiC3HgNH3)2] (CH3CN)»(Hp0)g
(DCTB),}* (calculated m/z 4087.3), while the second peak is attributed to the species
{(TBA)4H[(SiW10036)O(SiC3H6NH2)2](CHgCN)z(HzO)g (DCTB)2}+ (Calculated m/z 4328.7).
The two peaks correspond to the expected hybrid POM associated with some TBA* and
H* cations, some solvates and two molecules of the DCTB matrix. Note that the presence
of amines on the APTES part of the POM could probably favor the formation of inter-
molecular interactions with solvates and DCTB molecules. Such an adduct with DCTB
is also observed with the precursor P,W17-APTES (Figure S15, Supplementary Materials)
but not seen with the other POMs functionalized with By clusters. The MALDI-TOF
spectrum of P,W17-APTES indeed exhibits a major peak corresponding to the expected
precursor associated with one molecule of the DCTB matrix at m/z 6058.7 (calculated m/z
6057.9 for (TBA)sH[(P,W17061)O(SiC3HgNH,),J(DCTB)}*) and a minor peak at m/z 6300.0
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(calculated m/z 6299.4 for (TBA);[(Po,W17041)O(SiC3H¢NH,),[(DCTB)}*). The attribution
of the peaks is definitely confirmed thanks to the fitting of the isotopic distribution massifs.
The latter are mainly due to the isotopic distribution of the 10 or 17 tungsten atoms of
the POMs, which appears consistent with the experimental spectrum (see Figure 4a and
Figure S15, respectively).

The spectrum of SiWyg-monoByy depicted in Figure 4b shows only one experimental
peak at m/z 3843.2 which is perfectly consistent with the calculated mass for the monocationic
pI‘OdUCt {(TBA)4H3[(SiW10036)O(SiC3H6NH2)(SiC3H6NHCOB10H9)](CH3CN)(H20)3}+
(calculated m/z 3843.1). It evidences the formation of the expected adduct SiW1p-monoBij
and thus indirectly the grafting of one (B1gHoCO) ™ cluster to SiW1o-APTES. The simulated
spectrum agrees well with the experimental data, which supports this assumption although
the presence of one By cluster does not modify significantly the isotopic massif.

The MALDI-TOF spectrum of SiWqp-diB19 shown in Figure 4c displays a major
peak centered at m/z 4085.8, which fully agrees with the expected di-grafted compound
{(TBA)4H5[(SiW10036)O(SiC3H6NHCOB10H9)2](CH3CN)2(H20)6}+ (m /z calculated 4084.4)
and a minor peak at m/z = 4330.2 consistent with the species {(TBA)sH4[(SiW19034)O
(SiC3H¢{NHCOByHy), [(CH3CN)3(H,O)4}* (m/z calculated 4330.8). This result confirms
the formation of the expected di-grafted compound.

Finally, the case of P,W17-diB19, appears more complicated, certainly due to a higher
charge of the hybrid POM (10-) and a larger surface, which both favor intermolecular interac-
tions with solvent molecules and cations. For technical reasons, the MALDI-TOF spectrum
shown in Figure 516 (see Supplementary Materials) was recorded in linear mode, which
does not favor the high resolution in contrast with other compounds. The spectrum displays
an intense and broad experimental peak centered at /z 6048.1, while four smaller peaks are
found, respectively, at m/z 6289.6, 6431.7, 6672.5 and 6813.8. All these peaks are consistent
with di-grafted species of general formula {(TBA)xHy[(P2W17061)O(SiC3HsNHCOB;oHo), ]
(CH3CN),(H;O)¢}™ (x + vy =11, z = 0-3 and t = 5-6). Regarding the main peak, the lat-
ter appears much broader than expected for only one species. Moreover, the resolution
of the isotopic massif is lost. In fact, the experimental spectrum likely corresponds to a
spectra superimposition of monocationic species of general formula {(TBA)sHg[(P2W17041)
O(SiC3HgNHCOB g Hg)2J(CH3CN)x(H20)y}* with x ranging from 1 to 5 and y from 0 to 8
(m/z in the range 6035.70 to 6076.75). Some simulated spectra are given in Figure 516 in
Supplementary Materials.

2.4. NMR Studies in Solution

In the absence of crystallographic data, the three obtained hybrid systems have been
thoroughly characterized by multinuclear NMR spectroscopy in order to verify their
structures in solution. 'H, 1B, 13C, 15N, 25, 3!P, and 133W NMR spectra were recorded
in CD3CN at room temperature. The data are gathered in Table S2 (Supplementary
Materials), while selected spectra are given in Figures 5 and 6 and in Figures S17-532
(Supplementary Materials).

As shown in Figure 5a and in Figures $17-S20 (Supplementary Materials), !'B{'H}
NMR spectrum of [B1gHoCO]~ undergoes a significant change upon coupling with SiWqg-
APTES or P;W17-APTES. In particular, the signal at —44.4 ppm specific for the equatorial
boron atom bearing the substituent CO in [B1gH9CO]~ (B2 atom, see Figure 1c) is strongly
shifted to ca. —25 ppm in the spectra of SiWp-monoBjg, SiW1¢-diB19 and P,W17-APTES
in agreement with the grafting of the cluster on the POM.
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Figure 5. (a) 'B{'H} NMR spectra of SiW1o-monoByg, SiW19-diB19 and TBA[B;gHoCO] in CD;CN.
(b) 'H NMR spectra of SiW1p-monoB1g, SiW19-diB1g9 and SiW19-APTES in CD3CN. * indicates the
signal of the protonated amine DIPEAH+ present as a counter-cation. Reproduced with permission

from the doctoral thesis manuscript of Dr Manal Diab, University Paris Saclay/Lebanese University,
May 2018.
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Figure 6. (a) 83W NMR spectra of SiWjo-monoBy, SiWyo-diB1g and SiW19-APTES in CD3CN.
(b) '83W NMR spectra of PyW17-diBjg and P,W17-APTES in CD;CN.

Concomitantly, the 'H NMR spectrum of the mono adduct SiW1p-monoBiy, exhibits a
splitting of the signals for the three methylene groups -CH;- of the APTES linker, denoted
a, b, ¢ (see Figure 5b), because of the lowering of the symmetry of SiW1o-APTES from
Cyy to Cs. In addition, a new peak at 6.12 ppm assigned to an amide function is observed.
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For the remaining amine function, a broad signal is observed at 7.4 ppm (d), but together
with two other broad signals at 5.70 and 6.33 ppm (d” and d”), attributed to the amine
function in a frozen configuration in which the interaction with By cluster generates
two inequivalent protons as depicted in Figure 7a (DFT optimized structure). These
assumptions are confirmed by 'H-">N HMBC (Heteronuclear Multiple Bond Correlation)
NMR spectrum (Figure S25) revealing two '°N signals at —251 ppm (amide) correlated to
the proton signal at 6.12 ppm and at —272 ppm (free amine) correlated to the two protons
peaks at 5.70 and 6.33 ppm.

Figure 7. Optimized molecular structures of the POM-borates derivatives. SiWyg-monoByy (a) in
«closed» form and (b) in «open» form; (c,d) two views of the most stable configuration of SiW1o-diB1g;
(e,f) two views of the most stable configuration of P,Wq7-diBy9. Dashed lines are given for shortest
H-H contacts. Legend: C in black, H in white, B in blue, N in dark blue, Si in pink, WOy octahedra in
orange and POy tetrahedra in green.
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Grafting a second [B19HyCO] ™~ group on the SiW19-APTES platform allows recovering
the Cy, symmetry and thus one set of peaks was observed for the linker and especially
the protons “a”, in addition to an amide peak at 5.94 ppm (Figure S24, Supplementary
Materials). The signals of the amine at 7.4, 5.7, and 6.3 ppm disappear in agreement with
the reaction of [B1pH9CO]~ groups with this function. Similarly, the 'H NMR spectrum
of P,W17-diB1g compared to that of P,W17-APTES (Figure S27, Supplementary Materials)
evidences the appearance of a sharp peak at 5.94 ppm assigned to an amide function, while
the signal of the free amine at 7.03 ppm in the precursor P,W;7-APTES disappears.

To further confirm our assignments of the signal of the amide function, 'H-'H ROESY
(Rotating frame Overhause Effect SpectroscopY) and '*C NMR experiments were per-
formed on SiWyg-diB1p and P,W17-diBq (Figures 528-532, Supplementary Materials).
Cross REO peaks involving the amide proton (5.94 ppm in both compounds) and some
equatorial B-H protons of the By cluster at 0.4 ppm and the protons “c” of the APTES
chains can be seen in Figures 528 and 529 (Supplementary Materials). This demonstrates
the spatial proximity between these protons that interact between each other through
dipolar contacts. 13C NMR spectra of SiWip-monoB1g, SiW1-diB1p, and P;W;7-diByg
(Figures S30-532) notably exhibits a signal at 203 ppm assigned to a carbon atom from an
amide group, which is confirmed by 2D 1H-13C HMBC NMR spectrum of SiWyp-monoByg
evidencing a correlation between this '3C signal at 203 ppm and the 'H amide signal
at 6.12 ppm. Besides, in both cases of SiWy9-monoB1p and SiWyo-diB1g this 1BC signal
appears as a poorly resolved quadruplet with a coupling constant of 95 Hz consistent with
a 1]13C—llB Coupling.

Therefore, 'H, 'H->N HMBC, 'H-'H ROESY, *C and 'H-'3C HMBC NMR experi-
ments unambiguously confirm the formation of an amide group in our three adducts by
reaction of the amines of POM-APTES precursors with the carbonyl group of the cluster
[B1oHoCO] . The modification of the 'B{*H} NMR spectra of the boron cluster after its
reaction with the POM-APTES precursors further confirms such results.

29Gj, 31P and ¥3W NMR probe the POM part in compounds SiW1-APTES, SiWqp-
IIIOI'lOBl(), Sin-diBw, P2W17-APTES and P2W17-diB10 (see Figure 6 and Figures 521-S23
in Supplementary Materials). The unsymmetrical environment in the mono adduct SiWqg-
monoByy is clearly confirmed through the appearance of two peaks for Si of the different
linker arms at —61.9 and —63.3 ppm, while only one signal was observed at —62.3 ppm for
the symmetrical di adduct SiW1o-diB1o with only a small shift from the initial SiW1o-APTES
precursor (—62.5 ppm). In addition, for all the compounds, a single peak is observed for
the Si atom in the central cavity of the SiW;g POM moiety which is almost not affected by
the grafting of the boron clusters and the resulting changes of symmetry of the adducts
(Figure S21, Supplementary Materials). In case of P;W17-APTES and P,W17-diBqg, both
compounds exhibit only one signal assigned to the two equivalent Si atoms of the APTES
linker (Figure S22, Supplementary Materials).

The '3W NMR spectra of precursors and adducts are given in Figure 6. For SiWyo-
monoBjg the 83W NMR spectrum displays five peaks of intensities 2:2:2:2:2 in agreement
with the expected low Cs symmetry, while three resonances are observed for the di adduct
SiWyg-diB1g and the initial precursor SiW19-APTES of intensities (4:2:4) consistent with
their Cy, symmetry (Figure 6a). Figure 6b shows the 183} NMR spectrum of PyWi7-diByg
which differs significantly from its precursor. Both compounds exhibit nine NMR lines of
integration 2:2:2:1:2:2:2:2:2 in agreement with the expected Cs symmetry, but their positions
are slightly changed. This is due to the modification of the P,W7 moiety induced by the
grafting of the two [B1gHoCO] ~ clusters. Additionally, 3'P NMR spectra of P,W17-APTES
and P, Wq7-diBqg display two signals (Figure 523, Supplementary Materials), wherein one
of them showed a common chemical shift, while the second exhibited a small shift from
—13.4 ppm in P,W17-APTES to —13.6 ppm in P,W17-diB1o.

In conclusion, these experiments focused on the POM part fully agree in terms of molec-
ular symmetries with the formation of the expected mono- or di-adducts with By clusters.
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2.5. Computational Studies

The molecular geometries of SiW19-APTES, SiWqp-monoB1g, and SiWqo-diB1g, as
well as those of PyW;7-APTES, P,W17-monoB;g and P;W17-diB1o were fully optimized at
a DFT level including implicit solvent effects (see Figure 7 and Supplementary Materials
for computational details). We considered the most relevant plausible conformers. Firstly,
regarding SiWq9-APTES, it exhibits two main conformers as defined by the orientation
of the two amine organic arms, which we called them open and closed forms. The small
difference in their relative energy, less than 1 kcal-mol~! in favor of the closed form
(represented in Figure 1a), forecasted that further substitution would easily overcome
any initial geometric preference in the reactants. Indeed, upon By incorporation a much
more complex situation arises. For SiWip-monoBjy we characterized five conformers,
two arising from the closed reactant and three species from the open reactant form. In
the most stable conformer (Figure 7a), which arise from the closed form, the decaborate
moiety interacts favorably with the amine hydrogens (d” and d”) of the unreacted arm
through strong dihydrogen contacts. In the most stable open form (Figure 7b), although
interaction between arms is almost neglected, the H amide atom develops other interactions.
Overall, the most stable conformer given in Figure 7a is 11 kcal-mol ! below the second
one (Figure 7b). All five conformers lie in a narrow 20 kcal-mol~! range. For the double
substituted SiW1o-diB1o, since the additional repulsion arising from the negatively charged
Byg groups, we could only characterize two forms: an open (not shown) and a closed one
(two views on Figure 7c,d). The energy difference between both species was computed to
be just only 5 kcal-mol~!. We highlight, as dashed lines in Figure 7, those hydrogen atoms
of the organic arm and the Bjy moiety that lie close in three-dimensional space.

Due to the monovacant character of P,Wjy, the Si-O-5i angle of the APTES moiety
grafted to the POM strongly differs from that observed for the divacant SiW;y POM (see
Figure 1). The topology of the two arms, and thus the connectivity of the two POM-APTES
derivatives, strongly differs. Therefore, as seen in Figure 1, closed form is not possible
for PyW17-APTES. Only one geometry could thus be considered. Then, for the mono-
substituted PoW;7-monoByg, two conformers were characterized, one open and one folded,
the folded one being more stable by only 2.2 kcal-mol . For the di-substituted Dawson
derivative, only one open shaped product could be characterized (see Figure 7e,f).

Hydrogen atoms of the decaborate moieties possess a hydride character. Consequently,
they can establish hydrogen-hydrogen contacts with protic solvent or with functional
groups like amines or amides. In the present structures, many H-H dihydrogen contacts
between the amine organic arms from APTES moiety and hydrogen atoms from decaborate
clusters were observed. For instance, for SiWy9-monoByg (Figure 7a), the hydrogen atoms
d’ and d” from the «free» amino group are found 2.21 and 1.99 A far from an H atom
belonging to the By cluster, which are quite short distances. This fact agrees with the
couplings observed in the NMR experiments.

The thermodynamics of the formation of the mono- and di-adducts of the Keggin
and the Dawson species is computed exergonic in all cases as seen in Figure 8. For SiWqo-
APTES, both the formation of the mono- and bi-derivative were computed exergonic,
22.1 kcal-mol~! for the SiWq9-monoB1y, and 13.0 kcal-mol ! for the SiWqo-diB1g. The
formation of SiW19-monoByj is clearly favored and the strong dihydrogen contacts between
amino group and the grafted By, cluster undoubtedly strongly stabilize such a species
compared to the di-adduct SiW1p-diB1g. For P,W;7-APTES, also the two substitutions are
favorable, 6.8 kcal-mol~! for the first, and 7.9 kcal-mol~! for the second.
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Figure 8. Energetic profiles of the formation of mono- and di-adduct from the starting precursors in
CD3CN. (a) SiW1-APTES, SiWyg-monoBg (open and closed isomers), and SiWqq-diB1g; (b) P2 W17-
APTES, P2W17-m01‘10310, and P2W17-diBlo_.

The computed reaction free energies for the SiW19-APTES and P, W7-APTES deriva-
tives are fully consistent with the experimental findings. For the keggin derivatives, the
strong stabilization of the mono-adduct allows isolating both mono and di-adduct thanks
to the formation of strong H-H contacts. In contrast, for the Dawson derivatives, the
small difference of energies between mono- and bi-adducts (1.1 eV only) does not permit
isolating the mono-adduct. Besides, an excess of [B1gHoCO]~ (3 equivalents/POM instead
of 2) is needed to get the pure di-adduct compound to avoid the formation of a mixture
between mono and di-grafted adducts. A similar situation was previously obtained with
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Anderson-type derivatives since the mono and di-adduct of Byy with [MnMog(Tris), >~
are only separated by 6 eV and it was not possible to get mono-adduct [22]. This result
highlights the role of the topology of the POM-APTES compounds and their faculty to
stabilize species thanks to intramolecular interactions.

Finally, DFT studies provided the frontier orbitals for each compound (see Figure 9
and Figure S33 in Supplementary Materials). The results obtained for Keggin and Dawson
derivatives exhibit the same feature. For POM-APTES the HOMO is located on one (for
SiW19-APTES) or two (P,W17-APTES) amines of the APTES part, while the LUMO are
localized on the W atoms of the POM part. By grafting the By clusters, the LUMO levels
are slightly affected. LUMO remains localized on W atoms and only minor changes in
energy are observed.

-3.59 3.57
A s
' 0.33 |
N
N { 3.90
0.90
1.67 3
-4.80 . .
SiW,5-diB4g
; LUMO+1
v :
SiW,5-monoB,, ke ‘
-5.58 GG s
SiW,4-APTES

Figure 9. Frontier orbitals energies and energy gaps (eV) for the SiW19-APTES, SiW19-monoBo and
SiWq-diBqg species. Color code: W green, O red, Si light brown, B dark brown, C grey, N blue, H
white; HOMO: red /blue; LUMO: orange/cyan. MO surfaces plotted at a 0.03 isovalue.

Conversely, the HOMO levels are drastically modified by the introduction of By
clusters. Electrons of the HOMO orbitals are now mainly localized on one grafted By
cluster. Interestingly, for SiWyp-monoBy9 the HOMO is delocalized between one By
cluster and the amine of the second arm, which strongly interacts with the By through H-H
contacts. The HOMO energy level increases in all cases within the range 0.78 to 0.92 eV.
The HOMO-LUMO gaps, are thus significantly reduced upon the Byg grafting. Indeed,
for SiW19-APTES, the gap decreases from 1.67 to 0.90 eV for the first substitution, and to
0.94 eV for the second. For P,W17-APTES, the gap evolves from 1.56 to 0.77 eV for the first
substitution, and to 0.76 eV for the second.

2.6. Electrochemical Properties

The electronic spectra of compounds SiWqp-monoByg, SiW1o-diB1p and P,Wy7-diB1g
recorded in CH3CN containing 0.1 mol.L.~! TBACIO, (TBAP, tetrabutylammonium perchlorate)
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at room temperature and 2.10~* mol.L~! concentration are depicted in Figures S35 and S36
(Supplementary Materials).

The electronic spectra of precursors SiW19-APTES and P, W17-APTES display absorp-
tion bands in ultraviolet region corresponding to transition between p-orbitals of the oxo
ligands and d-type orbitals centered on tungsten [33,34], while the cluster [B1gHyCO]~
exhibits weak absorption band between 300 and 200 nm notably assigned to m—7* tran-
sitions [35]. Considering that the main contribution of the spectra comes from the LMCT
band involving the W atoms and that the LUMO band centered on tungsten atoms are
only slightly modified upon grafting of By cluster, no drastic changes are expected in
the POM-B1( adducts. Indeed, the electronic spectra of SiWyp-monoB19 and P,W17-diB1y
match well with the sum of the spectra of SiW19-APTES or P,W17-APTES and one or two
times that of [B1pHyCO]~, respectively. The spectrum of SiW1o-diBq slightly differs from
the sum of the component’s spectra probably due to a larger variation of LUMO energy
level from SiW19-APTES to SiWyo-diB19 and additional constraints due to the vicinity of
the two boron clusters.

Since no evolution of the spectra were observed within 24 h in such a medium,
the compounds appear chemically stable in these experimental conditions. The cyclic
voltammograms (CVs) were thus recorded for all the SiW;y and P,W;7 derivatives and are
given in Figure 10 and in Figures S37 and S38 (Supplementary Materials), while the anodic
and cathodic potentials are gathered in Table S3 (Supplementary Materials).
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Figure 10. Comparison of cyclic voltammograms (a) for the three compounds SiW1o-APTES, SiWy,-
monoBjy and SiWq9-diB1g, and (b) for P,W17-APTES and P,W17-diByg in the reduction part. The
electrolyte was CH3CN + 0.1 M TBACIO4. Dashed lines are only guide for eyes.

As depicted in Figure 10a and Figure S37, the CV of SiW19-APTES is poorly resolved
and it is difficult to identify confidently all the reduction processes corresponding to the
successive reduction in WY! centers into WY, well-known to be monoelectronic in non-
aqueous solvents [36]. These waves seem nevertheless reversible with processes better
resolved in oxidation. Besides, an irreversible process attributed to the oxidation of amine
function of the APTES linker is also observed in oxidation around +0.452 V vs. Fc*/Fc
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(see Supplementary Materials). As for their parent precursor, CVs of SiWyg-monoB1g and
SiWyo-diB1g display poorly resolved reversible electronic transfers, which appear shifted
towards more negative potentials and one irreversible oxidation process around +0.452 V
vs. Fc* /Fc assigned to the oxidation of the remaining amine function and/or of the By
cluster (see Figure S39, Supplementary Materials). This behavior agrees with the increase
in the charge from 4- in SiW19-APTES to 6- in SiW1p-monoBj and 8- in SiW4o-diB19 and
the electron donating character of the boron cluster [37] but does not evidence a strong
electronic effect of the boron cluster on the POMs electronic properties.

The CVs of P,W17-APTES and P,W17-diByg are given in Figure 10b and in Figure S38
(Supplementary Materials) and appears much more resolved than those of SiWy( deriva-
tives. The CV of P,W17-APTES displays four reversible electronic transfers with cathodic
peak potentials assigned to successive mono- or bi-electronic reductions of W! centers into
W(+V) [38] and two irreversible oxidation processes at Epa = +0.452 and +0.759 V, assigned
to the oxidation of the terminal amine groups of the APTES linkers. Conversely to the
di-adduct compound SiWqp-diB1g, the CVs of the Dawson derivative P,W17-diB1g give
four reversible reduction processes significantly shifted towards the more positive potential
compared to P;W17-APTES and one irreversible reduction process at Epc = —2.030 V vs.
Fc* /Fc, which was not observed in the precursor. The opposite effect was expected. This
effect probably results from a combination of a charge effect, the presence of protons (in
DIPEAH+ cations) and of an electronic effect of boron cluster on P,W17 moiety but at this
stage it is difficult to have a clear explanation of the contribution of all these effects which
can be antagonist.

Although reduction waves in the Dawson derivatives are not very well resolved,
it can be observed that the di-substituted species (green line in Figure 10) is reduced
at lower potentials than P,W17-APTES, in agreement with the fact that the LUMO and
LUMO-+1 raise in energy upon By attachment. Also, the successive reduction waves seem
just shifted left, which would conform with the almost constant difference in the LUMO
and LUMO+1 energies along the series.

2.7. Electrocatalytic Properties for the Reduction in Protons into Hydrogen (HER)

Many POMs are known to catalyze protons reduction into hydrogen in aqueous or in
non-aqueous conditions [7,39,40]. We verified by UV-Vis spectroscopy that [B;gHoCO]~
and its adducts with POMs are stable in CH3CN in the presence of excess acetic acid
(20 equivalents). In these conditions, it was interesting to study the reactivity of these
compounds in regard to the electro-catalytic reduction in protons into hydrogen. The
experiments were performed in CH3CN + 0.1 M TBAP by using acetic acid as a source of
protons, and as a weak acid in such a medium (pKa = 22.3) [41].

Figure 11 and Figure 540 (Supplementary Materials) show the evolution of CVs
upon stepwise addition of acetic acid up to 20 equivalents of acid/POM for all P,W;7
and SiWj( derivatives, respectively. For all the compounds, the addition of acetic acid,
gives a new irreversible reduction wave, which grows gradually with the amount of acid,
expressed as v = [acid]/[POM]. As shown in Figure 11 and Figure 540, at a given potential
of —2.2 V vs Fc* /Fc, a linear dependence of the catalytic current versus vy is obtained, a
behavior featuring the electro-catalytic reduction of protons. However, the effect of the
addition of acetic acid in the solution appears stronger for P,W17 derivatives than for SiWy
based compounds.
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Figure 11. Cyclic voltammograms of (a) P,W17-APTES and (b) P,W17-diB10 after addition of
variable amounts of acetic acid. (c) Plots of the cathodic currents measured at —2.2 V vs Fc+/Fc
as a function of the ratio [acid]/[POM] for P,W17-APTES and P,W17-diB10. (d) Comparison of
HER with and without catalyst P,W17-diB10, and with platinum after addition of an excess of acetic
acid corresponding to the quantity added for a ratio [acid]/[POM] = 20. In all cases, the electrolyte
was CH3CN + 0.1 M TBACIOy. The reference electrode was a saturated calomel electrode (SCE).
Reproduced with permission from the doctoral thesis manuscript of Dr Manal Diab, University Paris
Saclay/Lebanese University, May 2018.

To evidence the electrocatalytic process, linear voltammetry of P,Wq7-diBg in the
presence of 20 equivalents of acetic acid was performed and compared to similar experi-
ments performed without catalyst or on platinum electrode (Figure 11d). We notice that
in the presence of the catalyst P, W17-diBqg, the current density is almost doubled and
there is a 250-mV overvoltage decrease compared to the solution without catalyst. Indeed,
the proton reduction with respect to platinum starts at —1.400 V vs. Fc+/Fc, while it
starts at —1.750 V vs. Fc* /Fc with catalyst and at —2.000 V vs. Fc*/Fc without catalyst.
Finally, the formation of hydrogen is unambiguously demonstrated by gas chromatography
analysis during electrolysis performed at —2.200 V vs Fc+/Fc during 4.5 h (Figure 540,
Supplementary Materials).

To compare the efficiency of all compounds, the catalytic efficiency (CAT) can be
estimated using Equation (1):

100 * (J(pom-+20 eq. cH3COOH) — J(POM alone))

CAT = 1)

J (POM alone)

Table 1 summarizes the CAT values measured for our products at —2.2 V vs Fc+/Fc. In-
terestingly, the two precursors SiW19o-APTES and P, W17-APTES exhibit similar efficiency.
Also, the efficiency of SiWqg-monoBq9 and SiWyo-diB1¢ adducts are lower than that of
SiW19-APTES, while it is the opposite for P, W17-diB1p, which appears much more efficient
than its parent precursor, in agreement with cyclic voltammetry experiments. Indeed, a
less negative reduction potential of the POM part should facilitate the electro-catalytic
reduction in protons.
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Table 1. Electrocatalytic efficiency for the reduction of protons into hydrogen at E = —2.2 V vs. Fc+/Fc
for 20 equivalents of CH3COOH added in CH3CN.

Compound Catalytic Efficiency (%)
SiW1o-APTES 827
Sin-monoBm 524
SiWyo-diB1g 548
P,W17-APTES 854
P2Wi7-diByg 1340

In terms of mechanism, three key steps have to be considered: the protonation, the
reduction in the catalyst and the transfer of electron towards the protons to give dihydrogen.
For protonation step, since catalysis is observed in all compounds, it must occur on the
most basic sites, either on the oxo groups of the POM moiety, on the free amine groups in
SiW19-APTES and P,W17-APTES or on boron clusters for SiW1y-diB19 and P,Wq7-diB1y.
DEFT calculations evidence that the most nucleophilic sites are found on the oxo ligands of
the POM parts which are consequently the preferential sites for protonation (see Figure 12
and Figure 534 in Supplementary Materials).

” .“' N
". -.

2W17 P2W17-mono

Figure 12. Two views of the molecular electrostatic potential in atomic units (a.u.) projected onto an
electron density isosurface (0.03 e-au—3) for P;Wy7-APTES, P,W17-monoByg and P, W17-diBqg species.

For the reduction step, as seen in Figure S41c,d in Supplementary Materials, during
electrolysis, the P,Wy; derivatives turned to blue as expected for the reduction in such
species before returning back colorless when the current is stopped indicating that the
reduced POM probably transfers electrons to protons to produce hydrogen. We under-
stand well that if this reduction occurs at higher potential, it should favor the process.
P, W17-diByg is thus logically the most efficient compound.

To sum up, even if the decaborate cluster is probably not directly involved in the
HER process, it plays two indirect roles: (1) the covalent grafting on POMs increases the
electronic density on the POM which should facilitate the protonation step, and (2) the
covalent grafting can modifies the reduction potential of the POM moieties in POM-borate
adducts, which favors the reduction step of the POM species when shifted towards more
positive potentials as observed in P,W17-diB1g.

3. Conclusions

In this work, we succeeded in combining covalently the anionic [B;gHoCO] ™ cluster
with anionic SiWyp and P, W7 derivatives using functionalized silyl derivatives (APTES)
as a linker. The coupling between the two families of anionic parts appears much stronger
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than that with Anderson-type POMs we previously reported [23] and detailed NMR
study allowed establishing the optimized conditions for the synthesis of target com-
pounds. Hence, the selective isolation of mono- and di-adduct compounds of boron
cluster with SiW19p-APTES, namely [(SiW19O36)(B1oHeCONHC3H,Si)(NH,C3HSi)O]0~
and [(SiW1003¢)(B1gHyCONHC;H;Si),01%~ was successfully achieved, while only the
di-adduct [(P,W17041)(B10HoCONHC3;H¢Si),0]'9~ was isolated with P,W17-APTES. To
the best of our knowledge, it is the first time that a mono-adduct can be isolated directly
from the synthesis by functionalization of the SiW19-APTES precursor. DFT studies sup-
ported by experimental NMR data evidenced that the formation of intramolecular H-H
dihydrogen contact is the driving force for the preferred formation of the mono-adduct
species and such a synthetic strategy could open the route toward the formation of hybrid
POMs with two different functional groups.

All these compounds were fully characterized by multi-NMR techniques including
Iy, 1B, 13C, 15N, 295, 183W and 3!P as well as multi-dimensional correlations such as
COSY, HMBC (*H-'3C and 'H-°N) and ROESY NMR allowing focusing on each part of
the adducts, i.e., POM, linker and boron cluster. These characterizations demonstrated
unambiguously the formation of the targeted adducts and were also consistent with FT-IR
and MALDI-TOF spectrometry data. DFT studies permitted to get optimized structures for
all compounds consistent with the NMR data.

The electrochemical studies allowed studying the electronic effects of the grafting
of the reducing boron cluster on some oxidized POMs with probable antagonist effect
between charge effect and the variation of frontiers orbitals levels upon grafting of By
cluster. Finally, electro-catalytic reduction in protons into hydrogen was evidenced for these
systems, the best efficiency being obtained with PyW17-diB1g. The process appears mainly
effective on the POM part while the boron cluster participates only indirectly to the process.
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Abstract: Three new hexa-Ni-substituted Keggin-type polyoxometalates (POMs), [Nig(OH);3-
(DACH)3(H20)6(PW9O34)]-31H, O (1), [Ni(DACH),][Nig(OH)3(DACH)3(HMIP), (Hy0)2(PW9O34)]-
56 H,O (2), and [Ni(DACH),][Nig(OH)3(DACH),(AP)(H,0)5(PWoO34)]-2H,0 (3) (DACH = 1,2-
Diami- nocyclohexane, MIP = 5-Methylisophthalate, AP = Adipate) were successfully made in the
presence of DACH under hydrothermal conditions. 1 is an isolated hexa-Ni-substituted Keggin unit
decorated by DACH. In order to further construct POM cluster-organic frameworks (POMCOFs) on
the basis of 1, by analyzing the steric hindrances and orientations of the POM units, the rigid HMIP
and flexible AP ligands were successively incorporated, and another anionic monomeric POM 2
and the new 1D POM cluster organic chain (POMCOC) 3 were obtained. HMIP ligand still acts as a
decorating group on the Nig core of 2 but results in the different spatial arrangement of the {NigPWg}
units. AP ligands in 3 successfully bridge adjacent isolated POM cluster units to 1D POMCOC with
left-hand helices. The AP in 3 is the longest aliphatic carboxylic acid ligand in POMs, and the 1D
POM cluster-AP helical chain represents the first 1D POMCOC with a helical feature.

Keywords: polyoxometalates; hydrothermal syntheses; cluster-organic frameworks; helical chain

1. Introduction

In the past century, polyoxometalates (POMs) have been widely researched for their
abundant structures and applications in catalytic [1-3], magnetic [4], and electrical fields [5,6].
In order to enrich POMs’ structural chemistry and further expand or optimize their appli-
cations, researchers have started to design and construct POM cluster organic frameworks
(POMCOFs) [7-9] which is a new and promising branch of cluster organic frameworks
(COFs) [10-12]. Since the POMCOF was reported [13], considerable efforts have been made
in building POMCOFs with Keggin-/ Anderson-/Lindqvist-POM secondary building units
(SBUs) and rigid aromatic organic linkers [7,8,14,15]. However, compared with the tra-
ditional MOFs, the designed syntheses of POMCOFs are still facing huge challenges for
the following two reasons: (1) POM clusters have large negative charges and oxygen-rich
surfaces, which facilitate their bonding to metal cations, rather than the O-/N-donors from
organic linkers. (2) POMs are rigid and stable clusters, therefore, the steric hindrance effects
of POM SBUs and linkers need to be well-matched during assembly. Hence, how to choose
proper POM SBUs and organic linkers is the key to constructing POMCOFs.

Among seven typical types of POMs, only Anderson-/Lindqvist-/Keggin-types have
been successfully applied as SBUs in POMCOFs. Since 2016, the first Anderson-type POM-
based heterometallic cluster organic framework was made; Anderson-type POMs have
become the popular choice for SBUs [8]. The combination of Anderson-type SBU and rigid
bifunctional tris(alkoxo) ligand with a pyridyl group opens up the gate of Anderson-type
POMCOFs’ world. Lindqvist-type POMs are important members of the POMs family.
Though five different elements can all produce the Lindqvist-type [MgO19]"~ (M = VV,
NbY, TaV, MoV!, W¥T) cluster, only polyoxovanadates have been successfully applied as
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SBUs in Lindqvist-type POMCOFs [15,16]. So far, most of the reported POMCOFs are
made with Keggin-type POM SBUs [7,13,14,17-20]. In these POMCOFs, most of the SBUs
are saturated {e-M4PMo1,049} (M=La, Zn) [13,14,17-19], of which, the incorporation of
M (M=Zn%**, La®") provide the easier bonding sites than the saturated {PMoq,} units for
organic linkers. Our group has long been devoted to transition metal substituted POMs
(TMSPs) based on the trilacunary Keggin fragments under hydrothermal conditions. From
our perspective, the trilacunary sites of the [XW9O34] (P, W, Ge) unit can act as structure-
directing agents (SDAs) to induce transition metal ions” aggregation to cluster, on which
the terminal end of water molecules may facilitate the substitutions of organic linkers in
constructing Keggin-type POMCOFs. Since the first hexa-Nil! substituted TMSP based on
trilacunary Keggin fragments was made [4], we have been working on POMs structural
chemistry based on hexa-Ni'l-substituted POMs and have already mastered the synthetic
conditions of hexa-Ni'! substituted Keggin POMs. By using {NigPWy} SBUs and rigid
aromatic carboxylate ligands, we have built a series of novel Keggin-type POMCOFs [7,20].
Hence, we believe that some other intriguing POMCOFs can be made by using {NigPWy}
SBUs with proper organic linkers.

Rigid and semi-rigid aromatic carboxylate ligands are the common linkers being
used in making POMCOFs [7,20-22]; their rigid structures are favorable for the stabi-
lization of the frameworks. However, the large steric hindrance effects of POMs and
rigid ligands sometimes cannot match to form POMCOFs. To overcome this difficulty,
alipha- tic dicarboxylic acid may be a potential candidate due to its smaller steric hin-
drances and better flexibilities, which may produce some intriguing frameworks with
helical or interpenetrating features that cannot be obtained with rigid aromatic ligands.
However, little relevant research has been made, including two typical examples containing
aliphatic dicarboxylic acid-bridges for a 2D POMCOF and a tetramer [23,24]. Hence, in
this work, we first made an isolated hexa-Ni-substituted Keggin-type POM [Nig(OH)s-
(DACH)3(H20)6(PWg0Os34)]-31H,0 (1) under hydrothermal conditions. The abundant
terminal water molecules on the Nig cores are potential substitution sites for organic
linkers, which help us to further construct POMCOFs. When we first applied the rigid
carboxylate ligand MIP, another hexa-Ni-substituted Keggin-type monomer [Ni(DACH);]-
[Nig(OH)3(DACH)3(HMIP),-(H,0)2(PW¢O34)]-56H,0 (2) was obtained, HMIP ligands still
decorate on the Nig cores, failing to bridge the POM clusters. By analyzing the structure of
2, we used the aliphatic dicarboxylate AP ligands as a linker and a new 1D POMCOC with
helical chains [Ni(DACH);][Nig(OH)3(DACH),(AP)(H>0)5(PW9O34)]-2H,O (3) was made.
To the best of our knowledge, the AP in 3 is the longest aliphatic dicarboxylic acid being
incorporated in POMs. Moreover, the 1D helical chain of 3 is the first 1D POMCOC with
helical features.

2. Experimental Section
2.1. General Procedure

All the reagents were analytical grade and used without any further purification.
Najg[A-x-PWyO34]-7H,O was prepared by a method from the literature [25]. Meso-form
DACH was used in the syntheses. The powder X-Ray diffraction (PXRD) patterns of the
three compounds were collected on a Bruker D8 Advance X-ray diffractometer (Bruker,
Karlsruhe, Germany) with Cu K« radiation (A = 1.54056 A) and 20 scanning from 5-50°.
UV-Vis absorption spectra were obtained on a Shimadzu UV3600 spectrometer (Shimadzu,
Kyoto, Japan) with wavelengths from 190 to 800 nm. IR spectra were recorded on a
Nicolet iS10 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with the
wavenumbers ranging from 4000 to 400 cm ~!. Thermogravimetric analyses were conducted
on a Mettler Toledo TGA/DSC 1100 analyzer (Mettler Toledo, Zurich, Switzerland) heating
up from 25-1000 °C (heating rate: 10 °C/h) under an air atmosphere. Elemental analyses
proceeded on the EuroEA3000 elemental analyzer (EuroVector, Pavia, Italy).
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2.2. Syntheses
2.2.1. Synthesis of 1

Nag[A-0-PW9O34]-7H,0O (0.320 g, 0.125 mmol) and NiCl,-6H,O (0.820 g, 3.44 mmol)
were stirred in 9 mL 0.5 mol/L sodium acetate buffer (pH = 4.8) for 10 min; then, 3 mL
DACH (Scheme 1a) was slowly dropped in and continually stirred for 30 min. The re-
sulting solution was sealed in a 25 mL Teflon-lined stainless-steel autoclave and heated
at 170 °C for 5 days. After cooling down to room temperature and washing with dis-
tilled water, green rod-like crystals were obtained with a yield of 34% (based on Nag[A-«-
PWyO34]-7H,0). Elemental analysis caled (%): C, 5.93; H, 3.26; and N, 2.30 (based on
[Nig(OH)3(DACH)3(H0)6(PW9Os34)] --31H,0). Found: C, 7.10; H, 2.17; N, 2.81. IR(KBr,
cm™): 3428(s), 3332(w), 3280(w), 2929(w), 2856(w), 1628(w), 1588(w), 1449(w), 1377(w),
1231(w), 1119(w), 1039(s), 941(vs), 842(vs), 796(vs), and 716(vs).

OH
a) b) c)
N

HO OH
N

O
HO

Scheme 1. DACH (a), MIPA (b), and AA (c) ligands in 1-3.

2.2.2. Syntheses of 2 and 3

The synthetic procedures of 2 and 3 were the same as 1, except for the adding of MIPA
(5-Methylisophthalic Acid, Scheme 1b) (0.200 g, 1.11 mol) and AA (Adipic Acid, Scheme 1c)
ligands (0.200 g, 1.37 mol) for 2 and 3, with the yield of 36% and 28%, respectively. Based
on Nag[A-a-PWgO34]-7H,0O. Elemental analysis caled (%) for 2: C, 12.34; H, 4.35; and
N, 3.00 (based on [Nl(DACH)z][Nlé(OH)g(DACH)3(HMIP)z(Hzo)z(PW9034)]- 56 HzO)
Found: C, 14.10; H, 3.37; N, 3.39. IR(KBr, cm™): 3458(s), 3338(w), 3264(w), 2929(w),
2859(w), 1562(w), 1361(w), 1033(w), 935(vs), 841(vs), 796(vs), and 715(vs). Elemental
analysis caled (%) for 3: C, 10.53; H, 2.36; and N, 3.27 (based on [Ni(DACH),][Nis(OH)s-
(DACH),(AP)(H,0)5(PW9O34)]-2H,0). Found: C, 10.44; H, 2.63; and N, 3.34. IR(KBr, cm™):
3423(s), 3240(w), 2923(w), 2860(w), 1591(w), 1546(w), 1413(w), 1037(s), 943(vs), 848(vs),
796(vs), and 710(vs).

2.3. X-ray Crystallography

The single-crystal diffraction data of 1-3 were collected on a Gemini A Ultra CCD
diffractometer with graphite monochromated Mo Ko (A = 0.71073 A) radiation at 296(2) K.
The structures were solved by direct methods and refined by the full-matrix least-squares
fitting on F? method with the SHELX-2008 program package [26]. Anisotropic displace-
ment parameters were refined for all atomic sites except for some disordered atoms. The
contribution of the disordered solvent molecules in 1 and 2 was treated with the SQUEEZE
method in PLATON (Utrecht University, Utrecht, The Netherlands). In the refinements,
0, 1, and 2 lattice water molecules were found for 1-3 from the Fourier maps, respectively.
Based on the potential solvent-accessible voids and electron counts from the SQUEEZE
reports, there were 31 and 55 lattice water molecules removed for 1 and 2, respectively.
According to the elemental analyses and TGA, there are 27 and 34 lattice water molecules
lost from efflorescence in 1 and 2, respectively. In 3, 4 absorbed water molecules were found.
Basic crystallographic data and structural refinement data are listed in Table 1. Detailed
crystallographic data have been deposited on the Cambridge Crystallographic Data Centre:
CCDC 2171028 (for 1), 2170965 (for 2), and 2170966 (for 3). These data can be obtained free
of charge via http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html accessed on 29 June 2022
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or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: +44-1223-336-033; or email: deposit@ccdc.cam.ac.uk.

Table 1. Crystallographic data and structural refinements for 1-3.

1 2 3
Formula NigPWoO74C18H119Ng NizPWgO103CasH203N10  NizPWoO4C30Hg1Ng
Molecular weight 3642.06 4665.78 3418.61
Crystal system Trigonal Monoclinic Orthorhombic
Space group P-3c1 P2i/c P212124
a/A 18.1775 24.9850 36.6105
b/A 18.1775 14.9500 14.1605
c/A 21.3261 26.6410 13.8492
w/° 90 90 90
B/° 90 98.697 90
v/° 120 90 90
V/A3 6102.5 9837 7179.7
Z 4 4 4
Dc/gcem™3 3.964 3.151 3.163
;4/mm’1 18.880 11.956 16.263
F(000) 6840 9048 6312
Goodness-of-fit on F? 1.075 1.099 1.131
R indices [I > 20(D)] ! 0.0355 (0.0946) 0.0633 (0.1624) 0.0601 (0.1350)
R indices (all data) 0.0504 (0.1043) 0.0996 (0.1777) 0.0704 (0.1413)

TRy =X11Fyl — IFcl 1 /S1Fyl. wRy = (Ew[(Fo)? — (Fo)212 /2wl (Fo)?12}1/2.

3. Result and Discussion
3.1. Structure of 1 and Designed Syntheses for 2

X-ray diffraction analyses reveal that 1 crystallizes in the trigonal space group P-3c1,
consisting of the neutral [Nig(p3-OH)3(DACH)3(H,0)6(PW9O34)] (1a, Figure 1a) cluster.
1a can be seen as the classical trilacunary Keggin [B-x-PWyOs34]°~ fragment being capped
by a triangular [Nig(u3-OH)3]** cluster. Due to the trigonal C3 symmetry of 1, there are
only two independent Ni?* in the Nig4 cluster (Figure S1, Supplementary Materials). Each
Nil and Ni2 interconnect with each other by edge-sharing, producing three edge-sharing
{Niz3Oy4} truncated cubanes. Three NilOg octahedra locate on the three lacunary sites of
the {PWo} unit, while three Ni2O4N, octahedra are on the three vertexes of the triangular
Nig cluster, further decorated by three DACH ligands, respectively (Figure 1b). Accord-
ing to BVS calculations [27], the bond valance of y3-O4 is 1.12, indicating its protonation.
1a exhibits two opposite orientations, which are alternately arranged with a shoulder-to-
shoulder arrangement along the g-axis and [110] direction (Figure 1c,d). Such arrangements
construct the snowflake-like supramolecular channels with S symmetry and are the hy-
drophobic voids as well (Figure 1e).

The presence of six terminal water molecules on the Nig cluster provides abundant sub-
stituted sites for organic ligands. We started to incorporate organic ligands into the reaction
system of 1, attempting to construct POMCOFs with proper organic linkers. In our previous
work, we have successfully made two 1D POMCOCs {[Nig(OH)3(H20);- (enMe)3(PWoOs34)](1,3-
bdc)}[Ni(enMe),]-4H,0 (4, enMe = 1,2-diaminopropane, 1,3-bdc = 1,3-benzenedicarboxylate
acid) and {[Nig(OH)3(H20)(en)4(PWyO34)](Htda)}- H30-4H,0 (5, en = ethylenediamine,
tda = thiodiglycolic acid) based on {NigPWo} SBUs and V-type rigid dicarboxylate ligands
(1,3-bdc and tda) [7]. To analyze these structures carefully, we found that in 4 and 5,
{NigPWy} SBUs are arranged in shoulder-to-shoulder and face-to-face modes, respectively,
which are further bridged by the V-type dicarboxylate ligands to 1D POMCOCs. In 1,
though the opposite-orientated {NigPWy} units exhibit shoulder-to-shoulder arrangements
along the a-axis, the interunit distances are too close to accommodate the organic ligands.
Hence, we choose the similar V-type ligand MIP to see if the methyl group can further
spread out the opposite orientated POM units and if the carboxyl groups can bridge adja-
cent same orientated units to 1D chains at the same time. By adding MIPA into the reaction
of 1, 2 was obtained. The observation of 2 confirms part of our speculations; though HMIP
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still acts as a decoration group, it changes the orientations of adjacent POM units such that
two different orientated units both arrange in shoulder-to-shoulder modes separately with
moderate interunit distances.

Figure 1. (a) A polyhedral view of polyoxoanion 1a.; (b) View of the Nig cluster in 1a; (¢,d) Shoulder-
to-shoulder arrangements of 1a with opposite orientations along the a-axis and [110] direction; and
(e) The 3D supramolecular framework of 1. Color code of polyhedral: WOg: red; NiOg/NiO4Nj:
green; and POy: yellow. Hydrogen atoms of the ligands are not shown for better clarity.

3.2. Structure of 2 and Designed Syntheses for 3

X-ray diffraction analyses reveal that 2 crystalizes in its monoclinic space group P2;/c.
Its polyoxoanionic cluster [Nig(OH)3(DACH)3;(HMIP),(H20)2(PW9Os4)] (2a) is similar to
that of 1a, except for four water molecules in 1a being replaced by two HMIP ligands in
2a (Figure 2a,b and Figure S1). This difference makes 2a an anionic cluster, accompanied
by the charge-balancing [Ni(DACH),]** complex, in which Ni?* exhibit the planar square
coordination geometry (Figure 52, Supplementary Materials).

Due to the large steric hindrance of HMIP, adjacent opposite-orientated POM clusters
are spread out and adopt face-to-face arrangements with each other, while the same
orientated units still maintain shoulder-to-shoulder arrangements (Figure 2¢,d), which are
ideal arrangements for making POMCOFs based on our previous research [7,20]. Using
another organic linker with a longer length may help to achieve our aims, but the longer
length corresponds to the larger steric hindrances, which may affect the orientations of POM
units or increase the interunit distances. Rigid aromatic carboxylic ligands seem unlikely to
satisfy our design. Hence, we transfer our focus to chainlike aliphatic dicarboxylic acids.
Their higher flexibilities may facilitate their bridging functions on POM SBUs with more
flexible orientations and interunit distances and may further result in some intriguing
interpenetrating or helical structures that cannot be obtained with rigid aromatic carboxyl
ligands. We found that the bilateral DACH molecules on each Nig cluster prevent the
bridging of adjacent same-orientated SBUs with organic linkers (Figure 2d,e). Additionally,
the distance between two terminal -COOH groups from adjacent opposite-orientated POM
SBUs is 6.20 A (Figure 2e), which is nearly matchable with that of AP in the reported
polymers (6.30 A, Figure 2f) [28]. Using AP to replace HMIP ligand in 2 may achieve our
goals. Based on the above considerations, AP was used as a linker in the synthesis of 3.
Under similar synthetic conditions with 1 and 2, 3 was obtained. AP ligand successfully
bridges adjacent opposite orientated POM cluster units to the unpreceded 1D helical chains.
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Figure 2. (a) A polyhedral view of polyoxoanion 2a.; (b) View of the Nig cluster in 2a; (c) Spatial
arrangements of 2a along with the a-and c- axes; (d) Spatial arrangements of 2a along the b-axis;
(e) Interunit distances of 2a; and (f) Matchable distance of AP ligand. Color code of polyhedral:
WOg: red; NiOg /NiO4Ny: green; and POy: yellow. Hydrogen atoms of the ligands are not shown for
better clarity.

3.3. Structure of 3

3 crystallizes in the orthorhombic space group P2;2;2;. Its asymmetric unit con-
tains a [Nig(OH)3(DACH),(AP)(H,0)5(PW9Os4)] (3a) cluster (Figure 3a), a [Ni(DACH), [
complex, and two lattice water molecules (Figure S1, Supplementary Materials). Com-
pared with 1a and 2a, only four-terminal water molecules are substituted by two bidentate
DACH ligands on the Nig cluster of 3a (Figure 3b). Each Nig cluster links with two AP,
of which, one terminal carboxyl group of the AP replaces two terminal water molecules
on Ni5 and Ni6, while another carboxyl group replaces only one water molecule on Nil
(Figure 3b). Each AP ligand bridges two Nig clusters (Figure 3c). Such substitution and
linkage successfully construct the 1D helical chain with left-hand helices around a 2;-screw
axis (Figure 3d,e). Adjacent 1D chains stack in ~ABAB- and -AAA- sequences along the
a-and c-axis, respectively (Figure 3f,g). It is worth noting that the orientation of each POM
SBU and interunit distance have been continually adjusted to the face-to-shoulder arrange-
ments with shorter interunit distance to match the linkage of AP ligand, which are different
from those in rigid dicarboxylate ligand-bridged POMCOFs. Such special arrangements
of POM SBUs, and the good flexibility of AP, synergistically contribute to the 1D helical
chains with left-hand helices. Similar to that in 2, [Ni(DACH),]** complexes with planar
square configuration locate interchain to compensate for the negative charges of the chains
(Figure S2, Supplementary Materials).
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d) e)
%
da

Figure 3. (a) A polyhedral view of polyoxoanion 3a.; (b) View of the Nig cluster and its” linkage
with AP; (c) The linkage of AP with adjacent Nig cluster; (d) View of the 1D helical chains with
left-hand helices along the b-axis; (e) The simplified sketch of the Nig-AP 1D chain; and (f,g) The
-ABAB- and -AAA- stacking modes along a-and and c-axis, respectively. Color code of polyhedral:
WOg: red; NiOg/NiO4Nj: green; and POy: yellow. Hydrogen atoms of the ligands are not shown for
better clarity.

3.4. Structural Comparisons

In TMSPs” abundant structural chemistry, POM clusters have various linkages with
each other to generate different 1D/2D/3D structures:

First, the interconnections of POM clusters (including different structural types) and
rigid aromatic organic ligands. This linkage produces most of the 3D POMCOFs, while 1D
chains and 2D layers are relatively rare through this connection, except for these three ex-
amples: the 1D chains built from the {NigPWo} unit and 1,3-bdc, tda ligand (Figure 4a,b) [7],
respectively, and the layer made by another ethylenediamine-func- tionalized {NigPWy}
unit and 1,3-bdc ligand (Figure 4c) [20].

Second, the interconnections of TMSP cluster units through TM-O=W bonds. This
linkage generates a series of 1D chains and 2D layers [29,30]. The 3D open frameworks
constructed by the pure TM-O=W linkage are only observed in Cu'"substituted TMSPs, in-
cluding [{Cug(n3-OH)z(en)3(H20)3}(B-a-PW9O34)]-7H,O and [Cug(p3-OH)s(en)3(H2O)3(B-
a-PWyO34)]-4H,0 (Figure 4d), which are caused by the unique Jahn-Teller effect of CuO4N»
octahedra with the axial elongation [31,32].

Third, the TMSP frameworks with TM complex-bridges. TM complex-bridges are
common in TMSPs’ frameworks. They can extend the POM units to 1D/2D/3D frameworks
through TM-O=W, TM-O-TM, and TM-N- - - N-TM linkages [33-36].
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Figure 4. (a) One-dimensional chain built from {NigPWy} unit and 1,3-bdc ligand; (b) One- dimen-
sional chain built from {NigPWy} unit and tda ligand; (c) Two-dimensional layer built from {NigPWo}
unit and 1,3-bdc ligand; (d) Three-dimensional framework built from the interconnection of {CugPWo}
unit through Cu-O=W linkage; (e) Three-dimensional framework built from {NigPWg} unit and WO,
tetrahedron; (f) Tetramer built from {NiySiWy} and glutaric acid linker; and (g) Two-dimensional
layer built from Dawson-type {NigP, W15} unit and succinic acid linker. Color code of polyhedral:
WOg: red; NiOg /NiO4Ny: green; POy: yellow; CuOg: light blue; and WOj4: purple. Hydrogen atoms
of the ligands are not shown for better clarity.

Fourth, is the TMSP framework with WO, bridges. However, to the best of our
knowledge, it was only found in the first chiral 3D framework of [Ni(enMe);]3[WO4]s-
[Nig(enMe)3(OH)3PWyO34]5-9H,0 (Figure 4e) [37].

Compared with these TMSP-based frameworks with four different linkages, the 1D
helical chains in 3 represent a new structural type of POMCOCs. Aliphatic dicarboxylic
acid ligands are rare not only in POMCOFs but also in POMs. Limited evidence includes
the glutaric acid-bridged tetramer [{(SiW¢O34)Nis(OH)3}4(OOC(CH;)3COO)] (Figure 4f)
and the succinic acid-bridge hexa-substituted Dawson-type-based layer [Nig(13-OH)s-
(dap)2(en)(HzO){OOC(CHz)2COO}0,5(CH3COO)(P2W15O56)] (Figure 4g) [23,24]. The AP in
3 is the longest aliphatic dicarboxylic acid being incorporated in POMs family. Moreover, it
differs from those 1D chains with a TM-O=W linkage and 1D POMCOCs featuring strict
chains [7,29]; the 1D helical chains in 3 are the first 1D POMCOC with helical features.

Since the hexa-Ni!! cluster of 1-3 is similar to those in the reported hexa-Ni- substi-
tuted TMSPs, we compared their bond lengths and bond angles to speculate the magnitude
properties of the title compounds. As shown in Table S1 (Supplementary Materials), the
Ni-O bond lengths and Ni-O-Ni bond angles of 1-3 are in the ranges of 1.915-2.295 A
and 90.9-114.2°, respectively. According to the previous research [4,7,31,38,39], when the
Ni—O-Ni bond angles are in the range of 90-104°, ferromagnetic exchange interactions are
dominant. When Ni—O-Ni bond angles are larger than 104°, anti-ferromagnetic exchange
interactions may exist. When ferromagnetic and antiferromagnetic behaviors coexist, the
overall magnetic behaviors are determined by which one is dominant. Normally, most of
the Ni-O-Ni bond angles in the hexa-Nil! cluster are in the ferromagnetic dominant ranges
when ferromagnetic and antiferromagnetic coupling coexistences appear. Ferromagnetic
exchange behaviors are expected for hexa-Ni!! clusters, which have been proved by the
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measurements in our previous research [4,7,31,38,39]. In 1, since all the Ni-O-Ni bond
angles are in the range of 92.5-102.1°, ferromagnetic exchange behaviors are expected.
In 2 and 3, the Ni-O-Ni bond angles are in the range of 90.9-106.8° and 91.6-114.2°, re-
spectively, indicating the coexistences of ferromagnetic and antiferromagnetic couplings.
There are only 1 and 2 Ni-O-Ni bond angles larger than 104°, indicating that the fer-
romagnetic exchange behaviors are dominant in 2 and 3, similar to those reported in
hexa-Nill-substituted TMSPs.

3.5. Powder XRD Patterns

As shown in Figure S3 (Supplementary Materials), the experimental PXRD patterns of
1-3 were all consistent with the simulated patterns obtained from single-crystal data, which
confirm the purities of the samples. The differences in the intensities were attributable to
the preferred orientations.

3.6. IR Spectra

As shown in Figure S4 (Supplementary Materials), the IR spectra of 1-3 show a series
of similar absorption bands ranging from 4000-400 cm ™. The wide absorption bands from
3528 to 3134 cm ! are assigned to the stretching vibrations of the -OH, -CH, and -NH,
groups. The sharp absorption peaks from 3005 to 2817 cm ! are the stretching vibrations of
the -CH, and -NHj groups. The peaks ranging from 1652-1363 cm ™! are the characteristic
peaks of the bending vibrations of -NH; and -CHj, groups in 1-3 and the carboxylate
groups of the carboxylate ligands in 2-3. Four intense characteristic peaks of v(P-O),
(W-0y), v(W-0y,), and v(W-O) of the Keggin-fragments are observed at 1039, 941, 842,
796, and 716 cm ™~ for 1, 1033, 935, 841, 796, and 715 cm ! for 2, and 1037, 943, 848, 796,
and 710 cm ™! for 3, respectively.

3.7. UV-Vis Absorption Spectra

In order to investigate the optical properties of the title compounds, UV-Vis absorption
and optical diffuse reflectance spectra of 1-3 were obtained in the wavelength range of
190-800 nm. As shown in Figure S5 (Supplementary Materials), the optical band gaps of
1-3 are 2.60, 2.59, and 2.56 eV, respectively, which are comparable to other Nig-substitute
POMS, including [Ni6(u3—OH)3(en)z(dien)(HQO)5(B-oc—PW9034)]-3H20 (242 eV), [Ni6(|l3-
OH)s(dap)2(py)s- (H20)(B-a-PWoO34)]-HO (2.37 €V), and [Ni(en),][Nig(13-OH)z(en)s(1,3-
bdc)(H,0),(B-a- PWgO34)]-9H,0 (2.53 eV) [20,29]. It was found that the band gaps of
1-3 are in the order of 3 < 2 < 1, which conforms to the band gaps of the compounds
decreasing with the increasing dimensionality or complexity of the structures, as proposed
by Kanatzidis and Papavassiliou [40].

4. Conclusions

In summary, three new TMSPs containing {NigPWg} units were designed and synthe-
sized from monomers to 1D POMCOC under hydrothermal conditions. 1 is a monomer
with DACH molecules decorating the Nig cluster. In order to construct POMCOF on the
basis of 1, the rigid aromatic MIP ligand was first incorporated and the anionic monomeric
POM 2 was obtained. HMIP still acts as a decorating group on the Nig cluster but fails
to bridge adjacent {NigPWoy} units. By analyzing the orientations and steric hindrance
between adjacent {NigPWy} units of 2, the aliphatic AP ligand was purposely chosen to
replace HMIP on the base of 2, which resulted in the formation of 3, a new 1D POMCOC
with novel helical chain. Owing to the good flexibility of the AP linker, 3 represents the
first 1D POMCOC with a helical chain. This work is an example of our continued work of
constructing POMCOFs with hexa-Ni'! substituted TMSP SBUs. The successfully designed
syntheses from 1 to 3 provide us with a new strategy of using chainlike dicarboxylate acid
as a linker to make POMCOFs, which may lead to some intriguing structures that cannot
be found with rigid aromatic linkers. Further works with this strategy are in progress.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules27134295/s1, Table S1: Comparisons of the bond
lengths and bond angles in Nig-subsi- tuted TMSPs; Figure S1: Asymmetric units of 1-3; Figure S2:
[Ni(DACH),]** complex in 2 and 3; Figure S3: PXRD of 1-3. Figure S4: IR spectra of 1-3; Figure S5:
UV-Vis spectra of 1-3; Figure S6: TG curves of 1-3. [41-43] are cited in the Supplementary Materials.
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Abstract: Counter-cations are essential components of polyoxometalates (POMs), which have a
distinct influence on the solubility, stabilization, self-assembly, and functionality of POMs. To
investigate the roles of cations in the packing of POMs, as a systematic investigation, herein, a
series of triol-ligand covalently modified Cu-centered Anderson-Evans POMs with different counter
ions were prepared in an aqueous solution and characterized by various techniques including
single-crystal X-ray diffraction. Using the strategy of controlling Mo sources, in the presence of
triol ligand, NHy*, Cu?* and Na* were introduced successfully into POMs. When (NHy4)sMoyOy4
was selected, the counter cations of the produced POMs were ammonium ions, which resulted in
the existence of clusters in the discrete state. Additionally, with the modulation of the pH of the
solutions, the modified sites of triol ligands on the cluster can be controlled to form - or x-isomers.
By applying MoOj3 in the same reaction, Cu?* ions served as linkers to connect triol-ligand modified
polyanions into chains. When NagsMogO,4 was employed as the Mo source to react with triol ligands
in the presence of CuCly, two 2-D networks were obtained with {Nas(HyO)14} or {{Nap(Hy0)4} sub-
clusters as linkers, where the building blocks were 6/0- and X /x-isomers, respectively. The present
investigation reveals that the charges, sizes and coordination manners of the counter cations have an
obvious influence on the assembled structure of polyanions.

Keywords: polyoxometalate; Anderson-Evans; triol ligand; cation-modulation

1. Introduction

As an important and basic type of polyoxometalates (POMs), Anderson-Evans clusters
have been synthesized and characterized for nearly one hundred years, with a general for-
mula of [X**MgO4Hn ]2 "™~ in which X expresses the heteroatom and M the addenda
atoms (Mo or W in most cases) [1-3]. Compared with the terminal O atoms in Anderson-
Evans polyanion, the bi- or tri-bridging O atoms (u,- or p3-O) have a higher reactive
activity and can be replaced by some organic species with hydroxyl groups under specific
circumstances to form various decoration types (Figure S1, Supplementary Materials) [4-6].
Through this method, different organic functional groups can be introduced into the inor-
ganic skeleton, which not only enriches the structural figures of the final adducts but also
integrates the properties of both parts, resulting in novel functionalities [7-11]. Because
the organic functional groups have different hydrophilic and hydrophobic properties, they
need to be introduced into polyanions under different solvent environments, such as water
or organic solvents [12,13], while due to the use of TBA;MogOy4 (TBA = tetrabutylam-
monium cation) as the Mo source in most cases, triol-ligand modified Anderson-Evans
polyanions are mostly prepared in organic solvents such as CH3CN, CH30H and N,N-
dimethylformamide, which limits their applications [14,15]. So, it is necessary to find
new Mo sources, for example NapMoOy, (NHy4)sMo70,4, and NagMogOy, suitable for
reactions in aqueous solution, which may also bring new architectures. On the other
hand, compared with the wide range of investigations on organic components covalently
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modified Anderson-Evans polyanions with trivalent heteroatoms, examples with divalent
center atoms are less focused on and reported [16-18]. Aside from the initial instances
with Zn?* and Ni?* used as heteroatoms [19], investigations on the triol-ligand covalently
modified Cu''-, Co!'- and Ni -centered Anderson-Evans polyanions are conducted, includ-
ing finding new modification types, their transformation between different modification
architectures and the co-modification of triol ligand and methanol or acetic acid [20-24].

Except developing new modification manners for discrete polyanions, it is also impor-
tant to construct extended structures by employing the triol-ligand modified Anderson-
Evans polyanions as building blocks in appropriate ways. As a comparison, one dimen-
sional (1D) to three dimensional (3D) structures based on undecorated Anderson-Evans
polyanions have been reported, in which terminal O atoms of the clusters are used to
coordinate with transition metal ions for the formation of the extended organic-inorganic
hybrids [25-28]. For the triol-ligand decorated Anderson-Evans polyanions, only a few
cases have been reported. For example, through the introduction of pyridine groups, the
discrete polyanions can be assembled into an extended structure through M-N bonds,
where N atoms are sourced from the pyridine groups [29-32]. Another important strategy
is linking amino functionalized Anderson-Evans clusters with 4-connected building units
though imine condensation to form metal-organic frameworks [33,34]. As a more common
method, rare earth ions (Ln3*) can also be used as nodes to link this type of cluster for the
formation of coordination polymers through Ln—O bonds [35]. However, there are still no
systematical investigations available on the triol-ligand modified X!-centered Anderson-
Evans polyanions in aqueous solution, especially with regard to the influence of cations on
the assembled structures of polyanions [36].

Considering the investigations in this field, in the present contribution, we investigate
the synthesis of triol-ligand modified Cu'l-centered Anderson-Evans polyanions in detail
in an aqueous solution. By selecting (NH4)¢Mo070,4, MoO3 and NasMogO»4 as our Mo
sources, which have not been widely applied before, we synthesized a series of divalent
metal ion-centered clusters, and also realized the controlled modulation of an assembly of
polyanions with NHy*, Cu?* and Na™ as cations (Scheme 1). In addition, the influences of
the size and connecting mode of linkers was discussed, as well as a Hirshfeld analysis of the
building blocks with various decoration types. The presented results not only provide an
efficient synthetic route for triol-ligand modified Anderson-Evans polyanions with divalent
heteroatoms, but also express the important role of cations in the assembly of polyanions.

Mo7: (NH,)Mo;0,4
Mo8: Nas;MogOye
L1: H3CC(CH,OH),
L2: HOCH,C(CH,0OH);
L3: H,NC(CH,OH),

?14 [".ooo.}

-~ {CuOg} MoOg} fNaO} C © N H

'r,‘

Scheme 1. Schematic illustration for the synthetic parameters in different decoration fashions and
extended structures in the preparation of Cu-centered Anderson-Evans POMs 1-9. All H atoms
except those attaching to N and p3-O atoms are omitted for clarity. The bold numbers are added to
represent the corresponding compounds.
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2. Results and Discussion

The prepared compounds 1-9 were characterized by single crystal X-ray diffraction
analysis, elemental analysis, as well as IR spectra, which can be found in the Supplementary
Materials as Figure S2. The thermal stability and the crystalline purity of compounds 1-9
were also evaluated, as shown in Figures S3-511 and Figures 512-514.

2.1. Preparation of Triol-Ligand Decorated Anderson-Evans POM Building Blocks

In order to investigate the assembly behaviors of triol-ligand covalently modified
Anderson-Evans polyanions in the presence of different cations, we first investigated the
synthesis of their building blocks in aqueous solutions in detail. Two important factors
are considered in the selection of Mo sources. The first factor is that the used Mo sources
can dissolve easily in water at the initial state or in the reaction process, which ensures
the occurrence of the reaction and the acceptable yields. The second controls counter
cations in the final adducts through the introduction of different Mo sources. For example,
(NHy)6Mo70,4 and NagMogOyg result in NH; ™ and Na* as counter cations, while MoOj3
does not lead to the formation of new metal ions, which brings about Cu?* which serves
as counter cation. Based on the above analysis, herein, to synthesize building blocks,
(NH4)6Mo7;0,4 was used as an Mo source to react with CuCl, and triol ligand in the
aqueous solution at 80 °C. When a triol ligand with a methyl as end group was used and
the pH of the solution was adjusted to 3~4, compound 1 is obtained, in which triol ligands
functionalized on the Anderson-Evans polyanion in a double-sided style to form /5 isomer
(Figure 1a). In this case, two triol ligands distributed on both sides of the Anderson-Evans
polyanion, and replaced all six hydroxyls around the central heteroatom. When the pH of
the solution was lowered to 2, in the case of a stronger acidic environment, partial p,-O
atoms were activated, and therefore each triol ligand replaced two p3-O atoms and one
adjacent 1-O atom, resulting in a malposition modified structure compound 2 in x/x
isomer (Figure 1b). The above results show that, at a higher pH value, triol ligands tend to
replace all 13-O atoms to form a & modification style; while in a lower pH environment,
triol ligands are prone to substitute partial pz-O atoms, forming in an x modification
manner, where such phenomena are consistent with the literature [20]. In order to verify
the universality of this method and the reliability of the conclusion, we used a triol ligand
with a terminal hydroxyl group. Experiments show that, in accordance with the case of
the triol ligand with the methyl group at the end, when the pH of the solution is 3~4,
the hydroxyl-containing triol ligands replace all the u3-O atoms to obtain a double-sided
modified Anderson-Evans POM in §/6 isomer, compound 3 (Figure 1c). When the pH
value of the solution is 2, the triol ligands replace partial p3-O atoms to obtain a bilaterally
modified structure, compound 4, in x/x isomer (Figure 1d). The above experiments show
that the modified positions of the triol ligands on the Anderson-Evans polyanion can be
modulated by adjusting the pH of the solution. Interestingly, it is different from those
triol ligands with hydroxyl and methyl groups, when the end group is amino, we get a
single-sided triol ligand decorated & isomer, compound 5, in the solution with a relatively
lower pH of 1.5~2.5, in which adduct the amino group is in a protonated state (Figure 1e).
Even the excessive triol ligands were added in this reaction, and the obtained products
were still in a single-sided decoration state with the other side left free. A similar situation
also exists in Al-centered Anderson-Evans POMs when modified by triol ligands in the
aqueous solution [12]. When the pH of the solution rises with the amino group in the non-
protonated state, the lone pair of electrons of the N atom combines easily with the d orbital
of the transition metal ion Cu?*, which results in the crosslinking between the generated
adducts and makes it difficult to obtain single crystals. An effective way to introduce a
non-protonated amino-containing triol ligand into Cu-centered Anderson-Evans cluster is
through a two-step synthesis procedure. That is, an undecorated Cu-centered cluster can
be synthesized firstly and then used to react with the triol ligand, through which method
the coordination sites of Cu?* are fully occupied by O atoms, losing the combining ability
with other atoms or functional groups such as amino groups. With this synthetic route, the
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amino-containing triol ligand can be anchored on the Cu-centered Anderson-Evans cluster
in a mono-decoration type through micro-assisted synthesis [37] and double-decoration
type through a regular beaker reaction in aqueous solution [38].

(d)

®@cu @M eCc 0 eN ¢« H

Figure 1. Polyanionic structures of compounds (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5 in ball-and-stick
representation. All H atoms except those attaching to N and p3-O atoms are omitted for clarity.

In all the five compounds, due to the compact and symmetric coordination environ-
ments of the Cu?* ion, which is located at the center of the Anderson-Evans cluster, there
is no obvious Jahn-Teller effect. Taking compound 5 as an example, the six Cu-O bond
lengths were 1.958(2), 1.980(2), 1.992(2), 2.026(2), 2.195(2), and 2.213(3) A, respectively,
showing an averaged result without an extra-long Cu-O bond of over 2.4 A. It is interesting
that though half of the coordination sites of the Cu?* ion were occupied by the triol ligand,
the Cu-O bond lengths expressed no differences to those formed by hydroxyls. The similar
coordination conditions also existed in compounds 1-4.

It is worth noting that although the prepared organic-inorganic hybrids were all
based on the same polyanion Cu-centered Anderson-Evans cluster, due to the different
modification positions of the triol ligands on the polyanion, the charges of the obtained
clusters were unequal. When the triol ligands are modified on the polyanion in 6 isomer
with all the hydroxyls around central heteroatom being replaced, the charge of the anion
remains unchanged before and after the substitution. When the triol ligands modify in
malposition on the polyanion, two unreacted hydroxyls are retained, accompanying with
the replacement of two unprotonated 1,-O (in —2 valence) by the O atom (in —1 valence)
from the hydroxyl, and resulting in a decrease in the entire anion charge from —4 to —2.
When the terminal group of a triol ligand is amino, although it substitutes all protonated
u3-O atoms, the amino group is in a protonated state with an additional positive charge, so
the charge of the entire anion is —3. That is, under different environmental conditions, we
can make triol-ligand modified Cu-centered Anderson-Evans polyanions with 2~4 negative
charges. This charge tunability is useful for the further development and utilization of
polyanions, especially in terms of providing convenience to the controllable assembly based
on the charge number.

2.2. Construction of 1D Structures Based on Triol-Ligand Decorated Anderson-Evans POMs

After obtaining the modification law of the triol ligands on the Anderson-Evans
polyanion in aqueous solution, we attempted to obtain extended structures. When am-
monium is applied as counter ion, it mainly combines with anion through electrostatic
interactions. The lack of directionality and selectivity of the electrostatic interactions makes
it unsuitable for the ordered assembly of polyanions. Therefore, we selected MoO3 instead
of (NH4)sMo070,4 as the Mo source, thereby eliminating the possibility of ammonium as
counter ions in the adduct. At low pH environments, two 1D chain structures with Cu?*
serving as linkers were obtained (Figure 2). The single-crystal X-ray diffraction results
show that the Anderson-Evans polyanions were modified by triol ligands to form an x/x
isomer, to which adjacent polyanions are further linked by Cu?* through the terminal O
atoms. The Cu®* shows an octahedron coordination environment with an obvious Jahn-
Teller effect, where two Cu—O bonds (bond lengths 2.323(2)-2.396(2) A) connected to the
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polyanion are significantly elongated compared with the other four Cu-O bonds (bond
length 1.924(2)-1.976(2) A). The main difference between the two 1D compounds is that of
the coordination environments of the linker Cu?* ions. In compound 6, except two terminal
O atoms of clusters, four O atoms from two triol ligands complete the coordination environ-
ment of the Cu* ion; while in compound 7, the four positions are occupied by coordinated
water molecules. In compound 6, only two hydroxyls of each triol ligand coordinate with
Cu?*, and the other one remains in a free state. Not only coordinated hydroxyls but also
free hydroxyls are in the protonated state. In the two compounds, the linker Cu?* ions have
different coordination environments, and the reason is that at the environment of pH 3~4,
although the hydroxyls are in a protonated state, they still have a certain coordination
ability with the Cu?* ion, and thus occupy the four coordination sites to obtain compound 6.
However, as the pH value decreases to 2~2.5, the interaction between the hydroxyls and
the Cu®* ion weakens to diminish the coordination ability, so that the water molecules
occupy the corresponding coordination sites, resulting in compound 7. This statement can
be verified in experiments in which the aqueous solution of compound 6 was acidified
and recrystallized to obtain compound 7. The differences in the coordination modes of
the Cu®* ions in the two compounds also have a certain effect on its extending direction.
Compound 6 stretches along the (111) direction, while the direction of the 1D chain in
compound 7 is (100).

Figure 2. Ball-and-stick representations of compounds (a) 6 and (b) 7, showing their 1D chain
structures. All H atoms except those attaching to tri-bridging O atoms in polyanions are omitted
for clarity.

In the two compounds, the charges of the polyanion and copper ion were —2 and +2,
respectively. According to the theory of electrical neutrality, the two components are more
easily combined in a 1:1 manner to form the 1D chain structure or the two-dimensional (2D)
planar structure in crystallography, as shown in Figure 515, which has a relative low energy
and is more stable. In the present case, because the coordination radius of the Cu?* ion
was not large enough, and four polyanions cannot be uniformly arranged around one Cu?*
ion due to the large steric hindrance, only a 1D chain structure was formed. On another
hand, due to the low pH value of the solution, in both 1D structures, the triol ligands were
modified on the polyanion in the x/x isomer. In order to obtain 1D structures based on
the 5/6 isomer, we attempted to reduce the acidity of the solution. However, when the
pH increased, due to the higher concentration of Cu?* in the solution, it became easier to
obtain a precipitate and the expected structure could not be obtained.

2.3. Construction of 2D Structures Based on Triol-Ligand Decorated Anderson-Evans POMs

As mentioned above, when Cu?* is used as a linker, its small coordination range
represents a disadvantage for the formation of a 2D structure, and its synthetic environment
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with a low pH value is also not conducive to obtaining the triol ligand modified Anderson-
Evans clusters in the §/6 isomer. Considering these points, we selected NagMogOyq as
the Mo source, and used Na* with a high solubility in a wide pH range in an aqueous
solution and a large range of connection to obtain 2D structures based on triol-ligand
modified Anderson-Evans clusters in 6/ and x /X isomer. As expected, when the pH of the
solution was 5, we obtained compound 8, in which the triol ligand double-sided decorated
Anderson-Evans polyanion was an /6 isomer. In this case, four Na* ions aggregated
to form a {Nag(H;O)14} cluster, which linked the adjacent four polyanions through the
terminal O atoms into a 2D planar network along the (011) direction (Figure 3a). When
the pH of the solution was lowered to 3.5, the triol ligand modified Anderson-Evans
polyanions in X /x isomer was obtained as in compound 9. In this adduct, two Na™ ions
form a dimer {Nay(H,O)4} and connect the adjacent four polyanions to form a 2D planar
structure extending along the (100) direction (Figure 3b). It can be seen from the above two
examples that the charges of the anions and cations have obvious matching characteristics.
For the §/6 isomer, because the charge of the polyanion was —4, four one-charged Na*
ions combined to form a tetramer, thereby matching the charge with the anion. While for
the x/x isomer, because the charge of polyanion was —2, two Na* ions combined to form a
dimer with two positive charges, and were neutralized with the anion in a 1:1 mode. In
addition, compared with Cu?*, the tetramer and dimer of Na* are larger and have wider
connecting ranges, so that four polyanions can be uniformly arranged around them to form
2D planar structures, which can also be seen as the adjacent 1D chains connecting to each
other to form 2D structures.

@ cu ® Mo @Na ecC ®0 H

Figure 3. Ball-and-stick representations of compounds (a) 8 and (b) 9, showing their 2D planar
structures. Numbers in the diagram represent the distances of adjacent clusters in two dimensions.
All H atoms except those attaching to tri-bridging O atoms in polyanions are omitted for clarity.

The size of the linking group and the bridging manner have an important effect on
the distances between the order of the arranged anions. When the linking group was
a Cu?* ion, as in compounds 6 and 7, the distances between two adjacent polyanions
in the 1D chains were 14.090(2) A and 13.312(2) A, respectively (Figure S16). The slight
difference between the two values is due to the steric hindrance caused by the triol ligand
coordinated with linking Cu?* (Figure 2). For inter-chains, and the distances between the
two adjacent polyanions in compounds 6 and 7 are 11.128(2) A and 8.872(2) A, respectively
(Figure S16). For compound 7, the smaller distance between the adjacent polyanions is
mainly due to the different orientations of the two polyanions in adjacent chains, which
reduces the steric hindrance based on the rotation of one cluster, so that the distance
between the two center heteroatoms decreases. When the linking group was a {Na4(H0O)14}
tetramer, as in Compound 8, the closest distances of the two adjacent polyanions in the 2D
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structure were 16.218(2) A and 9.175(2) A, respectively (Figure 3). In compound 9, when the
linking group was a {Nay(H,O)4} dimer, the distances between the two adjacent polyanions
were 13.204(2) A and 10.202(2) A, respectively. As shown in Figure 4, from the chemical
environments of linkers in compounds 6-9, we can see that when the bridging group is
a single metal ion, the mode of bridging polyanions is simple, and the distance between
polyanions mainly depends on the radius of the bridging metal ions. When the linker is
a cluster formed by multiple metal ions, the bridging range becomes significantly larger,
and it can interact with the polyanion through various modes, so that the polyanions have
richer assembled structures.

(@) (b)

°
)

3.847 A
4.927 A

4792 A u o=y
10.765 A @cu @Na @0

Figure 4. Ball-and-stick representations of coordination environments of linkers for compounds
(a) 6 and 7, (b) 8, and (c) 9, showing their different sizes and bridging manners.

2.4. Hirshfled Surface Analysis

As demonstrated by the analysis above, the triol-ligand modified Anderson-Evans
POMs can serve as building blocks for the construction of 1D or 2D assemblies based
on different metal ions and their various combinations. In fact, with similar building
blocks, 3D assemblies have also been prepared, through which ionic frameworks form
and exhibit selective adsorption capacity to CO, over N, H; and CHy [39,40]. All these
1D to 3D assemblies are constructed based on a strong ionic bond or coordination bond
and provide firm connections between each other, while in the absence of metal ions, there
are still relatively weak contacts between building blocks, which also have an important
influence on their packing styles. Herein, the Hirshfeld surface analysis was applied to
illustrate the supramolecular interactions between triol-ligand modified Anderson-Evans
polyanions. To exclude the effects of metal ions, only compounds 1-5 were analyzed
in which an ammonium ion serves as the counter cation and cannot provide obvious
directional interactions to the assembly behavior of building blocks such as that of metal
ions. As the important supramolecular interactions, the hydrogen bonds in compounds 1-5
are summarized in Tables 51-S5 in the Supplementary Materials.

Hirshfeld surfaces mapped with the dnorm of compounds 1-5 were firstly investigated,
in which dnorm was the normalized sum of d; and d,, and is defined as follows [41]:

dnorm = (dl - rIVdW)/ YIVdW + (de - rEde)/ rEVdW

d; is the distance from Hirshfeld surface to the nearest atom I internal to the surface,
de is the distance from Hirshfeld surface to the nearest atom E external to the surface, r{V4W
is the van der Waals radius of the nearest atom I closest to and inside the Hirshfeld surface,
and 79V is the van der Waals radius of the nearest atom E closest to and outside the
Hirshfeld surface. As shown in Figure 5, when a methyl-containing triol ligand was used in
compounds 1 and 2, the main interaction sites (marked with red cones) were concentrated
at the lateral edge of the disk-shaped cluster, where the terminal O atoms can serve as
hydrogen bonding acceptors, while for compounds with hydroxyl or protonated amino
groups such as compounds 3-5, their ability to serve as hydrogen bonding donors resulted
in a relatively uniform distribution of strong contact sites surrounding the cluster.
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Figure 5. Hirshfeld analysis results for compounds (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5, respectively.
For each column, from left to right, the four images are as follows: Hirshfeld surface mapped with
dnorm in a transparent mode, colored 2D fingerprint plot showing contacts between H (internal to the
surface) and H and O (external to the surface), colored 2D fingerprint plot showing contacts between
O (internal to the surface) and H and O (external to the surface), and percentage distribution of
various short contacts (the detailed percentages of contacts are labeled with the corresponding colors).

Hirshfeld surface images provide qualitative descriptions of the supramolecular in-
teractions of clusters, and 2D fingerprint plots in the range of 0.6-2.6 A for d; and de were
further applied to analyze the detailed contacts in quantitative accuracy (Figure 5). All
five compounds have some common characteristics, such as for interactions of H atoms
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internal to the surface with H or O atoms external to the surface with generally small d;
values (0.6-2.0 A) and large de values (1.0-2.4 A), while O atoms internal to the surface
with H or O atoms external to the surface have an opposite trend with large d; values
(1.0-2.6 A) and small d. values (0.6-2.4 A). These features indicate that the triol-ligand
modified clusters are preferred as hydrogen bonding acceptors than donors, which is also
in accordance with the traits of O-rich surfaces. It should be noted that the modification
sites of the triol ligand also have an obvious influence on the intermolecular interactions.
For example, compounds 1 and 2 have the same triol ligand on the cluster and different
positions to the §/6 and x,/x isomers, respectively. In compound 1, trio ligands were
located at the center position of the cluster, which enlarged the distances of methene and
methyl H to other species and results in relatively large d; and d. values (both more than
1.0 A) in 2D fingerprint plot. As a comparison, in compound 2, triol ligands were located
at the edge of the disk-like cluster, which enhanced their abilities as hydrogen-bonding
donors and generated relatively stronger contacts between H atoms internal to the surface
with H and O atoms external to the surface. In addition, the x,/x isomer in compound 2
also provides two extra protonated p3-O atoms as hydrogen bonding donors compared
with compound 1, which are important components of short contacts. On the contrary, the
positions of triol ligands have little influence on the hydrogen-bonding-acceptor ability
of the cluster, and the 2D fingerprint plots showing contacts between O (internal to the
surface) and H and O (external to the surface) of compounds 1 and 2 are very similar. Lastly,
the discoid distributions of various contacts indicate that all five triol-ligand modified
clusters are mainly used as hydrogen-bonding acceptors with the percentages of O—H
contacts ranging from 50.1% to 65.6%.

3. Materials and Methods
3.1. General Methods and Materials

All chemicals were purchased from Aladdin and used without further purification.
Double distilled water was used in all the reactions. Fourier transform infrared spectra
were obtained with a Bruker Vertex 80v spectrometer equipped with a DTGS detector
with a resolution of 4 cm~! in KBr pellets. Elemental analysis of C, H, and N was con-
ducted using a vario MICRO cube from Elementar Company of Germany. Elemental
analysis for Cu, Mo and Na was carried out on a PLASMA-SPEC (I) inductively cou-
pled plasma atomic emission spectrometer. Thermogravimetric analysis curves were
obtained with a Q500 Thermal Analyzer (New Castle TA Instruments, New Castle, DE,
USA) in a flowing N; under a heating rate of 10 °C-min~!. Powder X-ray diffraction
data were recorded on a Rigaku SmartLab X-ray diffractometer using Cu K« radiation at
a wavelength of 1.54 A. Single-crystal X-ray diffraction data were collected on a Bruker
D8 VENTURE diffractometer with graphite-monochromated Mo K, (A = 0.71073 A) at
293 K. All crystals were solved by SHELXT and refined by full-matrix-least-squares fitting
for F2 using the Olex2 software [42,43]. All non-H atoms were refined with anisotropic
thermal parameters. A summary of the crystallographic data and structural refinements
for compounds 1-9 is listed in Table 1. The detailed CCDC 2162383-2162391 contains
the supplementary crystallographic data for this paper. These data can be obtained free
of charge from www.ccdc.cam.ac.uk/data_request/cif, accessed on 27 March 2022, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK.
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3.2. Synthesis of Compounds
3.2.1. Synthesis of [NH4]4[CuMo6018(CH3C(CHZO)3)2]-5.5H20 (1)

A mixture of CuCl,-2H0 (0.34 g, 2.00 mmol), (NH4)sMo70O94-4H,0 (2.47 g, 2.00 mmol)
and 0.48 g of CH3C(CH,OH); (0.48 g, 4.00 mmol) was dissolved in 20 mL of deionized
water under stirring. The pH of the mixture was adjusted to 3~4 with the concentrated HCI,
and the resulting solution was heated to 80 °C, and maintained for 2 h. After a hot filtration
process, a blue solution was obtained, which provided blue crystals suitable for X-ray
single-crystal diffraction analysis after about one day at room temperature. Elemental anal-
ysis caled. (%) for [NH4]4[CuMogO15(CH3C(CH,0)3)7]-5.5H,0 (Mw = 1332.68 g mol ~1):
C9.01%, H 3.40%, N 4.20%, Cu 4.77%, and Mo 43.19%; found C 9.20%, H 3.40%, N 4.25%,
Cu 4.83%, and Mo 43.86%.

3.2.2. Synthesis of [NH4]2{CL1M06016(OH)2 [CH3C(CH20)3]2}'2H20 (2)

The synthetic procedure of compound 2 was similar to that of compound 1 ex-
cept that the pH of the solution was adjusted to 2. Elemental analysis calcd. (%) for
[NH4]2{CuMOGOlé(OH)z[CH3C(CH20)3]2}-2H20 (MW =1235.58 g molfl): C 9.720/0, H 2.61(70,
N 2.27%, Cu 5.14%, and Mo 46.59%; found C 9.31%, H 2.80%, N 2.31%, Cu 5.21%, and
Mo 46.76%.

3.2.3. Synthesis of [NH4]4[CUMO6018(HOCHQC(CHzo):;)z]'5.5H20 (3)

The synthetic procedure of compound 3 was similar with that of compound 1 except that
HOCH,C(CH;0H);3 (0.54 g, 4.00 mmol) was used for substituting CH3;C(CH,OH)s;. Elemental
analysis calcd. (%) for [NH]4[CuMogO18(HOCH,C(CH,0)3)7]-5.5H,0 (Mw = 1364.68 g mol 1)
C 8.80%, H 3.32%,N 4.11%, Cu 4.66%, and Mo 42.18%; found C 8.91%, H 3.36%, N 4.18%,
Cu 4.70%, and Mo 42.24%.

3.2.4. Synthesis of [NH4]2{CLIMO6016(OH)2 [HOCH2C(CH20)3]2}'4H20 (4)

The synthetic procedure of compound 4 was similar with that of compound 3 ex-
cept that the pH of the solution was adjusted to 2. Elemental analysis calcd. (%) for
[NH4]2{CUMO6016(OH)2[HOCH2C(CH20)3]2}'4H20 (MW = 1303.59 g mol_l): C 9.210/0,
H 2.78%, N 2.15%, Cu 4.87%, and Mo 44.16%; found C 9.28%, H 2.87%, N 2.22%, Cu 4.90%,
and Mo 44.21%.

3.2.5. Synthesis of (NH4)3 {CuMo6Olg(OH)3 [NHgC(CH20)3]}‘6H20 (5)

CuCly-2H0 (0.34 g, 2.00 mmol), (NH4)sMo70,4-4H,0O (2.47 g, 2.00 mmol) and
NH,C(CH,OH); (0.48 g, 4.00 mmol) were dissolved in 20 mL of deionized water under
stirring. The pH of the mixture was adjusted to about 1.5~2.5 by the concentrated HCI, and
the resulting solution was heated to 80 °C gradually for 2 h. A blue solution was obtained
with a hot filtration process, and provided blue crystals in one day. Elemental analysis
caled. (%) for [NH,]3[CuMogO15(OH)3(NH3C(CH,0)3),]-6HoO (Mw = 1259.55 g mol ~1):
C 3.81%, H 2.88%, N 4.45%, Cu 5.05%, and Mo 45.70%; found C 3.88%, H 2.95%, N 4.55%,
Cu 5.10%, and Mo 45.77%.

3.2.6. Synthesis of Cu[CHg,C(CHQOH)g]Q{CUMO6016(OH)2[CH3C(CH20)3]2}-6H20 (6)

To a stirred solution of CuCl,-2H,O (0.34 g, 2.00 mmol) and CH3C(CH,OH);3 (048 g,
4.00 mmol) in water (20 mL), MoOs3 (0.86 g, 12.00 mmol) was added. The pH of the resulting so-
lution was adjusted to 3~4 by the concentrated HCl. After heating the mixture to 80 °C for2h, a
blue solution was obtained using hot filtration, which generates blue crystals in several days. Ele-
mental analysis calcd. (%) for Cu[CH3C(CH;OH)3]» {CuMogO16(OH), [CH3C(CH,O)3]2}-6H,O
(Mw = 1575.36 g mol~1): C 15.25%, H 3.58%, Cu 8.07%, and Mo 36.54%; found C 15.58%,
H 3.65%, Cu 8.14%, and Mo 36.55%.
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3.2.7. Synthesis of Cu(H20)4{CuM06016(OH)z[CH3C(CH20)3]2}'10H20 (7)

The synthetic procedure of compound 7 was similar with that of compound 6 except
that the pH of the solution was adjusted to 2~2.5. Elemental analysis calcd. (%) for
CU(HZO)4{CUMO6016(OH)2[CH3C(CH20)3]2}'1OH20 (MW =1479.20 g mol_l): C 8.120/0,
H 3.27%, Cu 8.59%, and Mo 38.92%; found C 8.21%, H 3.35%, Cu 8.64%, and Mo 39.01%.

3.2.8. Synthesis of Na4(H20)14{CuM06018[CH3C(CH20)3]2}-ZHZO (8)

CuCl,-2H,0 (0.34 g, 2.00 mmol), NagMogOye (1.92 g, 1.50 mmol) and CH3C(CH,OH)3
(0.48 g, 4.00 mmol) were dissolved in 20 mL of deionized water under stirring. Con-
centrated HCI was used to adjust the pH of the mixture to 5, and then the resulting
solution was heated to 80 °C for 2 h. A blue solution was obtained using a hot filtration
process, and generated blue crystals in several days. Elemental analysis calcd. (%) for
Na4(H20)14{CuM06018 [CH3C(CH20)3]2} 'ZHZO (MW =1541.64 g 1’1’101_1): C 7.790/0, H 3.27(70,
Na 5.97%, Cu 4.12%, and Mo 37.34%; found C 7.84%, H 3.35%, Na 6.05%, Cu 4.06%, and
Mo 37.18%.

3.2.9. Synthesis of Naz(H20)4{CuM06016(OH)2[CH3C(CH20)3]2}‘6H20 (9)

The synthetic procedure of compound 9 was similar with that of compound 8 ex-
cept that the pH of the solution was adjusted to 3.5. Elemental analysis calcd. (%) for
Naz(HzO)4{CuMoéO16(OH)2[CH3C(CH20)3]2}-6H20 (MW = 1389.58 g mOlil): C 8.640/0,
H 2.90%, Na 3.31%, Cu 4.57%, and Mo 41.43%; found C 8.70%, H 2.94%, Na 3.38%, Cu 4.66%,
and Mo 41.52%.

4. Conclusions

By synthesizing a series of Cu'l-centered Anderson-Evans POMs modified with triol
ligands in the presence of different cations in aqueous solution, ordered assemblies of
polyanions from 0D to 2D under cation regulation were successfully realized. The results
show that NH,* directs the formation of 0D building blocks, and Cu?* leads the 1D chain
structures, while Na* dominates 2D networks. During the assembled process, the charge
ratio between cations and anions has an important effect on the assembled structures. When
the size of a cation is large, its wider connection range can link the four adjacent polyanions
together to form a 2D structure, while when the size of cation is small, the polyanions can
only be arranged in a 1D chain. The research work in this section not only provides an
important method and idea for the construction of an ordered assembly of polyanions, but
also lays the foundation for the development of specific functional systems.

Supplementary Materials: The following supporting information is available online at https://
www.mdpi.com/article/10.3390 /molecules27092933/s1. Figure S1: The schematic drawing of pos-
sible decoration types when triol ligands bind to an Anderson-Evans POM cluster, where the blue
octahedron represents {MOg} (M = Mo or W) and yellow octahedron denotes heteroatom-oxygen
{XOg}; Figure S2: FT-IR spectra of compounds 1-9; Figures S3-S11: TGA curves of compounds 1-9;
Figures S12-514: XRD patterns of as-synthesized compounds 1-9 and their simulated patterns from
the corresponding single-crystal X-ray diffraction data; Figure S15: Two possible arrangements of
linkers and building blocks with 1:1 charge ratio. Spheres and disks represent linkers and building
blocks, respectively. The solid and dotted lines show the interactions between the adjacent com-
ponents; Figure S16: Ball-and-stick representations of compounds (a) 6 and (b) 7, showing their
neighboring chains. Numbers in the diagram represent the distances of adjacent clusters. All H atoms
except those attached to tri-bridging O atoms in polyanions are omitted for clarity. Tables S1-S5:
Hydrogen bonds for compounds 1-5.
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Abstract: Vanadomolybdates (VMos), comprised of Mo and V in high valences with O bridges,
are one of the most important types of polyoxometalates (POMs), which have high activity due
to their strong capabilities of gaining/losing electrons. Compared with other POMs, the prepa-
ration of VMos is difficult due to their relatively low structural stability, especially those with
unclassical architectures. To overcome this shortcoming, in this study, triol ligands were applied to
synthesize VMos through a beaker reaction in the presence of V,05, NayMoO,, and organic species
in the aqueous solution. The single-crystal X-ray diffraction results indicate that two VMo clus-
ters, Na4{V5M02019 [CH3C(CH20)3]}-13H20 and Na4{V5M02019[CH3CH2C(CH20)3]}'13H20, with
a similar architecture, were synthesized, which were both stabilized by triol ligand and {MoOg}
polyhedron. Both clusters are composed of five V ions and one Mo ion in a classical Lindqvist
arrangement with an additional Mo ion, showing an unprecedented hepta-nuclear VMo structure.
The counter Na* cations assemble into one-dimensional channels, which facilitates the transport of
protons and was further confirmed by proton conductivity experiments. The present results provide
a new strategy to prepare and stabilize VMos, which is applicable for developing other compounds,
especially those with untraditional architectures.

Keywords: polyoxometalate; vanadomolybdate; triol ligand; covalent modification

1. Introduction

Organic species covalent functionalization on polyoxometalates (POMs) is an efficient
method of constructing POMs that possess novel architectures and properties, and results
in abundant achievements in the fields of organic and inorganic hybrids as well as materials
science [1,2]. To date, several strategies have been developed in accordance with the struc-
tural features of POMs, and the classical structures are shown in Figure 1. By utilizing the
strong Mo=N bond, some N-containing organic molecules are capable of being anchored
on a Lindqvist-type cluster [MogO19]?>~ (Figure 1a) [3,4]. In some lacunary POMs, P, Si, Sn,
or Ge occupy the vacant position and introduce organically functional groups through P-C,
Si—-C, Sn—C, or Ge—-C bonds (Figure 1b) [5]. As a comparison, modification through M-O-C
(M =Mo, W, V) is a more convenient and more common method which provides volatile
connection modes between organic and inorganic parts and is applicable to different types
of POMs. The simplest modification through an M—O-C bond is that methanol or ethanol
molecules replace bi- or tri-bridging O atoms of clusters, resulting in partially substituted
POMs, which is applicable to nearly all types of POMs (Figure 1c) [6]. Beyond a single
M-O-C bond, carboxyl is also a good candidate to covalently bond on the cluster through
two M-O-C bonds sourced from one molecule, which provides a stronger combination
(Figure 1d) [7,8]. In addition, triol ligands have the ability to supply three M—O-C bonds
linking to the same C center through three methene units, which largely improves the
stability of the formed complexes, and therefore has obtained rapid progress in the last
two decades [9-11]. To date, Lindqvist-(Figure 1e), Anderson-(Figure 1f), Keggin-(Figure 1g),
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and Dawson-type clusters (Figure 1h) have all been involved in the successful modification
by triol ligands with various architectures, which express excellent properties and various
applications [12-14]. The unique coordination behavior of the triol ligand endows its ability
to stabilize structures and makes it a good candidate for building POMs with novel or
metastable clusters.

Figure 1. Ball-and-stick representation of several classical organo-functionalized clusters. (a) Imido-
functionalized Lindqvist-type polyanion, (b) organophosphorus-functionalized lacunary Keggin-type
polyanion, (c) methanol-functionalized lacunary Keggin-type polyanion, (d) carboxyl-functionalized
Anderson-like-type polyanion; triol-ligand-functionalized (e) Lindqvist-type, (f) Anderson-type,
(g) lacunary Keggin-type, and (h) Dawson-type polyanions. All H atoms are omitted for clarity. R
represents the functional group. Dark cyan ball: V, olive ball: Mo, dark green ball: W, purple ball: P,
light grey ball: C, red ball: O, blue ball: N, light blue ball: heteroatom.

Vanadomolybdates (VMos), as one of the important branches of POM chemistry,
have attracted extensive attention due to their diverse structures and multi-functions in
the fields of electrochemistry, magnetism, and catalysis [15-17]. Compared with other
POMs, VMos have a stronger ability to gain or lose electrons, and therefore possess
a higher activity, resulting in their excellent properties [18,19]. On the other hand, the
structures of VMos have relatively low stability, especially those of lacunary species, which
need additional components to support their architectures. For instance, with the aid
of a transition metal ion dimer {Mny}, two unstable trivacant Keggin-type VMo clusters
were linked to form a sandwich structure, which shows an unusual ferromagnetic cou-
pling [20]. Another strategy for preparing VMos is utilizing the organic species, which are
covalently anchored on the clusters and stabilize the obtained hybrids. A classical case was
reported by Wei et al., where an unprecedented {V4Mos} was synthesized in the presence of
anilines as stabilizers, which replaced six terminal or bi-bridging O atoms of the {Mogz} clus-
ter [21]. With a similar strategy, an Anderson-type VMo cluster was also isolated, in which
two triol ligands replaced all hydroxyls surrounding the heteroatom V, resulting in dou-
bly decorated hybrids [22]. In another example, triethanolamine was applied to stabilize
a {VMogOys5} cluster, forming an organic component single-functionalized product [23]. We
have also made a contribution in this field showing that a triol ligand is used to anchor on
the top position of [VMo0gO34]°~ cluster with the maintaining of the vacant sites, which
are considered to be more active in the reaction [24]. These results indicate that organically
covalent modification is an efficient method to prepare VMos, especially those without
stable structures in the isolated state. More importantly, with the help of the coordination
ability of organic species, VMos with novel structures are expectable.
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During our investigation on triol-ligand-modified VMos, we discovered one type of
novel Lindqvist-type derivative with V,0s5, Na,MoQOy, and triol ligand as reactants. In this
work, the synthesis and structural characterization of Nas{V5Mo0,019[CH3C(CH0)3]}-13H,0O
(1) and Nag{VsMo0,019[CH3CHyC(CH;0)3]}-13H0 (2) are presented. The polyanions
of compounds 1 and 2 are isostructural except the terminal group of the triol ligand,
which can both be seen as a {MoOg} polyhedron attached to a Lindqvist cluster by sharing
three O atoms. As far as we know, this type of hepta-nuclear VMo has never been reported
in the POM family. The results presented here would provide a new route for preparing
triol-ligand-modified VMos with unusual architectures.

2. Results and Discussion
2.1. Synthesis of Compounds 1 and 2

In the presence of the triol ligand, V205 and NayMoO,-2H,O were added to water,
which resulted in the formation of a light brown solution under heating conditions. Crystals
of compounds 1 and 2 were obtained by standing the solutions for a week. Several factors
are supposed to play important roles in the successful synthesis of compounds. Firstly,
the molar ratio of V/Mo in the reactants is one such factor. Only when the molar ratio
of V/Mo is in the range of 5:2 and 5:3 can the targeted products be obtained. If a higher
percentage of V exists in the reactants, a triol-ligand-modified hexavanadate cluster is
obtained, which has the same architecture as that reported in the literature [25]. If reactants
with lower percentages of V are used, some VMo clusters are obtained and most of them
cannot provide high-quality crystals for further accurate determination of their structures.
Secondly, the control of pH is another essential factor. When the pH of the reaction solution
is controlled between 4-5, the quality of the crystals is good for giving high-quality X-ray
diffraction data for analysis. If the pH decreases to 3—4, the quality of the crystals becomes
poor and is not very stable in air, which quickly degenerates into powder after the crystals
leave the mother liquid due to weathering. In a more acidic environment with a smaller
pH value, crystals cannot be obtained. On the other hand, when pH is higher than 5, the
solubility of the reactants in the water becomes poor, and nearly no reaction occurs. In
addition, the amount of triol ligand seems to have so little influence on the product that
excessive organic species cannot change its number on the cluster, and only one triol ligand
remains attached to the polyanion. On the other hand, the presence of the triol ligand is
the essential factor for the formation of the present architecture. We have also conducted
experiments under similar conditions without a triol ligand, and as a result, only some VMo
species with usual structures were obtained. All these factors indicate that the compounds
presented here are only successfully synthesized under relatively harsh conditions, which
need good modulation to the reactions.

2.2. Structures of Compounds 1 and 2

Single crystal X-ray diffraction analysis reveals that compounds 1 and 2 possess very
similar architectures except the difference of the terminal groups of triol ligand, methyl for
compound 1 and ethyl for compound 2, as shown in Figure 2. Here, compound 1 is used as
a representative for illustrating their structural characteristics.

2.2.1. Inorganic Architecture

The inorganic architecture of the polyanion of compound 1 is composed of five {VOg}
and two {MoOg} polyhedra in the edge-sharing style. A Lindqvist-type cluster including
five {VOg} and one {MoOg} polyhedra can be distinguished with a p-O as the center,
as shown in Figure Sla. The other {MoOg} polyhedron attaches to this cluster through
three p,-O atoms in a face-sharing style, in which one O atom is from the V-O-V unit
and the other two O atoms are sourced from V-O-Mo units. This connection makes the
two {MoOg} polyhedra neighbors, and therefore the polyanion of compound 1 can also
be seen as the combination of a mono-lacunary Lindqvist {Vs} cluster with a metal dimer
{Moy} in the presence of five shared O atoms, as shown in Figure S1b. In addition, all bond
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lengths and angles in the cluster are in the normal ranges, which are listed as Tables S1-54

in the Supporting Information.

Figure 2. Polyanionic structures of compounds (a) 1 and (b) 2 in ball-and-stick representation (left)
and combined ball-and-stick and polyhedron representation (right). All H atoms are omitted for
clarity. Dark cyan ball: V, olive ball: Mo, light grey ball: C, red ball: O, dark cyan polyhedron: {VOg},
olive polyhedron: {MoOg}.

The unique combination of compound 1 results in an unreported atomic V/Mo ratio
of 5:2. As an important sub-class of POMs, many VMos have been synthesized and
reported, which possess various atomic V/Mo ratios. The change of atomic V /Mo ratio has
an obvious influence on the architectures of the clusters, as well as their properties, which
generally originates from the following aspects: (1) The V ion is used as a heteroatom in
VMos, such as 1:6 for an Anderson-type POM, 1:12 for a Keggin-type POM, and 2:18 for
a Dawson-type POM. It can also be applied in the lacunary cluster, such as 1:9 for a trivacant
Keggin-type POM. (2) The V ion is used to replace one or more addenda atoms of clusters.
For isopolyoxometalates, the Lindqvist-type [MogO19]?~ can be substituted by one or
two V ions to form a cluster with 1:5 or 2:4 atomic V /Mo ratios, while for octamolybdates,
the substitution of one or two V ions results in products having 1:7 or 2:6 atomic V/Mo
ratios, which derivatives have been widely investigated. For the heteropolyoxometalates,
there are more possibilities due to the increase of the number of addenda atoms, which
generate a series of VMos derivatives. (3) A V ion is used to build VMo clusters with
nonclassical architectures. With this strategy, {VO,4}/{VOg} can combine with {MoOg} in
various manners, and with the aid of other organic or inorganic species, more clusters
with novel structures are obtained. Through the above-mentioned strategies, VMos with
different atomic V/Mo ratios have been achieved, which are briefly summarized in Table 1.
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It should be noted that partial VY ions can be reduced to V!V ions, which enriches the
diversity of the structures. In the present case, by utilizing the strong coordination ability of
the triol ligand, an extra {MoOg} octahedron is introduced into the [V5sMoOq9]”~ polyanion,
resulting in the formation of architecture with an unreported atomic V /Mo ratio of 5:2. This
result also proves that the atomic V/Mo ratio has an important influence on the structure
of the cluster, which can be tuned and applied for finding new VMo species.

Table 1. Summary of atomic V/Mo ratios in some classical VMos.

Atomic b Valence Valence

V/Mo Ratio @ Formula of Polyanion of V of Mo Ref.
1:4 [VMo4Oq7]°~ +5 +6 [26]
1:5 [VMo50191~ +5 +6 [27]
1:6 [VMogOn4]0~ +5 +6 [16]
1:7 [VMo;O56]°~ +5 +6 [15]
1:9 {VMoyO31[CH3C(CH,0)3]}6~ +5 +6 [24]

1:11 [P(VMo11)O40]* +5 +6 [28]
1:12 [VMo1,0417~ +5 +6 [29]
. [V20,(1-MeO),
2:2 (1-MoOy) (4 4'-tBubpy)s ] +5 +6 [30]
2:4 [VoMoyOq9]*~ +5 +6 [31]
2:6 [VaMogOosg]®~ +5 +6 [32]
2:8 [HV,;MogOs]°~ +5 +6 [26]
2:10 [HV>Mo;00s35]°~ +5 +6 [26]
2:16 [V2aMo140sg]10~ +5 +6 [33]
2:18 [VoMo1gOg210~ +5 +6 [34]
2:22 [Fe5CoMoa, V5 0g7(H,0)]}12~ +5 +6 [35]
3:3 [V3Mo3016(CsHoO3)]%>~ +5 +6 [36]
3:9 [V3sMogOsg]”~ +5 +6 [26]
3:10 [V(VIVVVMo;¢040)10~ +4, +5 +6 [37]
3:17 [Hy, VIVMo017054(VVOy),16~ +4, +5 +6 [38]
4:3 [VaMo3074(NATr)5(1p-NAT)3]°~ +5 +6 [21]
4:8 [AsyViMogAsOylP~ +5 +6 [39]
5:2 {V5M02019 [CH3C(CH20)3]}47 +5 +6 This work
5:4 [VsMo4O97]7~ +5 +6 [40]
5:8 [V5MogOyol”~ +5 +6 [41]
6:57 [V6Mos70183(NO)6(H,0)15]° +5 +6 [42]
7:8 [(VVMog V4V Oyu0)(VIVO), 17~ +4, 45 +6 [43]
7:11 [VV5VIV,Mo1105,(SeO3)]7~ +4, 45 +6 [44]
8:2 [VgMoyOogl]*™ +5 +6 [26]
8:4 [VgMo4Os6]8~ +5 +6 [45]
9:1 [VoMoOog]®~ +5 +6 [31]
9:8 [(VVMoVI,MoV 4 ViV Ou0)(VIVO), 17— +4,+5 +6 [43]
10:12 [Mo1,V19O0s8(SeO3)g]10~ +5 +6 [44]
14:16 V12V VVoMo140g4 114 +4,+5 +6 [46]

? The atomic V/Mo ratios used here are the same with as those in formulas without an approximate process.
¥ The apparent sequence of V and Mo in the formulas of polyanions are unified.

2.2.2. The Decoration of Triol Ligand on the Cluster

As mentioned above, compounds 1 and 2 possess a unique inorganic architecture, as
well as an unreported atomic V/Mo ratio. Another feature of these two compounds is that
a triol ligand attaches to the inorganic cluster, which plays a key role in the formation of
polyanions. As is well known, bare Lindqvist-type polyoxovanadates (POVs) are not stable,
and they can only be achieved in the presence of alcohols replacing one or more p1,-O atoms
to reduce the charge density of the surface. The used alcohols can be methanol and ethanol,
as well as a triol ligand, which can provide a strong coordination environment and anchors
on the cluster up to four times. As the derivatives of Lindqvist-type POVs, triol ligand
is also the essential factor for the successful preparation of compounds 1 and 2. It is the
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same with those in the Lindqvist-type POVs; the triol ligands in compounds 1 and 2 also
replace three 11,-O atoms of V-O-V units and cover on a {V3} cluster. The decoration of triol
ligand has an obvious influence on the V—(112-O) bond lengths concerned, which possess
an average value of 2.038 A (in compound 1). As a comparison, other V—(u,-O) bonds,
which are not involved in the coordination with triol ligands, have a relatively shorter
average bond length of 1.862 A. A similar phenomenon is also found in triol-ligand-
decorated trivacant Kegging-type cluster, showing the strong coordination ability of
triol ligand [24].

A more interesting feature of the polyanions of compounds 1 and 2 is that the
present cluster can be seen as the triol ligand and the {MoOg} polyhedron co-supported
[VsMoOy9]”~ polyanion. As shown in Figure S2a, both the triol ligand and {MoOg} polyhe-
dron share three O atoms with the [V5sMoO19]”~ cluster. This structure is different from
the two-triol-ligand covalently decorated POVs [47]. As shown in Figure S2b,c, the triol
ligands can anchor on the Lindqvist-type POVs in cis or trans configurations by replacing
six different p,-O atoms, while in the present case, the triol ligand shares an O atom with
the additional {MoOg} polyhedron, resulting in their combination with the [V5MoOq9]”~
cluster through a total of five shared O atoms. In addition, it should be noted that all three
terminal O atoms of {MoOg} polyhedron are involved in the formation of Mo=O double
bonds, with the bond lengths of 1.730, 1.730, and 1.744 A, which are different from those
in the triol-ligand-decorated heptavanadate cluster, with one water molecule serving as
a terminal group with a much longer V-O bond length of 1.995 A [48]. The triol ligand
modification on the cluster also influences the packing model of the polyanions. As shown
in Figure S3, a double layer comprised of polyanions forms, in which triol ligands face
opposite directions towards the inside of the layer. This packing model can reduce the expo-
sure possibility of methyl groups in an aqueous solution, which benefits the minimalization
of interface energy and the crystallization of the compounds.

2.2.3. The Assembly Structure of Cations in Compounds 1 and 2

Both compounds 1 and 2 crystallize with Na* as counter cations, and four crystally
independent Na* ions exist in every asymmetric unit. Taking compound 1 as the example,
Nal, Na2, and Na3 are located on the symmetric plane and therefore possess the site
occupancy of 0.5. For Na4, though it is not located at any symmetry element, and has
an apparent site occupancy of 1, it is treated as a disorder due to the following properties:
(1) Na4 and its symmetric atom Na4’ have a distance of 2.128 A, which is much shorter than
that between two normal sodium cations with a distance over 3.0 A, and is even shorter
than the Na-O bond length with a general value over 2.3 A. The abnormally short distance
between Na4 and Na4’ indicates that the two Na* ions should exist alternately, showing
a disorder in space. (2) Na4 has a thermal displacement parameter over 0.1, which is much
higher than those of Naj, Nay, and Nas with an average value of about 0.04. After the
disorder treatment, the thermal displacement parameter of Na4 decreases to about 0.04
and remains stable in the anisotropic state after several refinement cycles. (3) The whole
polyanion has a total charge of —4, which needs two positive charges in the asymmetric
unit for charge neutralization. Additionally, in the presence of three Na* ions with half site
occupancies, the fourth one should also occupy the 0.5 site, which is also in accordance with
the above analysis conditions. Finally, the elemental analysis result of Na also supports
this treatment.

Four Na* ions express different coordination environments as well as coordination
numbers (Figure 3a). Nal is coordinated by six water molecules and one terminal O
atom of polyanion, showing a seven-coordination type. Na2, Na3, and Na4 are all in
a six-coordination type, in which all the coordination sites of Na2 and Na3 are occupied
by water molecules. As a comparison, the coordination environment of Na4 is completed
by five water molecules and one O atom from polyanion. One important feature of
these Na* ions is that the coordinated water molecules are generally shared by two or
three cations, resulting in their possessing wide edge- or face-connection with each other.
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This feature also facilitates the formation of the extended structure. As shown in Figure 3b,
a regular honeycomb structure formed by Na* ions and its coordinating O atoms can be
obtained, showing one-dimensional (1D) channels along the c axis. Here, to better exhibit
the architecture of the packing of Na* ions, polyanions are omitted for clarity except for
two O atom links, with Na* being kept. The passageways constructed here are helpful for
the fast migration of ions, which can be used as a proton conductor.

Figure 3. (a) The coordination environments of four independent Na*, and (b) the packing model of
counter cation Na* in compound 1. The polyanions are omitted for clarity. Blue ball: Na, red ball O,
blue polyhedron: {NaOg} or {NaOy}.

2.2.4. FT-IR, XPS and TGA Curves of Compounds 1 and 2

Except for single crystal X-ray diffraction analysis, the structures of compounds 1
and 2 are also confirmed by FT-IR spectra. As shown in Figure S4a, the FI-IR spectrum
of compound 1 in the low wavenumber region expresses characteristic vibration of the
inorganic cluster sourced from V-O, Mo-O, and Mo=0. The existence of wavenumbers
over 1000 cm ! can be ascribed to the vibrations of C-O, C-H, and H-O, showing the
occurrence of organic components in the compound. Compound 2 has a similar FI-IR
pattern as that of compound 1, which is shown in Figure S4b.

XPS was used to identify the bond valence of Mo and V in the clusters. For compound 1,
as shown in Figure S5a, the binding energy peaks located at 235 and 232 eV are sourced
from Mo"13d3,, and MoV13ds ), indicating that the bond valence of Mo is +6. The bond
valence of V is determined in Figure S5b, in which two binding energy peaks at 517 and
524 eV are VV2py, and VV2p3 5, respectively, showing a +5 bond valence for V. As shown
in Figure S6, the XPS spectra of compound 2 are similar to those of compound 1, which
also indicate the existence of MoV and V" in the cluster.

To verify the purity of the prepared compounds, the powder X-ray diffraction (PXRD)
patterns of compounds 1 and 2 was checked. As shown in Figure S7, the as-synthesized
and simulated PXRD patterns are similar for each compound, indicating that the powder
products maintained the same architectures as those in the single crystal state.

The thermal stability of compounds 1 and 2 were evaluated through TGA analysis. As
shown in Figure S8, both compounds 1 and 2 quickly lose their lattice water molecules in
the range of room temperature to 100 °C. Additionally, the organic species leave the cluster,
followed by the decomposition of polyanion, showing the supporting role of triol ligand in
the cluster.

2.2.5. Stability of Compounds 1 and 2 in Aqueous Solution

The existing states of compounds 1 and 2 in an aqueous solution were examined using
'H NMR spectra. As shown in Figure S9, compound 1 is not very stable in the aqueous
solution and decomposition occurred in the process of dissolving. The signals belonging to
the free triol ligand appeared at the beginning and increased over time. Calculated from
the integration value of the peaks, the initial decomposition ratio is about 6.6%, and reaches
7.9% after 3 days. The different chemical environments of methene groups in compound 1
generate the splitting of the signal, showing double peaks at around 4.9 ppm. Compound 2
shows a similar behavior to that of compound 1 in an aqueous solution (Figure S10).
The difference is that compound 2 seems to have a relatively higher stability, and only
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2.1% decomposes at the beginning, reaching 6.2% after 3 days. It should be noted that the
decomposition process can be accelerated by the addition of acid or base.

2.3. Proton Conductivity of Compounds 1 and 2

Proton-conducting materials play essential roles in fuel cells, which have seen rapid
progress due to the demand for clean energy. For building high-proton-conductivity mate-
rials, an extensive hydrogen bonding network is needed, which accelerates the transport
of the proton and induces energy loss. POMs are good candidates for proton-conducting
materials due to their abundant O atoms on the surface of the cluster, which can serve as
hydrogen bonding acceptors. Here, the proton conductivity of compounds 1 and 2 under
different temperatures are investigated in the condition of a controlled 75% relative humid-
ity (RH). As shown in Figure 4a, with the temperature changing from 25 to 60 °C, the proton
conductivity of compound 1 increased from 2.25 x 107> to 7.74 x 107> S ecm™~!. Based on
the proton conductivities at various temperatures, the activation energy (E,) of the proton
conductivity of compound 1 was evaluated. As shown in Figure S11a, a linear fitness can
be obtained with the In(oT) as longitudinal ordinate and 1/T as horizontal ordinate, from
which the activity energy E, is calculated as 0.32 eV. The relatively low E, value (smaller
than 0.4 eV) indicates that the proton conduction process in compound 1 is ascribed to
a Grotthuss mechanism. This result is also in accordance with the crystal structure de-
scribed above, in which a 1D channel exists and facilitates the transfer of protons. In
addition, the water molecules on the wall of the channel also promote proton transport.
The proton conductivity behavior of compound 2 was also investigated to evaluate the in-
fluence of the terminal group of the triol ligand. As shown in Figure 4b, in the range of 25 to
60 °C, the proton conductivity increases from 1.97 x 107> to 7.48 x 107> Scm ™. It can
be seen that compounds 1 and 2 have similar proton conductivity, which sources their
similar crystal structures as well as packing models. The slight decrease of proton con-
ductivity of compound 2 compared to that of compound 1 is ascribed to originate from
the slightly higher hydrophobicity of ethyl to methyl. In addition, the E, of proton con-
duction for compound 2 was calculated as 0.36 eV (Figure S11b), which also indicates
a Grotthuss mechanism.
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Figure 4. Nyquist plots of compounds (a) 1, and (b) 2 at various temperatures and 75% RH;
(c) Nyquist plots of compounds 1 and 2 under the conditions of 75% and 98% RH at 30 °C;
(d) proton conductivity of compounds 1 and 2 under different conditions.
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We further investigated the influence of RH on proton conductivity. As shown in
Figure 4c, when the RH increases to 98%, the proton conductivity of compound 1 increases
to 1.24 x 107* S cm ! at 30 °C, showing a 4.4 times larger elevation compared with that
under 75% RH. In a higher RH condition, the number of dissociated water molecules
increases and promotes the transport of protons in the 1D channel through the stable
hydrogen bonding network. Compound 2 also shows similar proton conductivity behaviors
and has a value of 1.05 x 1074 S em~! at 30 °C and 98% RH, which also shows a 4.3 times
improvement. By collecting proton conductivity under different conditions, as shown
in Figure 4d, it can be concluded that RH has a more obvious influence than that of
temperature. In addition, as listed in Table S5, we have also collected the recent results of
the proton conductivity of POMs, showing that compounds 1 and 2 possess a relatively
high performance.

3. Materials and Methods
3.1. Instruments and Materials

All chemicals used here were purchased from Aladdin and used directly. All reac-
tions were conducted with double-distilled water as solvent. C and H elemental analysis
was made on a vario MICRO cube from the Elementar Company of Germany. Elemental
analysis of V, Mo, and Na was conducted on a PLASMA-SPEC (I) inductively coupled
plasma atomic emission spectrometer. FT-IR spectra were obtained from a Bruker Vertex
80v spectrometer in KBr pellets, in which the detector was DTGS and the resolution was
4 cm~!. Thermal stability of compounds was evaluated by a Q500 Thermal Analyzer
(New Castle TA Instruments, New Castle, DE, USA) with a flowing N, atmosphere and
a heating rate of 10 °C-min~!. XPS data were acquired on an ESCALAB-250 spectrom-
eter with a monochromic X-ray source (Al K« line, 1486.6 eV). The charging shift of
XPS was corrected at a binding energy of Cls at 284.6 eV. Electrochemical impedance
spectroscopy was recorded on a Solartron 1260 A impedance analyzer. Powder X-ray
diffraction data were recorded on a Rigaku SmartLab X-ray diffractometer with a Cu Ky
radiation at a wavelength of 1.54 A. TH NMR spectra were obtained from a Bruker AVANCE
500 MHz spectrometer. The proton conductivities of samples were calculated according to
the following equation:

o=1/SR

where o is the proton conductivity (S/cm), and 1, and S, and R are the thickness, area, and
resistance of the sample, respectively.

Single-crystal X-ray diffraction data of compounds 1 and 2 were collected on a Bruker
D8 VENTURE diffractometer with graphite-monochromated Mo Ko (A = 0.71073 A) at
293 K. Both crystals were solved by SHELXT and refined by full-matrix-least-squares
fitting for F? using the Olex? software. All non-H atoms were refined with anisotropic
thermal parameters. A summary of the crystallographic data and structural refinements for
compounds 1 and 2 is listed in Table 2. The files with CCDC numbers 2206198 and 2206199
contain the supplementary crystallographic data for this paper. These data are available free
of charge from www.ccdc.cam.ac.uk/data_request/cif (accessed on 9 September 2022), or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK.

3.2. Synthesis of Compounds 1 and 2
3.2.1. Synthesis Of Na4{V5M02019[CH3C(CH20)3]}'13H20 (1)

NayMoO4-2H,0 (0.88 g, 2.00 mmol) and V,05 (0.45 g, 2.50 mmol) were mixed in
10 mL of deionized water, and then CH3C(CH,OH); (0.24 g, 2.00 mmol) was added under
stirring. Concentrated HCI was used to adjust the pH of the mixture to 4~5, which was
further heated to 60 °C and maintained for 4 h. After a hot filtration process, a light
brown solution was obtained, which generated light brown crystals after about one week

at room temperature with a yield of 54.1% based on Mo. Elemental analysis calcd. (%)
for Nay{V5Mo,019[CH3C(CH,0)3]}13H,0 (Mw = 1193.87 g mol~1): C 5.03%, H 2.96%,
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Na 7.70%, V 21.33%, and Mo 16.07%; found C 5.06%, H 2.98%, Na 7.71%, V 21.50%, and
Mo 16.01%.

Table 2. The summary of crystal data and structural refinements for compounds 1 and 2.

Item Compound 1 Compound 2

Formula Na4{V5M02019 [CH3C- Na4{V5M02019 [CH3CH2C-
(CH20)3]}-13H,0 (CH20)3]}-13H,0

Formula weight 1193.87 1207.89

Crystal system Monoclinic Monoclinic

Space group C2/m C2/m

a(A) 22.294 (5) 22.170 (1)

b (A) 10.180 (2) 10.146 (1)

c(A) 16.394 (4) 16.777 (1)

« (deg.) 90 90

B (deg.) 114.233 (8) 112.257 (2)

v (deg.) 90 90

V (A% 3392.6 (12) 3492.5 (3)

Z 4 4

D (g cm™3) 2.337 2.297

F (000) 2352 2384

Reflections coll./unique 24947 /4045 21017/3261

Rint 0.0785 0.0315

GOOF on F? 1.029 1.111

TRy [I>20(D)] 0.0468 0.0410

b wR, (all data) 0.1154 0.1218

CCDC no. 2206198 2206199

TRy =% 1Fyl — IRl I /Z1Fy 1. P wRy = B[w(Fo? — E2)2]/E[w(Fo2)?]2.

3.2.2. Synthesis of Na4{V5M02019[CH3CH2C(CH20)3]}-13H20 (2)

The synthetic procedure of compound 2 was similar to that of compound 1, except that the
triol ligand was replaced by CH3CH,C(CH,OH);3 (0.27 g, 2.00 mmol) and the yield was 55.2%
based on Mo. Elemental analysis calcd. (%) for [Nas{VsMo,O19[CH3CH,C(CH0)5]}-13H,0
(Mw = 1207.89 g mol~1): C 5.97%, H 3.09%, Na 7.61%, V 21.09%, and Mo 15.89%; found C
5.89%, H 3.05%, Na 7.55%, V 21.03%, and Mo 15.94%.

4. Conclusions

In conclusion, triol-ligand and {MoOg} polyhedron co-decorated [VsMoOy9]”~ polyan-
ion is constructed with different terminal groups. The prepared compounds present a
new type of derivative of Lindqvist-type clusters, which have never been reported pre-
viously. The organic and inorganic parts both attach to the main polyanion by replacing
three O atoms in a cis conformation, in which one O atom is shared by three components
and further improves the stability of the cluster. This manner of combination is different
from those two triol-ligand-decorated Lindqvist-type clusters, in which no O atoms are
shared by organic species. Another feature of the prepared compounds is that they express
a new type of VMos with an unreported atomic ratio of 5:2. In addition, the Na* cations
in compounds assemble into 1D channels, whose walls are full of water molecules. The
further proton conductivity experiments show that this structure facilitates the transport of
protons, which bears a Grotthuss mechanism for both compounds.
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Abstract: Polyoxometalates (POMs) demonstrate potential for application in the development of
integrated smart energy devices based on bifunctional electrochromic (EC) optical modulation
and electrochemical energy storage. Herein, a nanocomposite thin film composed of a vanadium-
substituted Dawson-type POM, i.e., Ky[P,W17VOg;,]-18H,0, and TiO, nanowires were constructed
via the combination of hydrothermal and layer-by-layer self-assembly methods. Through scanning
electron microscopy and energy-dispersive spectroscopy characterisations, it was found that the TiO,
nanowire substrate acts as a skeleton to adsorb POM nanoparticles, thereby avoiding the aggregation
or stacking of POM particles. The unique three-dimensional core—shell structures of these nanocom-
posites with high specific surface areas increases the number of active sites during the reaction
process and shortens the ion diffusion pathway, thereby improving the electrochemical activities
and electrical conductivities. Compared with pure POM thin films, the composite films showed
improved EC properties with a significant optical contrast (38.32% at 580 nm), a short response
time (1.65 and 1.64 s for colouring and bleaching, respectively), an excellent colouration efficiency
(116.5 cm? C~1), and satisfactory energy-storage properties (volumetric capacitance = 297.1 F cm 3
at 0.2 mA cm~2). Finally, a solid-state electrochromic energy-storage (EES) device was fabricated
using the composite film as the cathode. After charging, the constructed device was able to light up a
single light-emitting diode for 20 s. These results highlight the promising features of POM-based
EES devices and demonstrate their potential for use in a wide range of applications, such as smart
windows, military camouflage, sensors, and intelligent systems.

Keywords: polyoxometalate; TiO, nanowire; composite film; bifunctional electrochromic energy
storage

1. Introduction

With the continuing development of sustainable resources, devices for energy storage
and conversion, such as solar cells, supercapacitors, and electrochromic (EC) devices,
have attracted increasing attention [1-3]. EC devices are known to change colour via
charge insertion/extraction or reversible redox reactions driven by an external electric
field [4,5]. Simultaneously, the ion intercalation/deintercalation steps taking place during
the reversible redox reactions of the EC process can also generate a pseudocapacitive
behaviour [6,7], thereby resulting in EC devices and supercapacitors having similar working
mechanisms and device structures. Based on this principle, one can envisage that these
two functions could be integrated into a single electrochromic energy-storage (EES) device
using the same material. As such, several EES devices have been widely explored. For
example, Feng et al. [8] utilised exfoliated graphene/V;,O5 as the active material of a micro-
supercapacitor to judge its charge-discharge state via the observed colour. In addition,
Xue et al. [9] synthesised a smart EC supercapacitor device using a porous co-doped NiO
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film as the positive electrode. This device exhibited a high specific capacitance, high energy
density, and good cycle stability. After charging, these two devices were able to light up
light-emitting diodes (LEDs).

Among the various EES materials reported to date, polyoxometalates (POMs) demon-
strate a multi-electron reaction specificity during the electrochemical redox process, which con-
tributes to their chromatic transitions and high-efficiency energy-storage performances [10-12].
As an example, Ma et al. [13] synthesised a POMs-based supramolecular crystalline material,
namely, H;PMoV!;,049-(BPE), 5-3H,0 (BPE = 1,2-Bis(4-pyridyl)ethylene), via a one-step
hydrothermal method. The compound had a high specific capacitance (i.e., 137.5 F g~ ! at
2A g’l) and good cycle stability (i.e., 92.0% after 1000 cycles) than parent H3PMoV!;,040.
This work provided an alternative method for improving the performance of POMs-based
capacitor electrode materials. In addition, Wang et al. [14] reported a high-performance
PW1,-based EC device, wherein the optical contrast of the optimised device containing an
I~ /1>~ redox couple in the electrolyte reached 59.4%. The PW1,-EC device also showed
a fast response time for bleaching and colouration. However, POM materials tend to
aggregate or stack to form dense structures, which can hinder ion diffusion and affect their
electrochemical properties. To overcome this issue, the incorporation of POMs into nanos-
tructures or composite materials has been investigated to increase their surface areas [15].
For example, L et al. [16] prepared graphene oxide/W13049 nanorod (rGO-WNd) compos-
ites through the high-temperature thermal reduction of ammonium tungstate and graphene
oxide (GO). Compared with the cycle stability, capacitance, and EC properties of the pure
WNd film, the corresponding properties of the Rgo-WINd composite film were significantly
enhanced. This could be attributed to a higher degree of ion diffusion and the acceleration
of charge transfer after the addition of rGO. As a result, the response times of such materials
are improved.

Titanium dioxide is recognised as a promising candidate for EC and energy-storage
applications owing to its excellent electrochemical stability, optical modulation, reversibil-
ity, and mass transport properties, as well as the fact that it enhances contact with the
electrolyte and improves the resulting reaction kinetics [17]. In recent years, various TiOp
nanostructures, such as nanorods, nanotubes, and nanowires, have received attention
as excellent composite materials because of their large specific surface areas and orderly
structures. For example, Khanna et al. [18] fabricated a TiO,@NiTi system for use as an
electrode in energy-storage applications, and this material produced a specific capacitance
of ~1 F g~!. This result reveals that their system is a promising material for energy-storage
applications. In addition, Ji et al. [19] designed and fabricated a novel bilayer composite
with an excellent energy-storage performance by combining an aligned TiO, nanoarray
(TNA) and random TiO, nanowires (TiO; NWs) with a poly(vinylidene fluoride) (PVDEF)
matrix. A superior discharge energy density of 16.13 ] cm 3 was obtained for the 5 vol%
TiO; NW/TNA-PVDF composite, which was 2.0 times higher than that of the pure PVDF
matrix (8.23 ] cm~3). Furthermore, Lv et al. [20] synthesised TiO; nanotube membrane
electrodes that exhibited excellent EC performances, combining a high colouration contrast
with a transmittance of 65% in the visible spectrum, in addition to a good cycle stability
(88.2% for initial optical modulation after 1000 cycles). Zhang et al. [21] reported a novel
EC device based on polyaniline nanofibers wrapped with antimony-doped tin oxide/TiO,
nanorods (ATO/TiO,@PANI film) as an EC electrode material. Compared with the pure
PANI film, the EC device based on ATO/TiO,@PANI film shows better electrochromic
performance.

Based on the above considerations, our group previously designed a series of
POM-based EC thin film materials [22,23]. In 2020, we reported the first dual-function
electrochromic-energy storage material based on POMs and TiO, nanowires [24]. However,
the response time of the film is long, and its capacitive performance is relatively low. As
we know, the structure and composition of POMs have a great influence on their electro-
chemical activity; therefore, the electrochromic-energy storage properties could be adjusted
easily by changing the type of POMs. In general, the lacunary and substituted Dawson
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structures can show enhanced electrochromic performances [25]. Thus, in the current study,
to improve the performances of these materials, we chose vanadium-substituted Dawson-
type polyoxotungstate Ky[P,W17VOg,]-18H,0 (P, W17V) and TiO;, nanowires to fabricate a
nanocomposite thin film via hydrothermal and layer-by-layer (LbL) self-assembly methods.
The microstructure of TiO, is regulated by a hydrothermal treatment, allowing its nanowire
array to be employed as the substrate for the composite film. The synergistic effects of the
TiO; NWs and the POMs could improve the EC properties of the composite film. Scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) are used to investigate
the surface morphology, structure, and chemical properties of the obtained nanocomposite
film. Finally, the EC and energy-storage properties of the composite film are compared
with those of the pure P,W;7V-modified fluorine-doped tin oxide (FTO) film.

2. Materials and Methods
2.1. Chemicals and Materials

All reagents were of analytical grade and used as received without further treat-
ment. The FTO-coated glasses (<10 ohm sq~!) were purchased from Pilkington (Toledo,
Ohio, USA). (3-Aminopropyl)trimethoxysilane (APS), polyetherimide (PEI), and propy-
lene carbonate (PC) were purchased from the Aladdin Chemical Co., Ltd. and were
used without further treatment. P,W1;V was prepared according to a method reported
in literature [26,27], and it was characterised by infrared (IR) spectroscopy (Figure S1),
ultraviolet-visible (UV-vis) absorption spectroscopy (Figure S2), and cyclic voltammetry
(CV) (Figure S3).

2.2. Preparation of the Composite Films

The TiO; nanowire arrays were prepared via a hydrothermal synthesis method ac-
cording to our previous report [22], and this was followed by the preparation of the
composite films. More specifically, the surface of the FTO substrate was cleaned in
NH3/H,O/H,0/H,0, (volume ratio 1:1:1) at 80 °C for 20 min and then rinsed with
deionised water. This step was repeated 3-5 times to remove any inorganic and organic
impurities from the FTO substrate. The composite film was prepared via the LbL assem-
bly method. Initially, the cleaned FTO substrate was modified with TiO, NWs. Subse-
quently, the pure FTO and the modified FTO were immersed in APS overnight. After
this time, the samples were placed in HCl (pH 2.0) for 20 min, rinsed with deionised
water, and dried under a stream of nitrogen to give the precursor. Finally, the com-
posite film (NW—-P,W;;V) was constructed by depositing negatively charged P,W;,V
(5 x 107 mol L~! in 0.2 mol L~! HOAc-NaAc at pH 3.99) and positively charged PEI
(5x 103 mol L ! at pH = 4) onto the TiO, NWs, according to the LbL method. For com-
parison, an additional film was prepared on the pure FTO substrate using the same method,
and this was designated as FTO—P,W17V. A schematic outline of the fabrication process is
shown in Figure 1a.

2.3. Characterisation

SEM images were measured on FEI Verious 460 L scanning electron microscope (Hills-
boro, OH, USA). AFM images were investigated by Icon Bruker microscope (Ettlingen, Ger-
many). TEM images were measured on a FEI Tecnai G2F20 S-TWIN microscope equipped
with an energy-dispersive spectrometer (EDS) (Hillsboro, OH, USA). XPS analysis were
measured on a Thermo ESCALAB 250 spectrometer (Shanghai, China). The EC and capac-
itive properties of the films were determined by combining the in-situ TU-1901 PERSEE
UV-vis spectrophotometer (Beijing, China) with an CHI660B Chenhua electrochemical
workstation (Shanghai, China) in a three-electrode configuration, where the nanocompos-
ites served as the working electrodes; a Pt plate/Pt wire acted as the counter electrode, and
Ag/AgCl was used as the reference electrode.
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Figure 1. Characterization of material preparation process. (a) Schematic outline of the fabrication
process of nanocomposite film; (b) UV-vis absorption spectra of composite film on quartz substrate

(number of cycles: 2-16). Inset: plots of the absorbance values at 201 and 289 nm as a function of the
layer number.

3. Results and Discussion
3.1. Characterisation of the NW—P, W37V and FTO—P,W;;V Materials

The multilayer growth process of composite film on the precursor-coated quartz sub-
strate (on both sides) was monitored by UV-Vis spectroscopy (Figure 1b). It exhibited strong
absorption of P,W17V with two characteristic absorption peaks at 201 and 289 nm. The
peak at 201 nm originates from the terminal oxygen to tungsten charge-transfer transition
(Og—W), whereas the peak at 289 nm corresponds with the charge-transfer transition from
the bridging-oxygen to tungsten (O}, /O.—W). The inset of Figure 1b shows the plots of
the absorbance values at 201 and 289 nm as a function of the layer number and suggests
that growth is uniform during each cycle.

SEM-EDS and TEM were then performed to obtain the detailed information about
the surface morphologies and homogeneities of the composite materials. The SEM images
of the FTO—P,Wy7V film are shown in Figure S4, wherein it can be visualised that the
FTO substrate was covered by aggregated P,W17V anions. In addition, the cross-sectional
view of the FTO—P,W;7V film gave a thickness of ~150 nm. As shown in Figure S5, the
FTO substrate was covered with densely grown TiO, NWs, and the cross-sectional image
confirmed that the height of the nanowires was approximately 600 nm. After the LbL
process, it was apparent that the interspaces of the NWs were filled, and the NWs became
wider and more compact owing to the deposition of P,W17V and PEI (Figure 2a). Moreover,
the EDS mapping of P, W, Ti, and V confirmed the feasibility of the hydrothermal treatment
and LbL process (Figure 2b), since the POMs and the TiO, NWs were evenly distributed on
the surface of the FTO substrate.

Subsequently, AFM was employed to study the surface morphologies and roughness
properties of the FTO—P,W17V and NW—P, W7V films (Figure 2¢,d and Figure S6). Two-
dimensional (2D) and three-dimensional (3D) images of the two films confirmed that their
surface microstructures were quite different. More specifically, the AFM images of the
FTO—P,W;7V film displayed some uniformly sized spherical particles, which resulted from
the FTO substrate being covered with cross-linked POM anions with a thickness of 100 nm
(Figure S6b). From Figure 2d, it was apparent that the surface of the NW—P,W7V film
shows a regular cylindrical microstructure, suggesting the presence of TiO, NWs substrate.
The height of the NWs anchored with the POMs was ~500 nm, which corresponded well
with the SEM observations. In addition, the root mean square (RMS) roughness for each
film was calculated from an area of 5 x 5 um? in the AFM image, wherein the surface
roughness (i.e., RMS) values of the NW—P,W;7V and FTO—-P,W;V films were found to
be 73.6 and 20.5 nm, respectively. A higher roughness could lead to a larger reactive surface
area, thereby improving the electrochemical performance of the material.
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Figure 2. (a) SEM images of NW—P,W;7V (inset: the cross-sectional images of prepared films);
(b) EDS mapping of NW—P, W17V for P, W, Ti and V respectively; (c) 2D AFM images; and (d) 3D
AFM images of NW—P, W7V films; High-resolution XPS spectra for Ti 2p (e) and W 4f (f).

The surface chemical compositions of the as-prepared films were further determined
and quantified by XPS analysis. The high-resolution XPS spectra of the prepared composite
film shown in Figure 2 indicates that the composite material mainly contains C, P, Ti, and
W [28,29], wherein the Ti should originate from the TiO, NWs on the FTO substrate. This
result further confirms that the POMs and the TiO, NWs are distributed on the surface of
the FTO substrate. As shown in Figure 2e, the most intense doublet peaks are observed at
35.6 and 37.7 eV, which correspond to the binding energies of the electrons in the W4f;/,
and Wifs ), levels of W in the W(VD valence state. These results indicate that the majority
of W atoms were in a highly oxidised state and could be reduced to W), which is the
key reaction in the EC process of polyoxotungstate-based materials. With respect to the
high-resolution Ti2p peaks, they could be split into peaks at 458.9 and 464.6 eV, which were
both attributed to TiO, (Figure 2f), thereby indicating that the main matrix component
was TiO,. Furthermore, the prepared film exhibited a peak corresponding to the C1s level
(284.8 V) of the carbon present in the PEI polycation, whereas the P2p signal (at 133.0 eV)
and the V2p signal (at 532.4 eV) [30] were ascribed to P, W7V (Figure S7). Thus, the XPS
data suggest that PEI cations and P,W;7V anions were incorporated into the TiO; NW
substrate, which is consistent with the UV-vis results.

TEM is indispensable for the characterisation of nanostructured materials, particularly
when the particle shape is important in determining its function, and so TEM was employed
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herein to evaluate the microstructure of the composite and the spatial relationship between
TiO; NWs and P,W1;V. Figure 3a—b show the typical TEM images of the TiO, NWs with
a diameter of ~50 nm. The EDS elemental mapping patterns of the TiO; NW—-P,W;7V
film were also recorded, as shown in Figure 3c—f and Figure S8. Combined with the
TEM morphological observations, the distributions of W, P, Ti, and V suggest a uniform
distribution of P;W17V on the TiO, NWs. As shown in the TEM image (Figure 3b), following
the LbL assembly process, the P,W17V coating layer covered the surface of the NWs,
forming a core-shell structure. As indicated by the arrows, the darker columnar area is
a TiO, NW and the lighter part surrounding it are P,W;7V particles. The selected area
electron diffraction pattern showed the specific diffraction spots of TiO, nanowires, and it
can be attributed to the rutile phase [23].

a___ b

100 nm

Figure 3. TEM images of TiO; nanowires (a) and NW—P, W17V (b); (c—f) EDS elemental mapping
patterns of Ti, W, and V in the NW—P, W17V films.

3.2. EC Performance

To explore the potential of the prepared composite material for application as EC super-
capacitor, its EC properties were investigated and compared with those of the FTO—P, W1,V
film. As demonstrated in Figure 4a-b, the transmittance was reduced along potentials
ranging from 0 to —1.0 V. In addition, as shown in Figure 4c, the maximum transmittance
modulation of the NW—-P,W;7V film (38.32%) was significantly higher than that of the
FTO—-P,W17V film (22.25%) at 580 nm, thereby indicating that the effective combination
of two cathodic EC materials could indeed improve the overall performance. For the
switching kinetics, the fast switching speed (i.e., the time required to achieve 90% of full
modulation) for each of the two prepared films was determined, as shown in Figure 4d.
Notably, FTO—-P,W17V (tc = 1.49 s and t, = 1.65 s) and NW—-P,W;7V (t. = 1.65 s and
tp, = 1.64 s) films could undergo relatively rapid colouring and bleaching processes, which
are important processes in the context of EC applications. Furthermore, as shown in the
optical photograph presented in Figure 4e, the P,W;7V-modified film turned blue, and
became deeper in colour upon increasing the applied potential; this colour was attributed
to the intervalence charge-transfer band (WV-O-WV! or WYI-O-WYV). The transmittance
showed a good linear relationship with the applied potential, indicating that the colouration
state could be adjusted precisely, thereby rendering this system suitable for practical use in
industry.
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Figure 4. Visible transmittance spectrum of FTO—P,W;;V (a) and NW—-P,W;;V (b) films at different
potentials. (c) Visible spectra of prepared films at colored and bleached state; (d) Chronoamper-
ometry measurements and corresponding in situ optical transmittance curves for FTO—P, W1,V
and NW—P, Wi,V films at 580 nm; (e) Plots of the transmittance value versus applied voltage for
NW—-P,W;7V and corresponding optical images; (f) Coloration efficiency at 580 nm of NW—-P, W17V
and FTO—P, W,V films during subsequent double-potential steps (—1 V and +1 V); Cycle stability

of FTO—P,W;;V (g) and NW—P, W1,V films (h) at 580 nm under square wave potentials of —1 V
and +1 V.

The CE is a crucial factor in evaluating the correlation between the change in colour and
the number of injected charges. The CE can be calculated from Equations (1) and (2) [31-33]:

CE = AOD/(Q/A) 1)

AOD(}) =log Ty /Te @)

where Q is the charge density, A is the area of the composite film, and Ty, and T, are the
transmittances of the film in the bleached and coloured states at a certain wavelength (A),
respectively. Figure 4f shows the variation in the optical density with respect to the extent
of electric charge exchange from the electrolyte to the EC film. The CE can be obtained
from the slope of the line that fits the linear region of the plot. Thus, the CE values of
samples were calculated to be 116.5 cm? C~1 for NW—P,W;;V and 15.2 cm? C~! for
FTO—P, W37V, wherein the larger value obtained for the NW—P,W;7V system indicates
that a large transmittance modulation can be realised through the introduction of a small
amount of charge.

The electrochemical stability of a film is vital for determining its EC performance.
Thus, the cycling stabilities of the FTO—P, W17,V and NW—-P, W7V films were tested by
chronoamperometry at 580 nm over 1000 cycles. As shown in Figure 4g-h, NW—-P,W;;V
exhibited a superior cycling stability with an initial transmittance variation of approx-
imately 38.32%, wherein ~86% of the initial value was retained after 1000 cycles. This
outstanding cycling stability should permit long-term application in real environments.

3.3. Energy-Storage Performance

The electrochemical performances of the thin films were then evaluated using CV
and galvanostatic charge-discharge (GCD) tests. Figure 5a shows the CV curves of the
NW-P,W;7V film measured at different scan rates, wherein it can be seen that upon
increasing the scan rate from 50 to 150 mV s~!, no obvious changes in shape were observed
for the CV curves, although the peak potential moved slightly. The presence of characteristic
symmetric reversible peaks for the NW—P,W;;V film also indicate its good capacitive
behaviour upon ion insertion/extraction. Furthermore, the inset of Figure 5a shows a good
linear relationship between the current density and the scan rate, indicating a fast electron
transfer kinetic characteristic in these redox-active materials, which therefore represents
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a typical surface-controlled process. Figure 5b shows the CV curves of the NW—-P,W;7V
and FTO—P,W7V films obtained using a three-electrode system at the same scan rate in
a solution of HOAc-NaAc at pH 3.5. The composite film displayed three pairs of redox
peaks, which can be attributed to the redox reaction between W¥! and WV, indicating a
typical faradic behaviour. The redox peaks of the NW—P,W;;V film have higher peak
current values than those of the FTO—P,W;;V film, indicating the high conductivity and
low internal resistance of the NW—P, W17V film. These increased peak current values can
be attributed to the influence of faradaic reactions and to hydrogen ion (H*) intercalation
at the electrode/electrolyte interface.
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Figure 5. (a) CV for the NW—P, W1,V film at different scan rates (from inner to outer): 50, 70, 90,
110, 130, and 150 mV s~ 1. The inset shows plots of the anodic and the cathodic peak currents for
C-c against scan rates; (b) CV for NW—P,W;V and FTO—-P,W;;V films at a scan rate of 50 mV/s;
(c) Charge/discharge curves of NW—P, W7V film at various current densities; (d) Volumetric capaci-
tance at various current densities of NW—P,W17V and FTO—P, W7V films; (e) In situ transmittance
evolution at 580 nm with the charging and discharging process of the NW—P, W,V film; (f) Cycle
performance of NW—-P, W17V film measured under a current density of 0.2 mA cm 2.

The diffusion coefficient of H* ions for insertion and extraction can be estimated based
on the measured peak current, I, (A) [34,35]:

I, =2.69 x 10°ACV Don? 3)
where [}; is the peak current, A is the area of the film (cm?), n is the number of electrons, D
is the diffusion coefficient of the H* ions (cm? s 1), C is the concentration of the H* ions
in the electrolyte solution (mol cm ), and v is the scan rate (V s~ 1). The diffusion rate of
H* in NW—-P,W;7V was faster than that in FTO—P,W17V. This enhanced diffusion rate for
NW—-P,W7V therefore accounted for the superior electrical conductivity of this material.

Owing to their fast ion intercalation/deintercalation properties and excellent cycling
stabilities, we envisaged that the composite films could have great potential for use in
energy-storage applications. Thus, to further evaluate the capacitive behaviours of the com-
posite films, a series of GCD measurements were carried out at different current densities.
Figure 5c shows the potential responses of the NW—P,W7V film under different currents,
in addition to the dependence of the volumetric capacitance of the composite film on the
current density. The GCD curves collected under different current densities are displayed
in Figure 5c, which shows that the shapes of the CD profiles were essentially retained for
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all the applied current ranges, demonstrating the superior charge/discharge reversibility of
the sample [36]. Plateau regions are observed in the GCD curves, and the positions of the
three plateaus are consistent with the CV curves, thereby indicating that the capacitance
is mainly caused by the faradaic redox reaction, whereas the existence of plateaus in the
curves illustrates a sound pseudocapacitive behaviour [37,38]. The calculated volumetric
capacitance as a function of the current density is shown in Figure 5d. The volumetric
capacitance gradually declines as the current density increases, mainly because the limited
ion diffusion rate is inaccessible, and so adequate surface redox reactions of the active
materials cannot be ensured at high current densities. Furthermore, the value obtained for
the NW—P, W7V film was higher than that of the FTO—P, W7V film, which was ascribed
to the interactions and synergistic effects between the P,W17V and TiO, NW materials.
Furthermore, the GCD curves at 0.3 mA cm 2 and the corresponding in situ transmit-
tance at 580 nm were collected and plotted in Figure 5e. During the charging process, the
NW—-P,W17V electrode gradually became coloured, and the decrease in transmittance was
distinguishable. In contrast, the colour of the electrode was reversibly bleached during the
discharge process.

The long-term cycling stability is another vital index for evaluating the properties
of electrode materials [39,40]. As shown in Figure 5f, the NW—P, W17V film revealed an
excellent cyclic stability with its volumetric capacitance being almost fully maintained after
1000 cycles at 0.2 mA cm~2 in a voltage range of —0.5 to 0.2 V.

Subsequently, electrochemical impedance spectroscopy (EIS) was employed to investi-
gate the inner resistances and capacitance properties of the thin films [30]. Figure 6a shows
the Nyquist plots of the NW—P,W;;V and FTO—P,W7V films with a frequency range of
0.01-100,000 Hz and a signal amplitude of +5 mV. The electrode system can be described
by a simple equivalent circuit (see the inset of Figure 6a), which was selected to fit the
obtained impedance data for the NW—P,W;7V composite film. The high-frequency part
of the semicircle in the EIS spectrum indicates the speed of the electron transfer process,
and the diameter is closely related to the electron transfer resistance (Rct). The Rct of the
FTO—P,W;7V film was significantly smaller than that of the NW—P, W7V film, indicating
the lower Rct and the higher electron transfer rate of NW—P, W17V composite film. As
outlined in Figure 6b, we constructed an EES device using LiClO4/PC as the electrolyte, the
NW—-P,W;7V composite film as the negative electrode, and FTO as the positive electrode.
Importantly, this EES device was capable of lighting a red LED (Figure 6c). After charging
for 10 s, the device became dark blue in colour, and the system lit the red LED for a total
of 20 s. These results indicate that the energy-storage states were directly reflected by the
colour change. More specifically, as the charge stored inside the device increased, its colour
deepened. Overall, these observations verify the potential practical application of our
device in energy-storage smart windows and visual monitoring systems.
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Figure 6. (a) The EIS figures of the films with different components FTO—P,W;V and NW—-P, W,V
film, the inset shows a simple equivalent circuit about the NW—P,W;;V electrode system;
(b) Structural diagram of the solid-state EC device architecture used in this work; (c) Photo of
ared LED lit up and out by a solid-state EC device.
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4. Conclusions

In this work, a suitably designed nanocomposite film composed of vanadium-substituted
Dawson-type POMs were fabricated on a TiO, nanowire array substrate. Compared
with the dense packing structure, the core—shell nano structure exhibited enhanced EC
and electrochemical properties with significant optical contrast (38.32% at 580 nm), short
response time (1.65 and 1.64 s for colouring and bleaching, respectively), and satisfactory
volumetric capacitance (297.1 F cm 3 at 0.2 mA cm~2), which mainly originate from the
unique three-dimensional structure of a nanocomposite with low tortuosity and a high
specific surface area. TiO, NW not only provided a transparent substrate with greater
adhesion, but it also shortened the electrons/ions diffusion pathway, resulting in uniform
and fast reaction kinetic characteristics. A solid-state EES device was fabricated using the
composite film as the cathode. In terms of its potential practical applications, the developed
device was demonstrated to light up a red LED, and the energy-storage state of the device
was easily monitored by observing its change in colour, so as to achieve the purpose of
real-time monitoring, and avert the damage caused by overcharging and over-discharging
to the supercapacitor. These results therefore confirm the promising features of POM-based
EES devices and demonstrate their potential for use in a wide range of multifunctional
supercapacitors, such as self-charging supercapacitors, smart energy storage windows, and
electrochromic supercapacitors.
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Abstract: During the controllable synthesis of two vanadium-containing Keggin-type polyoxonio-
bates (PONbS), [Ni(en)2]5[PNb12040(VO)5](OH)5-18H20 (1) and [Ni(en)3]5[PNb12040(VO)2]A17H20
(2, en = ethylenediamine) are realized by changing the vanadium source and hydrothermal temper-
ature. Compounds 1 and 2 have been thoroughly characterized by single-crystal X-ray diffraction
analysis, FT-IR spectra, X-ray photoelectron spectrum (XPS), powder X-ray diffraction (PXRD), etc.
Compound 1 contains a penta-capped Keggin-type polyoxoniobate {PNb1,0409(VO)s}, which is con-
nected by adjacent [Ni(en);]?* units into a three-dimensional (3D) organic-inorganic framework,
representing the first nickel complexes connected vanadoniobate-based 3D material. Compound 2 is
a discrete di-capped Keggin-type polyoxoniobate {PNb,04(VO),} with [Ni(en)s]** units as counter
cations. Compounds 1 and 2 have poor solubility in common solvents and can keep stable in the pH
range of 4 to 14. Notably, both 1 and 2 as electrode materials are active for the selective oxidation
of benzyl alcohol to benzaldehyde. Under ambient conditions without adding an alkaline additive,
compound 1 as a noble metal free electrocatalyst can achieve 92% conversion of benzyl alcohol,
giving a Faraday efficiency of 93%; comparatively, 2 converted 79% of the substrate with a Faraday
efficiency of 84%. The control experiments indicate that both the alkaline polyoxoniobate cluster and
the capped vanadium atoms play an important role during the electrocatalytic oxidation process.

Keywords: vanadium-containing polyoxoniobates; electrocatalysis; benzyl alcohol oxidation;
nickel complexes

1. Introduction

Polyoxoniobates (PONbs), as a unique branch of polyoxometalates (POMs), have
drawn widespread attention in the past few decades due to their diverse structures and
multiple applications in catalysis, nuclear-waste treatment, and virology [1,2]. Nevertheless,
compared with other POM members, such as polyoxotungstates, polyoxomolybdates, and
polyoxovanadates, the development of PONDs is relatively slow due to the lack of soluble
Nb precursors, and their low reactivity and narrow working pH range [3]. Recently,
great progress has been made in isopolyoxoniobates and some large clusters, such as
{Nb27076}, {Nb32009s}, {Nbs520O150}, {Nbg1O225}, {Nb1140316}, and the highest nuclearity
{Nb2ggO763(OH)48(CO3)12} have been reported [4-7]. In 2002, the first Keggin-type PONb
{(TipO7)SiNb1,040} was successfully synthesized by Nyman et al., marking the beginning
of heteropolyoxoniobate chemistry [8]. After that, a series of heteropolyoxoniobates were
reported and the Keggin-type {XNb2O04}"~ (X = Si, Ge, P) are the most extensively
studied [9,10].

In the periodic table, Nb and V are neighbors with similar ionic radius and elec-
tronegativity, and their hydrolysis and condensation can be performed under alkaline
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conditions. Inspired by these similarities, in 2011, we synthesized the first Keggin-type
vanadium-containing PONb {VNb1,040(VO),} stabilized by Cu complex units [11]. Since
then, a series of vanadium-containing Keggin-type PONbs and their derivatives have
been reported, including {XNb1,049(VO)2} (X =Si, Ge, P, V), {XNb1204(VO)4} (X = As,
V), {PNb1gV,040(VO)4}, {XNb1,04(VO)s} (X = P, V), {VNb1404 L} (L = CO32~, NO3 ™),
{XNbgV4040(VO)4} (X =P, V, As), {AsNbgV3049(VO)4}, {TeNbgV,057}, and {TeNbgV3039},
where the introduced V acts as central, capping, or/and substituted atoms [12-23]. Notably,
most of the clusters were modified by metal-complex units. The use of the metal-complex
unit not only contributes to the isolation of novel Keggin-type PONDbs, but can also link the
discrete POND clusters into extended structures. In general, most transition metals tend to
hydrolyze rapidly into precipitation under alkaline conditions, and thereby the coexistence
of transition metal ions with basic PONDs is a challenge [3]. As the Cu ion can tolerate the
alkaline synthesis conditions combining with its Jahn—Teller effect, Cu-complexes are the
dominated metal organic units in the synthesis of PONb-based hybrids [24-28]. In contrast,
Ni-complexes were seldom used and the extended structure based on V-containing PONb
hybrids and a Ni-complex is rare.

Compared with other POM members, the catalytic properties of PONbs are not ex-
tensively explored. Due to their Brensted basicity, PONbs have been used to promote
the hydrolysis of chemical warfare agents [29,30]. The introduction of V endows basic
POND clusters with interesting redox properties. For example, a double-anion cluster
{PNb12040(VO)2(V4012)2} was successfully prepared in our group, which can effectively
promote the basic hydrolysis of the nerve agent simulant and the oxidative decontamina-
tion of the sulfur mustard simulant [31]. Then, we found that the organic-inorganic hybrids
based on {PNb1,049(VO),} were active for the selective oxidation of benzyl-alkanes to
ketone [14]. Our investigation indicates that the V atoms of {V5Nb,30g0} and {V¢Nby3Og;}
play a key role in the selective oxidation of the sulfur mustard simulant [32]. Owing to
their fast and reversible electron transfer behavior, POMs are also a kind of promising elec-
trocatalyst [33-35]. Recently, the covalent triazine framework immobilized {PMo19V204}
shows excellent activities in the electrocatalytic oxidation of benzyl alcohols and ethyl-
benzene [36,37]. However, the electrocatalytic activity of vanadium-containing PONDs is
nearly unexplored.

Herein, we report the controllable synthesis and structural characterization of two
vanadium-containing Keggin-type PONDbs: [Ni(en);]5[PNb1,049(VO)5](OH)5-18H,0 (1)
and [Ni(en)s]5[PNb12049(VO),]-17H50 (2, en = ethylenediamine) (Scheme 1). Compound
1 contains a Keggin-type PONDb capped by five vanadyl groups, which was further con-
nected by [Ni(en);]?* units into a three-dimensional (3D) organic-inorganic framework.
Compound 2 is a di-capped discrete vanadoniobate cluster with a [Ni(en);]** unit as count
cations. Interestingly, 1 and 2 as electrode materials can catalyze the selective oxidation of
benzyl alcohol to benzaldehyde under alkaline additive free conditions and compound 1 is
more active than 2. The control experiments show that both the capped V atom and the
basic POND cluster contribute to the enhancement of electrocatalytic activity.

VOPO,

Navo,, Ni2*+ en
‘pH =10.5, 160 °C

{PNb4,0,,(VO)s} (1) {NbgO,g} {PNb4,0,,(VO),} (2)

Scheme 1. Controllable synthesis of 1 and 2.

106



Molecules 2022, 27, 2862

2. Experimental Section
2.1. Materials and Methods

The hexaniobate precursor KyHNbgO19-13HO, vanadyl phosphate VOPO,4-2H,0,
TMA10H5 [PNb12040]'30.5H20, K6[V10028]'10H20, and TMAg [PNb12V2042]‘19H20 were pre-
pared according to previous literature methods and identified by IR spectroscopy [10,38—41].
Other starting chemicals and solvents were purchased from commercial source and used
without further purification. IR spectra in KBr pellets were collected in the range of
400-4000 cm ! using a Bruker FT-IR spectrometer (Leipzig, Germany). Thermogravimetric
analyses (TGA) of the compounds were performed using a LABSYS EVO device (Setaram
Inc., Lyon, France) from room temperature to 800 °C under N, atmosphere. Elemental
analyses (Nb, V, Ni, P) were measured on a Thermo ICP atomic emission spectrometer
(Waltham, MA, USA); C, H, N were performed on an ElementarVario EL cube Elmer CHN
elemental analyzer (Langenselbold, Germany). X-ray photoelectron spectrum (XPS) anal-
ysis were measured on a Thermo ESCALAB 250 spectrometer using Al K« radiation as
the X-ray source (1486.7 eV). Powder X-ray diffraction (PXRD) data were obtained on SHI-
MADZU XRD-6000 X-ray diffractometer (Kyoto, Japan) with Cu K« radiation (A = 1.54 A;
20 = 5-50°). Gas chromatograph analyses were detected on a Shimadzu GC-2014C instru-
ment with an FID detector equipped with an HP 5 ms capillary column. The hydrogen was
detected by a Techcomp GC-9700 gas chromatograph (Shanghai, China) with a 5 A molecu-
lar sieve column (2 m x 2 mm) and a thermal conductivity detector (TCD). Temperature-
programmed chemisorption of carbon dioxide (CO,-TPD) was performed on a PCA-1200
temperature-programmed chemisorption instrument. The UV-vis spectra were measured
on a UV-2600 (Builder, Beijing, China). Electrochemical surface area experiments were
measured on a CHI660E electrochemical workstation (CH Instruments, Shanghai, China).
Other electrochemical experiments were performed on an Ivium-OctoStat30 multi-channel
electrochemical workstation (Eindhoven, The Netherlands).

2.2. Synthesis of [Ni(en),]5[ PNb1,O49(VO)5]1(OH)5-18H,0 (1)

Ni(CH3COO),-4H,0 (0.2240 g, 0.9 mmol) was dissolved in distilled water (0.83 mL),
and to this en (0.13 mL) was added, obtaining a purple solution. Then the resulting solution
was added dropwise to KyHNbgO19-13H,0 (0.1507 g, 0.11 mmol) aqueous solution (8 mL)
containing VOPO,-2H,0 (0.0534 g, 0.27 mmol) and NaVOs; (0.0329 g, 0.27 mmol) under
stirring. The pH value of the mixture was adjusted to 10.50 using 2 M NaOH. The mixture
was transferred to a Teflon-lined autoclave (23 mL) and kept at 160 °C for 72 h, and then
slowly cooled to room temperature after 24 h, and brown block crystals of 1 were isolated
in about 17.5% yield (based on Nb). Anal. Calcd (%) for 1: C, 7.02; H, 3.56; N, 8.18; Ni, 8.57;
P,0.90; V, 7.44; Nb, 32.56. Found: C, 7.57; H, 3.47; N, 7.83; Ni, 8.06; P, 0.48; V, 7.05; Nb, 32.34.
FT-IR (cm™1): 3451 (s), 2947 (w), 2883 (w), 1589 (s), 1460 (m), 1395 (w), 1330 (w), 1282 (s),
1233 (w), 1112 (w), 1032 (s), 942 (s), 870 (s), 805 (w), 700 (s), 627 (w), 498 (w), 473 (w).

2.3. Synthesis of [Ni(en)3]5[PNb12049(VO),]-17H,0 (2)

Compound 2 was synthesized by a similar procedure to that of 1, but without adding
NaVOj3. The pH value of the mixture was adjusted to 10.50 using 2 M NaOH and transferred
to a Teflon-lined autoclave (23 mL), kept at 140 °C for 72 h, and then slowly cooled to
room temperature. Brown block crystals of 2 were isolated in about 21.8% yield (based on
Nb). Anal. Caled (%) for 2: C, 10.53; H, 4.54; N, 12.28; Ni, 8.58; P, 0.91; V, 2.98; Nb, 32.59.
Found: C, 10.46; H, 4.42; N, 11.84; Ni, 8.31; P, 0.64; V, 2.77; Nb, 32.86. FT-IR (cm™1): 3425 (s),
2945 (w), 2875 (w), 1593 (s), 1469 (m), 1363 (w), 1318 (w), 1275 (s), 1233 (w), 1106 (w),
1027 (s), 947 (s), 877 (s), 815 (w), 709 (s), 638 (w), 505 (w), 469 (w).

2.4. Preparation of Working Electrode

Grinded crystal samples of compound 1 or 2 (10 mg) and acetylene black (3 mg) were
dispersed uniformly in isopropanol (0.5 mL) containing 5 wt% Nafion under ultrasonic
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conditions. A total of 50 uL of the suspension was drop-cast onto a piece of carbon cloth
(1 cm?) and then dried slowly at room temperature.

2.5. Cyclic Voltammetry Experiments

Cyclic voltammetry experiments were performed in acetonitrile (10 mL) containing
supporting electrolyte LiClO4 (1.0 mmol) and benzyl alcohol (0.5 mmol) under ambient
conditions, and the scan rate was kept at 40 mV s~ 1. The cyclic voltammetry tests of 1 and
2 were performed using a three-electrode setup: carbon cloth modified by 1 or 2 as the
working electrode, platinum plate electrode as the counter electrode, and Ag/Ag* as the
reference electrode.

2.6. Electrochemical Surface Area Experiments

Electrochemical surface areas of compounds 1 and 2 were estimated by the capacitance
of the double layer Cq;, which were determined by cyclic voltammetry tests [42]. For the
cyclic voltammetry tests of 1 and 2, glassy carbon electrode (3 mm diameter) was dripped
with 5 uL isopropanol suspension of 1 or 2, and served as the working electrode. The
potential window was 0.01-0.13 V vs. Ag/Ag", where no Faradaic processes occur. The scan
rates were 10mVs—1,20mVs—1,30mVs~!,40mVs!,50mVs!,60mVs—?!, 70mVs,
80mVs~1,90mVs~! and 100mVs—!. The Cq1 was calculated by plotting the relationship
between Aj and scanning rate at 0.07 V (Aj = ja — jc, ja, and j. represent the current densities
of the anode and cathode, respectively), and the slope of the image is twice that of Cg.

2.7. Controlled Potential Electrolysis Experiments

Bulk electrolysis experiments were performed in an undivided cell using a three-
electrode setup with carbon cloth modified by catalysts as the working electrode, platinum
plate electrode as the counter electrode, and Ag/Ag™" electrode as the reference electrode.
A mixture of acetonitrile (10 mL) containing supporting electrolyte LiClO4 (1.0 mmol) and
benzyl alcohol (0.5 mmol) was added to the undivided cell with applied potential of 1.6 V
vs. Ag/Ag™. After the electrolysis experiment, biphenyl was added to the reaction solution
as internal standard, and then the product was quantitatively detected by GC. For the
recycle test, carbon cloth modified by compound 1 was washed three times with acetonitrile
and ethyl alcohol, and dried for the next cycle.

3. Results and Discussion
3.1. Synthesis and Structure

Compound 1 was prepared by the hydrothermal reaction of KyHNbgO19-13H,0,
VOPO4-2H,0, NaVOj3, Ni(CH3COO);-4H,0, and en at 160 °C. The single-crystal structural
analysis (Table S1) reveals that 1 crystallizes in the monoclinic C2/c space group. Compound
11is a 3D organic-inorganic framework constructed from [PNb1,O4 (VO)51°~ ({PNb;,Vs))
clusters and ten [Ni(en),]** linkers. The Cyy, symmetric {PNb1,V5} cluster contains a typical
Keggin-type [PNb1,040]°~ ({PNb1,}) capped by five {VO} units (Figure 1a). In the {PNb,}
cluster, the centered heteroatom P connects with four edge-sharing {Nb3O;3} subunits
by sharing p4-O atoms; the P-O. (O, = central oxygen) bond lengths are in the range of
1.539-1.550 A and the O-P-O angles are in the range of 108.7-110.6°. Each Nb center is six-
coordinated with octahedral geometry and the bond lengths are 1.730-1.768 A for Nb-Oy
(O = terminal oxygen), 1.912-2.035 A for Nb-O, (O, = bridge oxygen), and 2.539-2.583 A
for Nb-O. There are six square windows on {PNbj,}, which are capped by four 100%
occupied {VO} and two 50% occupied {VO} (front ellipses style) (Figure 1a). The penta-
capped Keggin-type {PNb1,049(VO)s} in compound 1 presents a new V-containing PONb
skeleton. All of the V centers are coordinated with four p,-O atoms from {PNbq,} and one
terminal oxygen atom. The bond lengths of V-Oy, are 1.929-2.340 A, and those of V-O;
are 1.605-1.748 A. According to the bond-valence sum (BVS) calculation, the five-capped
V atoms are all in +4 oxidation state (Table S6). The oxidation state of the V atoms was
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further confirmed by XPS measurement. In the XPS spectrum of 1 (Figure S5), the peaks at
523.2 eV and 516.0 eV are attributable to V4* 2p; ;, and V** 2pj3 5, respectively.

(c)

Figure 1. Crystal structure of 1. (a) Ball-and-stick representation of {PNb1,04(VO)s} in 1. (b) Con-
nections between {PNb1,049(VO)s} and nickel ions. (c) The 3D framework of 1 viewed along the
b direction. Color codes: Nb, green; V, pink; Ni, dark green; P, yellow; O, red; N, blue; C, gray.

There are four crystallographically independent Ni centers in 1 (Figure 1b); each one
is coordinated with four N atoms from two en ligand and two terminal O atoms from two
adjacent {PNb1,040(VO)s}. The Ni-N distances are in the range of 2.084-2.118 A and the
Ni-O distances are from 2.080 A to 2.154 A. Each {PNb1,040(VO)s5} cluster was connected
by ten adjacent [Ni(en),]** linkers to form a 3D framework (Figure 1c). To our knowledge,
it represents the first extended V-containing PONb connected by Ni-complex units.

When a similar hydrothermal reaction was performed at 140 °C without adding NaVOs,
compound 2 was obtained. Compound 2 crystallizes in the orthorhombic Prna2; space group.
Compound 2 contains a Cp, symmetric discrete [PNDb15049(VO)2 1'%~ ({PNb1,V,}) cluster and
five [Ni(en)3]%* units as counter cations (Scheme 1). The polyanion {PNb1,V,} features a
{PNb1,} cluster capping two {VO} units (Figure 2). As with 1, the centered heteroatom P
is coordinated with four py-O atoms, and all of the Nb centers are six-coordinated with
octahedral geometry. The P-O, bond lengths are in the range of 1.549-1.555 A, and the
O-P-0 angles are in the range of 108.4-111.3°. The bond lengths of Nb—O¢, Nb-Oy,, and
Nb-O¢ in {PNby,V,} are in the ranges 1.743-1.776 A, 1.888-2.125 A, and 2.498-2.604 A,
respectively. Two {VO} units are located on two opposite square windows on the surface
of {PNby;}, and each V center exhibits square pyramidal geometry. The bond lengths of
V-O; and V-Oy are in the ranges 1.620-1.623 A and 1.853-1.979 A, respectively. Five free
[Ni(en);]?* are distributed around {PNb,V,} and the Ni-N bond lengths are in the range
of 2.061-2.164 A. The XPS spectrum (Figure S6) indicates that there are both V** and V*°
oxidation states in 2. In the V 2p region of 2, the peaks at 523.4 eV and 515.8 eV are assigned
to +4 oxidation state, and the peaks at 524.8 eV and 517.3 eV are attributable to +5 oxidation
state, which are consistent with the BVS values of V (3.98 for V1 and 4.64 for V2) (Table S7).
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(a) (b)

Figure 2. Crystal structure of polyanion in 2. (a) Ball-and-stick representation of {PNb;,O49(VO),} in 2.
(b) Polyhedral representation of {PNb;,04(VO),} in 2. Color codes: Nb, green; V, pink; P, yellow; O, red.

We systematically explored the factors that influence the synthesis of 1 and 2. It is
found that the used en can effectively protect Ni** from hydrolysis under alkaline con-
ditions. When 1,2-diaminopropane or 1,3-diaminopropane was used instead of en, the
amount of precipitation was obtained. In addition, control experiments show that tempera-
ture and vanadium source play important roles in the synthesis of 1 and 2. Following a
procedure similar to that of 1, compound 2 was obtained by removing NaVOs at 140 °C.
In addition, compound 2 cannot be obtained by lowering the hydrothermal temperature
or varying the ratio of VOPO, to NaVOs; in the synthesis of 1. Therefore, we speculate
that the evaluated hydrothermal temperature and the use of NaVO3; might increase the
number of vanadium caps in the POND cluster, and meanwhile the terminal O atoms of
the Keggin-type {PNbj,} would be activated by introducing additional vanadyl caps. As a
result, two-capped {PNb1,040(VO),} was isolated as a discrete cluster with the Ni-complex
as counter cations, and five-capped {PNb12049(VO)s} gave rise to a 3D framework by using
the Ni-complex as linker.

The IR spectra of 1 and 2 (Figure S2) were recorded from 4000 to 400 cm~!. The
terminal M = O; (M = Nb, V) vibrations are at 942 and 870 cm™! for 1, and at 947 and
877 em ! for 2. The peaks at 805, 700, 627, 498, and 473 cm ™! of 1, and at 815, 709, 638,
505, and 469 cm ™! of 2 are attributed to the bridging M—~O-M vibrations. The peaks at
1032 cm ™! for 1, and at 1027 cm ™! for 2, are attributed to P-O, vibration. The peaks at
1642-1048 cm ! for 1, and at 1593-1035 cm ! for 2 can be assigned to the en ligand. In
addition, for the two compounds, the broad band above 3000 cm ! is attributed to the O-H
vibrations of water molecules and/or the hydroxyl groups.

The phase purity of 1 and 2 was confirmed by PXRD (Figure S3), where the collected
diffraction peaks match well with the simulated ones. Compounds 1 and 2 are nearly
insoluble in water and common organic solvents, such as CH,Cl,, THF, CH3COCHj3;,
CH3CN, and DMF (Figures S8 and S9). Therefore, we tested their pH stability in aqueous
solution modified by PXRD (Figure 3) and IR spectra (Figure S7). As shown in Figure 3,
1 and 2 remained stable in the pH range of 4-14 after soaking for 24 h and began to
decompose when the solution pH was 3. In addition, the crystals of 1 and 2 can keep their
structure integrity after heating in organic solvent in the temperature range of 40-80 °C
(Figures 510 and S11).
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Figure 3. PXRD patterns of 1 (a) and 2 (b) after being soaked in aqueous solutions with different
pH values for 24 h.

3.2. Electrocatalytic Selective Oxidation of Benzyl Alcohol

The selective oxidation of alcohols to aldehydes is one of the important organic trans-
formations [43,44]. Compared with the traditional oxidation processes, the electrochemical
oxidation provides an efficient and sustainable alternative [45,46]. Driven by electricity,
alcohols can be oxidized on the anodic electrode under ambient conditions with hydrogen
released from the cathodic electrode. Although some electrocatalysts have been developed
in the anodic oxidation of alcohols, the selective oxidation of alcohols to the corresponding
aldehydes remains a challenge, and in the reported system, the reaction activity signifi-
cantly relies on the addition of alkaline additives [36,47,48]. Therefore, it is necessary to
develop efficient and cost-effective electrode materials to realize the selective oxidation of
alcohols under alkaline additive free conditions.

Considering that V-containing PONbs 1 and 2 both have both Brensted basicity and
redox activity, we investigate the electrocatalytic activities of 1 and 2 using the selective
oxidation of benzyl alcohol (BA) to benzaldehyde as a model reaction. The electrocatalytic
activity of 1 and 2 was first evaluated by the cyclic voltammetry (CV) method, which
was performed in an acetonitrile solution containing LiClO4 and BA with a carbon cloth
modified by 1 or 2 as the working electrode. As shown in Figure 4, for 1 and 2, the addition
of BA leads to the significant increase in the anodic peak currents, indicating that the
two compounds have a fast electrocatalytic response to the oxidation of BA. Notably, the
anodic peak current of 1 is obviously higher than that of 2, revealing that 1 has better
electrocatalytic performance than 2. The electrocatalytic activities of 1 and 2 were further
verified by bulk electrolysis experiments performed in an undivided cell using 1 or 2
modified carbon cloth as the working electrode. As shown in Figure 5a and Table 1, both
1 and 2 are active for the selective oxidation of BA. Under ambient conditions, 92% of
BA was converted by 1in 6 h at the potential of 1.6 V vs. Ag/Ag" and the selectivity for
benzaldehyde reached 95%, giving the Faradaic efficiency (FE) of 93% (Table 1, entry 2).
In addition, a trace amount of N-benzylacetamide as the only by-product was detected
(Figures S12 and S14). Under the otherwise identical conditions, the catalytic activity of 2
(conversion: 79%, selectivity: 90%, FE: 84%, Table 1, entry 3) is lower than that of 1. During
the electrolysis process, hydrogen was released on the counter electrode (Figure S13).
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Figure 4. CV curves of 1 and 2 with BA (0.5 mmol) and without BA, obtained with a carbon cloth
working electrode modified with 1 or 2 at a scan rate of 40 mV s~ 1.
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Figure 5. (a) Time profile for the electrocatalytic oxidation of BA by 1 and 2; (b) The scan-rate
dependence of current density at potential = 0.07 V vs. Ag/Ag* for 1and 2.

Table 1. Electrocatalytic selective oxidation of benzyl alcohol by different catalysts ?.

OH Undivided cell, 1.6V vs. Ag/Ag+ \O
> + Hy 4
LiClO4, RT, 6h

Entry Cat. Conv. (%)?  Sele. (%) ? FE (%)
1 - 42 73 66
2 Compound 1 92 95 93
3 Compound 2 79 90 84
4 Ni(en)sCl,-H,O 48 69 70
5 K7H[NbgO19]-13H,0 72 79 76
6 [N(CH3)4]10H5[PNb;2040]-30.5H,0 70 78 76
7 Kg[V19O028]-10H,O 83 76 78
8 [N(CH3)4]9[PNb12040(VO),]-19H,O 74 89 82

@ Standard reaction conditions: CH3CN (10 mL), LiClO4 (1.0 mmol), BA (0.5 mmol), reaction time: 6 h, constant
potential: 1.6 V vs. Ag/Ag*. ? The product conversion and selectivity were determined by GC analysis using
biphenyl as internal standard.

To investigate the influence of the Ni-complex unit, PONb, and the capped V of 1 and
2 on the electrocatalytic selective oxidation of BA, the following control experiments were
carried out (Table 1, entries 4-8). As shown in Table 1, entry 4, the electrocatalytic activ-
ity of the Ni-complex unit is negligible, because the catalytic performance of Ni(en);Cl,
(conversion: 48%, selectivity: 69%, FE: 70%) is almost comparable to that of the blank
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test (conversion: 42%, selectivity: 73%, FE: 66%, Table 1, entry 1). When carbon cloth
modified by KyH[NbgO19]-13H,O was used as a working electrode, the conversion of
BA (72%) was improved relative to the blank test, but the selectivity (79%) for benzalde-
hyde was still common (Table 1, entry 5). Moreover, a similar result was obtained by
[N(CH3)4]10H5[PNb12040] (conversion: 70%, selectivity: 78%, FE: 76%, Table 1, entry 6).
The above results indicate that PONbs contribute to the conversion of BA because basic
PONDs might facilitate the dehydrogenation oxidation of BA. Therefore, the temperature-
programmed desorption of the carbon dioxide (CO,-TPD) measurement for 1 and 2 was
performed, where the desorption peaks at 152 °C for 1 and 148 °C for 2 corresponding to
the weak base site were observed, respectively (Figure S15). In addition, polyoxovanadate,
Ks[V1002s], can convert 83% of the substrate (Table 1, entry 7), but its selectivity (76%) is
lower than that of the V-containing PONDb 1 or 2. As shown in Table 1, entry 8, the catalytic
activity of the bicapped Keggin-type [N(CHz3)4]o[PNb1,040(VO);] (conversion: 74%, selectiv-
ity: 89%) is similar to that of 2 (conversion: 79%, selectivity: 90%). The control experiments
above show that both the POND cluster and the V caps contribute to the enhancement of BA
oxidation. Then, we speculate that the different catalytic activity of 1 and 2 is mainly caused
by their different number of V caps. This is further confirmed by the electrochemical surface
area (ECSA) measurement: the ECSA of 1 (4.0 mF-cm™~2) with five V caps is higher than that
of 2 (3.3 mF-cm~2) with two V caps (Figures 5b and S16).

To explore the optimal reaction conditions, we systematically investigated the influ-
ences of electrolyte, solvent, applied potential, and catalyst dosage on the electrocatalytic
selective oxidation of BA by 1. As shown in Figure 6a, compared with other types of
supporting electrolytes, 1 exhibits excellent catalytic performance by using LiClO4. Mean-
while, it is found that acetonitrile with excellent conductivity exhibits a better performance
than that of acetone, tetrahydrofuran, and N,N-dimethylformamide (Figure 6b). When the
applied potential was increased from 1.4 to 1.6 V vs. Ag/Ag™, the conversion of BA was
increased from 16% to 92%, but when it reached 1.7 V vs. Ag/Ag", the selectivity decreased
to 79%, although 98% of the BA was converted (Figure 6¢). Therefore, 1.6 V vs. Ag/Ag™ is
the optimal potential. As shown in Figure 6d, the best catalytic performance was achieved
by using 1.0 mg 1. After that, the catalytic activity was not further improved by increasing
the catalyst dosage.

Moreover, the recyclability and stability of 1 were evaluated. As shown in Figure 7a,
the catalytic activity of 1 is basically maintained after four cycles. There is no obvious
change observed in the IR spectra of 1 before and after the reaction (Figure S17), revealing
that compound 1 is basically stable after the recycle test. We compared the XPS spectra
of 1 before and after the recycle. As shown in Figure 7b, in the V 2p region, the peaks
at 523.2 eV and 516.0 eV are basically unchanged, indicating that the oxidation state of V
remains +4 in 1. Meanwhile, to verify the heterogeneity of 1, the reaction solution was tested
by ICP-OES (detection limit ca. 1 ppm) and no Nb, V, or Ni was detected, indicating that
there is no catalyst leaching during the electrocatalytic process. In addition, no characteristic
absorption of V-containing POND is detected by the UV-vis spectrum (Figure S18).

In order to explore the possible mechanism of the electrocatalytic selective oxidation
of BA by 1, we performed free radical trapping experiments. Oxygen radical scavenger,
diphenylamine, and hydroxyl radical scavenger, tert-butanol, were added to the reaction
system, respectively. As shown in Table S8, the oxidation of BA was significantly inhibited
after the addition of diphenylamine. Therefore, we speculate that a free radical process
was involved in the electrocatalytic oxidation of BA. Based on the experimental results, a
plausible reaction mechanism was proposed (Figure S19). First, the electrocatalyst 1 in the
reduced state (1-Red) is oxidized to its oxidized state (1-Ox) at the anode under constant
potential. Then, the hydroxyl group of BA might be activated by the surface bridging O
of the Keggin-type POND cluster due to its Brensted basicity [49,50]. After that, the BA is
oxidized by 1-Ox through a —1e™ /—1H" process, generating the oxygen radical species
(PhCH,0°). PhCH,O?* is further oxidized to benzaldehyde through another —1e™ /—1H"
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process, and meanwhile, 1-Ox is reduced to 1-Red, releasing protons to complete a catalytic
cycle. The released protons are reduced at the cathode to produce Hp.
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Figure 6. The influence of supporting electrolytes (a), solvent (b), applied potential (c), and catalyst
dosage (d) on the electrocatalytic oxidation of BA by 1.
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Figure 7. (a) Recycle test for the electrocatalytic selective oxidation of BA by 1; (b) V 2p XPS spectra
of 1 before and after the oxidation.

4. Conclusions

In summary, two novel vanadium-containing Keggin-type PONbs modified by a
Ni-complex have been successfully synthesized by controlling temperature and the vana-
dium source. In 1, the five-capped {PNb1,049(VO)5} were connected by [Ni(en),]** into a
3D framework; in 2, the discrete bicapped {PNb1,04(VO),} was isolated with [Ni(en)3]**
as counter cations. Compounds 1 and 2 as organic-inorganic hybrid materials exhibit good
pH stability in aqueous solution and thermal stability in organic solvent. Importantly, un-
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der alkaline additive free conditions, compounds 1 and 2 are highly active for the selective
oxidation of BA. The control experiments show that both the Brensted basicity of PONb
and the redox activity of the V caps play an important role in the electrocatalytic process.
This study not only enriches the structure data base of vanadium-containing PONbs but
also extends their catalytic application.

Supplementary Materials: CCDC 2164660 (1), 2164659 (2) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.
uk/conts/retrieving.html, accessed on 13 April 2022. The following supporting information can be
downloaded at: https:/ /www.mdpi.com/article/10.3390/molecules27092862/s1, Table S1: Crystal
data and structure refinement for 1 and 2; Tables S2-S5: Selected bond lengths and bond angles
for 1 and 2; Tables S6 and S7: BVS results of Ni and V atoms for 1 and 2; Table S8: Electrocatalytic
oxidation of benzyl alcohol (BA) catalyzed by 1 in the presence of radical scavengers; Figure S1:
Digital photographs of 1 and 2; Figure S2: the IR spectra of 1 and 2; Figure S3: the PXRD patterns of
1 and 2; Figure S4: The TG curves of 1 and 2; Figure S5: The XPS spectra for Ni(2p) and V(2p) in 1;
Figure S6: The XPS spectra for Ni(2p) and V(2p) in 2; Figure S7: The IR spectra of 1 and 2 after being
soaked in aqueous solutions with different pH values for 24 h; Figures S8 and S9: The PXRD patterns
and IR spectra of 1 and 2 after being soaked in different solvents; Figures S10 and S11: The PXRD
patterns and IR spectra of 1 and 2 after heating in acetonitrile for 2 h; Figure S12: Gas chromatogram
of the benzyl alcohol oxidation by 1; Figure S13: The gas chromatograph of benzyl alcohol oxidation
before and after reaction; Figure S14: GC-MS spectrum of the by-product; Figure S15: CO,-TPD for
1 and 2; Figure S16: CV curves of 1 and 2 at different scan rates; Figure S17: The IR spectra of 1 after
the recycle test; Figure S18: UV-vis spectra of postreaction solution, BA, benzyl aldehyde, and PNb1,V»;
Figure S19: Proposed mechanism for the electrocatalytic selective oxidation of BA to benzaldehyde by 1.

Author Contributions: Conceptualization, Y.C. and C.H.; methodology, Y.C. and C.H.; software,
N.Z.,C.L. and D.Z; validation, X.L.; formal analysis, X.L., N.Z. and C.L.; investigation, X.L. and N.Z,;
resources, Y.C., C.H. and J.D.; data curation, X.L., N.Z. and ].D.; writing—original draft preparation,
X.L.; writing—review and editing, N.Z., C.L. and Y.C.; funding acquisition, Y.C. and C.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the National Natural Science Foundation of
China (Nos. 21971010, 21871026, and 22101012).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and supplementary materials.

Acknowledgments: The authors thank the Analysis and Testing Center, Beijing Institute of Technol-
ogy, for device preparation and characterization.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of compounds 1 and 2 are available from the authors.

1. Nyman, M.; Powers, C.R.; Bonhomme, F.; Alam, T.M.; Maginn, E.]J.; Hobbs, D.T. Ion-Exchange Behavior of One-Dimensional
Linked Dodecaniobate Keggin Ion Materials. Chem. Mater. 2008, 20, 2513-2521. [CrossRef]

2. Zhao, H; Li, Y.; Zhao, J.; Wang, L.; Yang, G. State-of-the-art Advances in the Structural Diversities and Catalytic Applications of
Polyoxoniobate-based Materials. Coord. Chem. Rev. 2021, 443, 213966-213988. [CrossRef]

3. Nyman, M. Polyoxoniobate Chemistry in the 21st Century. Dalton Trans. 2011, 40, 8049-8058. [CrossRef]

4. Tsunashima, R;; Long, D.; Miras, H.N.; Gabb, D.; Pradeep, C.P,; Cronin, L. The Construction of High-nuclearity Isopolyoxoniobates
with Pentagonal Building Blocks: [HNb;;0O74]16- and [H19Nbsz1093(CO3)]%~. Angew. Chem. Int. Ed. 2010, 49, 113-116. [CrossRef]

[PubMed]

5. Huang, P; Qin, C; Su, Z.; Xing, Y.; Wang, X.; Shao, K.; Lan, Y.; Wang, E. Self-assembly and Photocatalytic Properties of
Polyoxoniobates: {Nby4O7,}, {Nb3;Og4}, and {K12NbgOogs} Clusters. J. Am. Chem. Soc. 2012, 134, 14004-14010. [CrossRef]

[PubMed]

115



Molecules 2022, 27, 2862

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jin, L.; Zhu, Z.; Wu, Y.; Qi, Y.; Li, X.; Zheng, S. Record High-Nuclearity Polyoxoniobates: Discrete Nanoclusters {Nbj14}, {Nbg;},
and {Nbs,}, and Extended Frameworks Based on {CusNbyg} and {CuyNbyg}. Angew. Chem. Int. Ed. 2017, 56, 16288-16292.
[CrossRef] [PubMed]

Wu, Y,; Li, X,; Qi, Y;; Yu, H; Jin, L.; Zheng, S. {NbyggOys3(OH)43(CO3)12}: A Macromolecular Polyoxometalate with Close to
300 Niobium Atoms. Angew. Chem. Int. Ed. 2018, 57, 8572-8576. [CrossRef]

Nyman, M.; Bonhomme, E; Alam, T.M.; Rodriguez, M.A.; Cherry, B.R.; Krumhansl, ].K.; Nenoff, T.M.; Sattler, A.M. A General
Synthetic Procedure for Heteropolyniobates. Science 2002, 297, 996-998. [CrossRef]

Zhang, Z.; Peng, ].; Shi, Z.; Zhou, W.; Khan, S.U.; Liu, H. Antimony-dependent Expansion for the Keggin Heteropolyniobate
Family. Chem. Commun. 2015, 51, 3091-3093. [CrossRef]

Son, J.; Casey, W.H. Reversible Capping/Uncapping of Phosphorous-centered Keggin-type Polyoxoniobate Clusters. Chem.
Commun. 2015, 51, 1436-1438. [CrossRef]

Guo, G.; Xu, Y.; Cao, J.; Hu, C. An Unprecedented Vanadoniobate Cluster with ‘“Trans-vanadium’ Bicapped Keggin-type
{VNb12049(VO),}. Chem. Commun. 2011, 47, 9411-9413. [CrossRef]

Zhang, Y.; Shen, |.; Zheng, L.; Zhang, Z.; Li, Y.; Wang, E. Four Polyoxonibate-Based Inorganic—Organic Hybrids Assembly from
Bicapped Heteropolyoxonibate with Effective Antitumor Activity. Cryst. Growth Des. 2013, 14, 110-116. [CrossRef]

Zhang, T.; Zhang, X.; L1, Y.; Li, G.; Xiao, L.; Cui, X.; Xu, ]. New Organic-inorganic Hybrid Compounds Based on [SiNb;5 V2040112~
with High Catalytic Activity for Styrene Epoxidation. Inorg. Chem. Front. 2017, 4, 1397-1404. [CrossRef]

Hu, J.; Dong, J.; Huang, X,; Chi, Y; Lin, Z.; Li, J.; Yang, S.; Ma, H.; Hu, C. Immobilization of Keggin Polyoxovanadoniobate in
Crystalline Solids to Produce Effective Heterogeneous Catalysts towards Selective Oxidation of Benzyl-alkanes. Dalton Trans.
2017, 46, 8245-8251. [CrossRef]

Li, S, Ji, P; Han, S.; Hao, Z.; Chen, X. Two Polyoxoniobates-based Ionic Crystals as Lewis Base Catalysts for Cyanosilylation.
Inorg. Chem. Commun. 2020, 111, 107666. [CrossRef]

Li, N,; Liu, Y,; Lu, Y,; He, D.; Liu, S.; Wang, X.; Li, Y.; Liu, S. An Arsenicniobate-based 3D Framework with Selective Adsorption
and Anion-exchange Properties. New J. Chem. 2016, 40, 2220-2224. [CrossRef]

Zhang, X.; Liu, S.; Li, S.; Wang, X.; Jin, H.; Cui, J.; Liu, Y.; Liu, C. Hydrothermal Syntheses and Characterization of Two
Multi-vanadium Capped Keggin Polyoxoniobates Derivatives. Chem. J. Chin. Univ. 2013, 34, 2046-2050. [CrossRef]

Hu, J.; Wang, Y.; Zhang, X.; Chi, Y.; Yang, S.; Li, J.; Hu, C. Controllable Assembly of Vanadium-Containing Polyoxoniobate-Based
Three-Dimensional Organic-Inorganic Hybrid Compounds and Their Photocatalytic Properties. Inorg. Chem. 2016, 55, 7501-7507.
[CrossRef]

Abramov, P.A.; Davletgildeeva, A.T.; Moroz, N.K.; Kompankov, N.B.; Santiago-Schubel, B.; Sokolov, M.N. Cation-Dependent
Self-assembly of Vanadium Polyoxoniobates. Inorg. Chem. 2016, 55, 12807-12814. [CrossRef]

Huang, P.; Zhou, E.; Wang, X.; Sun, C.Y.; Wang, H.; Xing, Y.; Shao, K.; Su, Z. New Heteropolyniobates Based on a Bicapped
Keggin-type {VNb14} Cluster with Selective Adsorption and Photocatalytic Properties. CrystEngComm 2014, 16, 9582-9585.
[CrossRef]

Shen, J.; Wu, Q.; Zhang, Y.; Zhang, Z.; Li, Y; Lu, Y.; Wang, E. Unprecedented High-nuclear Transition-metal-cluster-substituted
Heteropolyoxoniobates: Synthesis by {Vg} Ring Insertion into the POM Matrix and Antitumor Activities. Chem. Eur. ]. 2014, 20,
2840-2848. [CrossRef] [PubMed]

Lan, Q.; Zhang, Z.; Li, Y.; Wang, E. Extended Structural Materials Composed of Transition-metal-substituted Arsenicniobates and
Their Photocatalytic Activity. RSC Adv. 2015, 5, 44198-44203. [CrossRef]

Yang, Z.; Shang, J.; Yang, Y.; Ma, P.; Niu, J.; Wang, J. Synthesis, Structures and Stability of Three V-substituted Polyoxoniobate
Clusters Based on [TeNbgOs3]~ Units. Dalton Trans. 2021, 50, 7610-7620. [CrossRef] [PubMed]

Wang, J.; Niu, H.; Niu, J. A Novel Lindqvist Type Polyoxoniobate Coordinated to Four Copper Complex Moieties:
{NbgO19[Cu(2,2"-bipy)][Cu(2,2’-bipy)a]o}- 19H,O. Inorg. Chem. Commun. 2008, 11, 63-65. [CrossRef]

Wang, J.; Niu, H.; Niu, J. Preparation, Crystal structure, and Characterization of an Inorganic—organic Hybrid Polyoxoniobate
[Cu(en)2]3[Cu(en)2(HZO)]1.5[K0.5Nb24072H1445]2-25H20. ] Chem. Sci. 2008, 120, 309-313. [CrossRef]

Guo, G.; Xu, Y,; Hu, C. A Polyoxoniobate Based on Dimeric Hexanionbate: [Cu(en);]4{[NbgO19H, ][K(H,O)s}2-(Hpen)-17H,O.
J. Coord. Chem. 2010, 63, 3137-3145. [CrossRef]

Liang, Z.; Qiao, Y; Li, M.; Ma, P.;; Niu, ].; Wang, J. Two Synthetic Routes Generate Two Isopolyoxoniobates Based on {Nb1s} and
{Nbyg}. Dalton Trans. 2019, 48, 17709-17712. [CrossRef]

Li, C.; Zhao, D.; Li, N.; Ma, Y.; Wei, G.; Wang, G.; Zhang, D. Dimeric Dumbbell Architecture Based on PNby4 unit. Inorg. Chem.
Commun. 2019, 102, 210-214. [CrossRef]

Kinnan, M.K,; Creasy, W.R.; Fullmer, L.B.; Schreuder-Gibson, H.L.; Nyman, M. Nerve Agent Degradation with Polyoxoniobates.
Eur. J. Inorg. Chem. 2014, 2014, 2361-2367. [CrossRef]

Guo, W.; Lv, H,; Sullivan, K.P;; Gordon, W.O.; Balboa, A.; Wagner, G.W.; Musaev, D.G.; Bacsa, ].; Hill, C.L. Broad-Spectrum Liquid-
and Gas-Phase Decontamination of Chemical Warfare Agents by One-Dimensional Heteropolyniobates. Angew. Chem. Int. Ed.
2016, 55, 7403-7407. [CrossRef]

Dong, J.; Huy, J.; Chi, Y.; Lin, Z.; Zou, B.; Yang, S.; Hill, C.L.; Hu, C. A Polyoxoniobate-Polyoxovanadate Double-Anion Catalyst for
Simultaneous Oxidative and Hydrolytic Decontamination of Chemical Warfare Agent Simulants. Angew. Chem. Int. Ed. 2017, 56,
4473-4477. [CrossRef]

116



Molecules 2022, 27, 2862

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhen, N.; Dong, J.; Lin, Z.; Li, X.; Chi, Y,; Hu, C. Self-assembly of Polyoxovanadate-capped Polyoxoniobates and Their Catalytic
Decontamination of Sulfur Mustard Simulants. Chem. Commun. 2020, 56, 13967-13970. [CrossRef]

Macht, J.; Janik, M.].; Neurock, M.; Iglesia, E. Catalytic Consequences of Composition in Polyoxometalate Clusters with Keggin
Structure. Angew. Chem. Int. Ed. 2007, 46, 7864-7868. [CrossRef]

Toma, EM.; Sartorel, A.; Turlo, M.; Carraro, M.; Parisse, P; Maccato, C.; Rapino, S.; Gonzalez, B.R.; Amenitsch, H.; Da Ros, T.; et al.
Efficient Water Oxidation at Carbon Nanotube-polyoxometalate Electrocatalytic Interfaces. Nat. Chem. 2010, 2, 826-831. [CrossRef]
Evtushok, V.Y.; Suboch, A.N.; Podyacheva, O.Y.; Stonkus, O.A.; Zaikovskii, V.I.; Chesalov, Y.A ; Kibis, L.S.; Kholdeeva, O.A.
Highly Efficient Catalysts Based on Divanadium-Substituted Polyoxometalate and N-Doped Carbon Nanotubes for Selective
Oxidation of Alkylphenols. ACS Catal. 2018, 8, 1297-1307. [CrossRef]

Li, Z.; Zhang, |.; Jing, X.; Dong, J.; Liu, H.; Lv, H.; Chi, Y.; Hu, C. A Polyoxometalate@covalent Triazine Framework as a Robust
Electrocatalyst for Selective Benzyl Alcohol Oxidation Coupled with Hydrogen Production. J. Mater. Chem. A 2021, 9, 6152-6159.
[CrossRef]

Li, Z,; Liu, C,; Geng, W.; Dong, J.; Chi, Y.; Hu, C. Electrocatalytic Ethylbenzene Valorization Using a Polyoxometalate@covalent
Triazine Framework with Water as the Oxygen Source. Chem. Commun. 2021, 57, 7430-7433. [CrossRef]

Filowitz, M.; Ho, RK.C.; Klemperer, W.G.; Shum, W. 170 Nuclear Magnetic Resonance Spectroscopy of Polyoxometalates.
1. Sensitivity and Resolution. Inorg. Chem. 1979, 18, 93-103. [CrossRef]

Dietl, N.; Hockendorf, R.F,; Schlangen, M.; Lerch, M.; Beyer, M.K.; Schwarz, H. Generation, Reactivity towards Hydrocarbons, and
Electronic Structure of Heteronuclear Vanadium Phosphorous Oxygen Cluster Ions. Angew. Chem. Int. Ed. 2011, 50, 1430-1434.
[CrossRef]

Guilherme, L.R.; Massabni, A.C.; Dametto, A.C.; de Souza Correa, R.; De Araujo, A.S. Synthesis, Infrared Spectroscopy and
Crystal Structure Determination of a New Decavanadate. J. Chem. Crystallogr. 2010, 40, 897-901. [CrossRef]

Son, J.H.; Ohlin, C.A_; Johnson, R.L.; Yu, P; Casey, W.H. A Soluble Phosphorus-centered Keggin Polyoxoniobate with Bicapping
Vanadyl Groups. Chem. Eur. ]. 2013, 19, 5191-5197. [CrossRef]

Gao, S.; Lin, Y;; Jiao, X,; Sun, Y.; Luo, Q.; Zhang, W.; Li, D.; Yang, J.; Xie, Y. Partially Oxidized Atomic Cobalt Layers for Carbon
Dioxide Electroreduction to Liquid Fuel. Nature 2016, 529, 68-71. [CrossRef]

Zhong, W.; Liu, H.; Bai, C.; Liao, S.; Li, Y. Base-Free Oxidation of Alcohols to Esters at Room Temperature and Atmospheric
Conditions using Nanoscale Co-Based Catalysts. ACS Catal. 2015, 5, 1850-1856. [CrossRef]

Guo, Z,; Liu, B.; Zhang, Q.; Deng, W.; Wang, Y.; Yang, Y. Recent Advances in Heterogeneous Selective Oxidation Catalysis for
Sustainable Chemistry. Chem. Soc. Rev. 2014, 43, 3480-3524. [CrossRef] [PubMed]

Horn, E.J.; Rosen, B.R.; Chen, Y,; Tang, J.; Chen, K.; Eastgate, M.D.; Baran, P.S. Scalable and Sustainable Electrochemical Allylic
C-H Oxidation. Nature 2016, 533, 77-81. [CrossRef] [PubMed]

Yin, Z.; Zheng, Y.; Wang, H.; Li, ].; Zhu, Q.; Wang, Y.; Ma, N.; Hu, G.; He, B.; Knop-Gericke, A.; et al. Engineering Interface with
One-Dimensional Co3O4 Nanostructure in Catalytic Membrane Electrode: Toward an Advanced Electrocatalyst for Alcohol
Oxidation. ACS Nano 2017, 11, 12365-12377. [CrossRef]

Zheng, J.; Chen, X.; Zhong, X; Li, S.; Liu, T.; Zhuang, G.; Li, X.; Deng, S.; Mei, D.; Wang, J. Hierarchical Porous NC@CuCo Nitride
Nanosheet Networks: Highly Efficient Bifunctional Electrocatalyst for Overall Water Splitting and Selective Electrooxidation of
Benzyl Alcohol. Adv. Funct. Mater. 2017, 27, 1704169-1704179. [CrossRef]

Rafiee, M.; Konz, Z.M.; Graaf, M.D.; Koolman, H.F,; Stahl, S.S. Electrochemical Oxidation of Alcohols and Aldehydes to Carboxylic
Acids Catalyzed by 4-Acetamido-TEMPO: An Alternative to “Anelli” and “Pinnick” Oxidations. ACS Catal. 2018, 8, 6738-6744.
[CrossRef]

Hayashi, S.; Sasaki, N.; Yamazoe, S.; Tsukuda, T. Superior Base Catalysis of Group 5 Hexametalates [MgO19]8~ (M = Ta, Nb) over
Group 6 Hexametalates [MgO1912~ (M = Mo, W). J. Phys. Chem. C 2018, 122, 29398-29404. [CrossRef]

Hayashi, S.; Yamazoe, S.; Tsukuda, T. Base Catalytic Activity of [Nb19O,5]6~: Effect of Countercations. J. Phys. Chem. C 2020, 124,
10975-10980. [CrossRef]

117






molecules

Article

First Organic-Inorganic Hybrid Compounds Formed by Ge-V-O
Clusters and Transition Metal Complexes of Aromatic
Organic Ligands

Hai-Yang Guo 2, Hui Qi 3, Xiao Zhang * and Xiao-Bing Cui 1-*

Citation: Guo, H.-Y.; Qi, H.; Zhang,
X.; Cui, X.-B. First Organic-Inorganic
Hybrid Compounds Formed by
Ge-V-O Clusters and Transition Metal
Complexes of Aromatic Organic
Ligands. Molecules 2022, 27, 4424.
https://doi.org/10.3390/
molecules27144424

Academic Editor: Santiago Reinoso

Received: 17 June 2022
Accepted: 6 July 2022
Published: 11 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Inorganic Synthesis and Preparative Chemistry and College of Chemistry,

Jilin University, Changchun 130021, China; guohy@zjxu.edu.cn

College of Biological, Chemical Science and Engineering, Jiaxing University, Jiaxing 314001, China

3 The Second Hospital of Jilin University, Changchun 130021, China; qihuil977@sohu.com

MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and Storage, School of
Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin 150001, China;
zhangx@hit.edu.cn

*  Correspondence: cuixb@mail jlu.edu.cn

Abstract: Three compounds based on Ge-V-O clusters were hydrothermally synthesized and char-
acterized by IR, UV-Vis, XRD, ESR, elemental analysis and X-ray crystal structural analysis. Both
[Cd(phen)(en)b[Cd2(phen)2V12040Ge8(OH)8(H20)]~12.5H20 (1) and [Cd(DETA)]2[Cd(DETA)2]05
[Cdy(phen); V12041 Geg(OH)7(0.5H,0)]-7.5H,0 (2) (1,10-phen = 1,10-phenanthroline, en = ethylene-
diamine, DETA = diethylenetriamine) are the first Ge-V-O cluster compounds containing aro-
matic organic ligands. Compound 1 is the first dimer of Ge-V-O clusters, which is linked by
a double bridge of two [Cd(phen)(en)]2+. Compound 2 exhibits an unprecedented 1-D chain
structure formed by Ge-V-O clusters and [Cdy(DETA),]** transition metal complexes (TMCs).
[Cd(en)3 {[Cd(n2-en); [3[Cd(n2-en)(n2-pz-en)(n2-en)Cd][Ge V15048(H20)]}-5.5H,0 (3) is a novel 3-
D structure which is constructed from [GegV15043(H>0)]'?~ and four different types of TMCs.
We also synthesized [Zn;(enMe)3][Zn(enMe)]>[Zn(enMe), (H,0)]2[Geg V15048 (H20)]-3H,0 (4) and
[Cd(en),]2{Hg[Cd(en)],GegV12045(H20)}-6H,O (5) (enMe = 1,2-propanediamine), which have been
reported previously. In addition, the catalytic properties of these five compounds for styrene epoxida-
tion have been assessed.

Keywords: polyoxometalates; vanadogermanate; secondary transition metal substituted Ge-V-O clusters

1. Introduction

Several metallic materials have extensive uses, such as sensors, catalysis, fluids, regu-
lated drug delivery and pigments [1-5]. Integration of certain metals to form polyoxometa-
lates (POM) is a feasible and promising strategy for making new heteropolyoxometalates,
which are of great interest due to their abundant structures and conceivable applications
in magnetism, catalysis, medicine and electrochemistry [6—15]. Many different elements
have been reported as compositions of heteropolyanions [16-18], and POMs containing
different elements inspired an enormous amount of new research due to their range of
intriguing applications [19-24]. Vanadium is of particular interest since it shows flexible co-
ordination geometries as well as a variety of chemical valence states. During the past years,
significant progress has been made in the syntheses of polyoxovanadates by incorporating
group 15 elements (As'/SbM vanadoarsenates [25-38] and vanadoantimonates [39-52])
into the well-known {V13045} shell. In 2015, Monakhov, Bensch and Kogerler published
a milestone review on derivatives of polyoxovanadates [53], in which the syntheses and
structures of vanadoarsenates, vanadoantimonates and vanadogermanates were systemati-
cally reviewed. In addition, we have focused on preparations of vanadoarsenates [25-30],
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vanadoantimonates [40,41] and secondary transition metal substituted As-V-O clusters [54]
for years. Here, we further extended our interest in Ge-V-O [55-65] and secondary tran-
sition metal substituted Ge-V-O clusters [6,66] based on two considerations. Firstly, the
{As",05} of the As-V-O cluster is not favorable for forming extended structures because the
arsenic center did not have terminal oxygens, which can further interact with other bridging
metal centers, whereas the {Ge!V,0;} of the Ge-V-O cluster has two additional terminal OXy-
gens, which can provide opportunities for forming extended structures via metal-oxygen
covalent and dative bonds. Secondly, like the As-V-O cluster, some vanadiums of the
Ge-V-O cluster can also be substituted by secondary transition metals to yield new organic—
inorganic hybrid clusters [54]. Vanadogermanates can significantly expand the area of
polyoxovanadate chemistry due to the introduction of a different functionality compared to
the As-containing congeners. In 2003, A. J. Jacobson [57], A. Clearfield [60] and Lin [56] re-
spectively reported the preparations of a series of Ge-V-O compounds, and then W. Bensch
reported several Ge-V-O compounds in 2006, 2010 and 2013 [59,61,64]. In 2010 and 2014,
Yang reported the syntheses of several secondary transition metal-substituted Ge-V-O clus-
ters [6,66]. However, compared with vanadoarsenates, the number of vanadogermanates is
still far too small, and especially the secondary transition metal substituted Ge-V-O clusters.
It is still a great challenge for chemists to synthesize new vanadogermanates.

We found that all the previously reported Ge-V-O compounds were totally based on
aliphatic organic ligands [6,39-52,66], while no Ge-V-O compounds constructed out of
aromatic organic ligands were reported. The reason only aliphatic-ligand involving Ge-V
clusters were reported can be listed as below: (1) GeO; is inert in neutral and acidic aqueous
solutions; (2) the aqueous solution of the aromatic nitrogen-containing organic ligands is
neutral. It is not favorable for the aggregation of Ge-V clusters. Therefore, it is very difficult
to prepare aromatic-ligand-containing Ge-V clusters. The first Ge-V clusters were reported
in 2003 [60], and no aromatic-ligand-containing Ge-V clusters have been prepared. On the
other hand, the introduction of aromatic organic ligands can not only can enrich the struc-
tures of this kind of compound but can also ameliorate their polar, electricity, acid and redox
properties [67-70]. The introduction of aromatic organic ligands may thereby lead to com-
pounds with more interesting structures, topologies and properties (It is well known that
the robustness of almost all MOFs is derived from the aromatic organic ligands [71]). An ex-
ample: recently, S. K. Das reported an aromatic-ligand-containing polyoxometalate that can
be used as an efficient electrocatalyst for water oxidation [72], but the aliphatic analog did
not exhibit such an excellent electrocatalytic property. Based on aforementioned points, we
then chose phen as the aromatic organic ligand to prepare Ge-V-O compounds. Fortunately,
we successfully synthesized [Cd(phen)(en)]>[Cdy(phen), V12048Geg(OH)g(H,0)]-12.5H,0
(1), [Cd(DETA)]z[Cd(DETA)2]0'5 [Cd2 (phen)2V12041 Geg (OH)7(O.5H20)]'7.5H20 (2) and
[Cd(en)s {[Cd(n2-en),]3[Cd(n2-en)(nz-en)(na-p2-en)Cd][Geg V15048 (H20)]}-5.5H,0 (3), of
which compounds 1 and 2 are the first Ge-V-O compounds based on aromatic organic
ligands. Compound 1 is the first dimer of Ge-V-O compound, of which Ge-V clusters are
linked by a double bridge of [Cd(phen)(en)]**. Compound 2 exhibits a novel 1-D chain
structure of which Ge-V-O clusters are fused by [Cdy(DETA),|** TMCs. Compound 3 is
anovel 3-D structure which is constructed out of [GegV15043(H20)]'%~ clusters and five
different types of TMCs. We also synthesized [Zn;(enMe)s][Zn(enMe)]»[Zn(enMe),(H,O)],
[GegV15048(H20)]-3H,0 (4) [6] and [Cd(en).]>{Hg[Cd(en)]2GegV12045(H20)}-6HL O (5),
which have been reported previously [54]. In addition, the catalytic properties of these five
compounds have been investigated.

2. Experimental Section
2.1. Chemicals and Data Analysis

All the chemicals used were of reagent grade without further purification. C, H, N
elemental analyses were carried out on a Perkin-Elmer 2400 CHN elemental analyser
(Shanghai, China). Infrared spectra were recorded as KBr pellets on a Perkin-Elmer SPEC-
TRUM ONE FTIR spectrophotometer. UV-vis spectra were recorded on a Shimadzu UV-

120



Molecules 2022, 27, 4424

3100 spectrophotometer. Powder XRD patterns were obtained with a Scintag X1 powder
diffractometer system using Cu Ko radiation with a variable divergent slit and a solid-state
detector. Electron spin resonance (ESR) spectra were performed on a JEOL JES-FA200 spec-
trometer(Guangzhou, China) operating in the X-band mode. The g value was calculated
by comparison with the spectrum of 1,1-diphenyl-2-picrylhydrazyl (DPPH), whereas the
spin concentrations were determined by comparing the recorded spectra with that of an
Mn marker and DPPH, using the built-in software of the spectrometer.

2.2. Syntheses of Compounds Based on Ge-V-O Clusters
2.2.1. [Cd(phen)(en)]z[Cdz(phen)2V1204oGe8(OH)S(HZO)]o12.5H20 (1)

V105 (0.061 g, 0.33 mmol), GeO; (0.069 g, 0.67 mmol) and TMAH (TMAH = tetramethyl-
ammonium hydroxide) (0.10 mL) were added to H,O (3.00 mL) solution with stirring for a
half-hour. Then, CdCl; (0.061 g, 0.33 mmol), phen (0.066 g, 0.33 mmol) and 2,2"-bpy (2,2’-
bpy = 2,2/ -bipyridine, 0.052 g, 0.33 mmol) were added, the resulting suspension was further
stirred for 4 h, the pH of the mixture was 5.0. Finally, the pH of the mixture was adjusted
to 9.5 with en, which was stirred for another 0.5 h and then was sealed in a Teflon-lined
stainless bomb and heated at 170 °C for 5 days. Brown rectangle crystals were collected by
filtration and washed with water (Yield: 0.149 g, 51.60% based on GeO;). Compound 1 can
also be prepared by adjusting the pH to 10.0. When the pH of the mixture was adjusted
to 9.5, more crystals were obtained, and the crystal quality was better. Anal. Calcd for
C52H83Cd4G68N12061_5V122 C, 17.83; H, 2.39; N, 4.80%. Found: C, 17.71; H, 2.28; N, 4.83%.

2.2.2. [Cd(DETA)]2 [Cd(DETA)2]05 [Cd2 (phen)2V12041Geg(OH)7(OSHZO)] . 75H20 (2)

V,05 (0.067 g, 0.36 mmol), GeO, (0.069 g, 0.67 mmol) and TMAH (0.10 mL) were
added to the H,O (3.00 mL) solution with stirring for a half-hour. Then, CdCl, (0.183 g,
1 mmol) and phen (0.066 g, 0.33 mmol) were added, and the resulting suspension was
further stirred for 4 h; the pH of the mixture was 5.0. Finally, the pH of the mixture was
adjusted to 9.5 with DETA solution, which was stirred for 0.5 h, and then was sealed in
a Teflon-lined stainless bomb and heated at 170 °C for 5 days. Black needle crystals were
collected by filtration and washed with water (Yield: 0.086 g, 31.30% based on GeO;). Anal.
Calcd for C36HygCds 5GegN13056V1n: C, 13.15; H, 2.39; N, 5.54%. Found: C, 12.91; H, 2.40;
N, 5.33%.

2.2.3. [Cd(en)3]{[Cd(n2-en),]3[Cd(nz-en)(n1-en)(n2-en)Cd][Ges V15048(H2 O)1}-5.5H,0 (3)

GeO, (0.104 g, 1.00 mmol), NH4VOs (0.2323 g, 2.00 mmol) and CdCl, (0.1831 g,
1.00 mmol) were added to a 25% aqueous solution of en (6.00 mL). The resulting suspension
was further stirred for 12 h, then 2, 2’-bpy (0.156 g, 1.0 mmol) were added, the final mixture
(pH 9.7-10) was moved to a 35 mL Teflon-lined autoclave, sealed and kept at 170 °C for
5 days and then it was cooled to ambient temperature. Black square crystals were collected
by filtration and washed with water (Yield: 0.413 g, 71.20% based on GeO,). Anal. Calcd for
C24H109Cd6Ge6N24054.5V152 C, 8.28; H, 3.16; N, 9.66%. Found: C, 8.19; H, 3.00; N, 9.63%.

2.3. X-ray Crystallography

The crystal data for compound 1 were measured on a Bruker Apex II diffractometer
with graphite monochromated Mo Ko (A = 0.71073 A) radiation. The data for compounds 2
were measured on a Rigaku R-AXIS RAPID diffractometer with graphite monochromated
Mo K« (A = 0.71073 A) radiation, while the data for compound 3 were measured on an
Agilent Technology SuperNova Eos Dual system with a Mo Ko (A = 0.71073 A) microfocus
source and focusing multilayer mirror optics. None of the crystals showed evidence of
crystal decay during the data collections. Refinements were carried out with SHELXS-
2014/7 [73] and SHELXL-2014/7 [73] using Olex 2.0 interface via the full matrix least-
squares on F2 method. In the final refinements, all atoms were refined anisotropically in
compounds 1-3. The hydrogen atoms of en, phen, DETA and enMe in the three compounds
were placed in calculated positions and included in the structure factor calculations but
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not refined. In these heavy-atom structures with reflection data from poor-quality crystals
it was not possible to see clear electron-density peaks in difference maps which would
correspond with acceptable locations for the various H atoms bonded to water oxygen
atoms. The refinements were then completed with no allowance for these water H atoms
in the models; the CCDC number: 1,525,920 for 1, 2,024,572 for 2 and 1,525,922 for 3. The
reflection intensity data for compounds 4 and 5 were also measured on a Rigaku R-AXIS
RAPID diffractometer with graphite monochromated Mo K« (A = 0.71073 A) radiation,
and the results show that the two compounds have already been reported previously [6].
A summary of the crystallographic data and structure refinements for compounds 1-3 is
given in Table 1.

Table 1. Crystal data and structure refinements for compounds 1-3.

Head 1 Compound 1 Compound 2 Compound 3
Empirical formula Cs2Hg3CdyGegN12061.5V12 C36H75Cdy 5GegN13056 V12 Co4H109CdsGegN24Os545V15
Formula weight 3501.90 3286.91 3480.39
Crystal system Triclinic Monoclinic Monoclinic
space group P-1 C2/c P2;/n

a (A) 14.5034(8) 17.193(3) 17.9913(3)
b(A) 16.5920(9) 23.511(5) 23.6117(4)
c(A) 23.0440(13) 26.373(5) 23.9327(4)

w (°) 71.648(4) 90 90

B () 84.130(4) 100.15(3) 91.7290(13)

v (°) 75.454(4) 90 90

Volume (A%) 5093.0(5) 10,494(4) 10,162.1(3)

Z 2 4 4

Dc (Mg-m™3) 2.284 2.080 2.275

# (mm~1) 4.282 4.242 4.367

F(000) 3390 6324 6728

0 for data collection 1.375-25.032 3.025-27.466 3.083-29.145
Reflections collected 28,997 45,848 54,419
Reflections unique 17,941 11,814 23,431

R(int) 0.1263 0.1080 0.0437
Completeness to 0 99.6 99.1 99.6
parameters 1360 662 1207

GOF on F? 1.030 1.042 1.027
R2[I>20()] R1=0.0621 R1=0.0822 R1=0.0780
R (all data) wR2 = 0.1660 wR2 = 0.2629 wR2 = 0.2417

"R =YL 1Fl — IFcl I/L1Fyl.? wRy = {L[w (Fo? — E2)1/ LIw(Fo?)1}/%.

3. Results and Discussion
3.1. Synthesis Description

Compounds 1 and 2 are all based on Cd,GegV 1, and compounds 3 and 4 are based
on GegVys. The alkalinity (pH > 9) and the stirring time of the reaction mixture are
important for the formation of GegV15 in compounds 3 and 4. We have a relatively clear
grasp of the synthetic conditions of the two different clusters. The molar ratio of V,0s5 to
GeO; for compounds 1 and 2 is about 1:2, and the molar ratios of NH4; VO3 to GeO, for
compounds 3 and 4 are 2:1. The addition of 2, 2’-bpy is important for the preparations
of compounds 2 and 3. Though it is absent in the products, 2, 2’-bpy is required for the
syntheses of compounds 2 and 3. It should be noted that such a phenomenon is not unusual
in hydrothermal preparations [74].

3.2. Description of Crystal Structures
3.2.1. [Cd(phen)(en)]z[Cdz(phen)2V12040Ge8(OH)g(HzO)]«12.5H20 (1)

The asymmetric unit of 1 consists of a di-Cd-substituted Ge-V-O cluster [HgCd(phen);
GegV12048(H20)]*~ (CdyGegVy,), two [Cd(phen)(en)]** and 12.5 water molecules. As
shown in Figure 1, an unusual feature of 1 is that two [Cd(phen)]** take the place of the
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two VO fragments located at the two opposite positions of {GegV1405¢} [59], forming
Cd,yGegV1y. The two substituted cadmiums each is coordinated by four oxygens from
two {Ge,O7} units with Cd-O distances of 2.290(5)-2.366(5) A, and two nitrogens from a
phen ligand with Cd-N distances of 2.353(6)-2.427(7) A. That is to say, two phen ligands
were decorated onto the surface of Cd;GegV1,. The two phen located at the two sides of
Cd,GegV1, are not parallel to each other. There is a dihedral angle of 36.116° between
the two phenanthroline-planes. All the bond distances in 1 are comparable to those
of previously reported compounds [6,55-66]. Bond valence sum (BVS) calculations for
Ge and V indicate that both Ge and V exist in the +4 oxidation-state (Table S1). BVS
calculations were also conducted for the cadmium and oxygen atoms in compound 1 to
determine the locations of the hydrogen atoms in compound 1 (see supporting information
and discussions in “BVS calculations to determine the locations of hydrogen atoms for
compounds 1-3") [75].

Figure 1. Ball-and-stick and wire representation of the di-Cd-substituted Ge-V-O cluster (a) and the
dimer in compound 1 (b).

Except for [Cd(phen)]2+, there are two [Cd(phen)(en)]“. It should be noted that
the two [Cd(phen)(en)]** are different from each other. Cadmium of [Cd(4)(phen)(en)]**
of the two is bonded to four nitrogens from a phen and an en with Cd-N distances of
2.250(8)-2.320(7) A, a terminal oxygen from Cd,Geg V1, with the Cd-O distance of 2.385(5) A
and a water molecule with the Cd-O distance of 2.583(9) A, exhibiting a cis-octahedral
geometry. Therefore, the cluster acts as a monodentate inorganic ligand coordinating
with Cd(4), forming a cluster supported transition metal complex (TMC). Cadmium of
[Cd(3)(phen)(en)]2+ of the two receives contributions from four nitrogens from a phen
and an en with Cd-N distances of 2.290(7)-2.367(7) A and two terminal oxygens from two
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Cd,GegV7, with Cd-O distances of 2.284(5)-2.443(5) A. It should be noted that the two
terminal oxygens involving Cd-O bonds are distinct: one is from a {Ge;O7}, but the other
comes from a {VOy}. Thus, Cd(3) TMC acts as a bridge linking two CdyGegV1; to construct
a novel cluster dimer. It should be noted that there are two Cd(3) TMCs acting as a double
bridge linking two Cd,GegV1,. The dimer further supports two Cd(4) TMCs at the two
sides of the dimer. That is to say, Cd(3) TMCs act as bridges joining Cd,GegV1,, but Cd(4)
TMCs terminate the connection of the clusters by the terminating water molecule.

Distances between the central water molecule of the Cd,GegV1, and Cd(3) and Cd(4)
are 7.886-7.888 A, and the angle of Cd(3)-O1w-Cd(4) is 109.754(1)°.

The dimer of clusters was reported by our group in 2002 [76] and very recently [77];
the first one was based on the MogV¢ cluster, and the second one was based on the V15034
cluster. However, compound 1 here is the most complex one of the three, which is the first
example of dimer of substituted clusters. The other two reported compounds are both
based on traditional clusters but not the substituted one.

3.2.2. Cd(DETA)]z[Cd(DETA)Z]O5[Cdz(phen)2V12041Geg(OH)7(05H20)]75H20 (2)

The building block [H7Cd2(phen)zGe8V12048(0.5HZO)]5’ (Cdeegvlz) of 2 is almost
identical to that of 1, which is also a cadmium di-substituted Ge-V-O cluster; each substi-
tuted cadmium is also coordinated by a phen ligand. The main difference between the
building blocks of compounds 2 and 1 is the number of the attached hydrogen atoms.
There are only slight differences between the bond lengths and angles in compounds 2
and 1. Bond valence sum calculations for Ge and V also indicate that Ge and V are in the
+4 oxidation-state (Table S1).

Except for [Cd(phen)]** TMCs, there are two different TMCs which are [Cd(DETA),]**
and [Cd(DETA)]** (Figure 2). The two TMCs are thoroughly different from those in 1. Cad-
mium of [Cd(DETA),]** is bound to six nitrogens from two DETA ligands and a terminal
oxygen from CdyGegVi, with Cd-O and Cd-N distances of 2.46(1) and 2.38(3)-2.52(3) A.
[CA(DETA), >, performing a similar role as Cd(4) TMC in compound 1, serves as a TMC
supported by Cd,GegV12. Cd of [Cd(DETA)]?** is bonded to three nitrogens from a DETA
with Cd-N distances of 2.26(1)-2.40(1) A and two terminal oxygens from two {Ge,O7}
from two adjoining Cd,GegV1, with Cd-O distances of 2.234(8)-2.240(8) A, exhibiting a
five-coordinated trigonal bipyramidal geometry. Cadmium of [Cd(DETA)]?* serves as a
bridge connecting the two Cd,GegV1;. It should be noted that the two terminal oxygens
was shared by the two [Cd(DETA)]**, meaning that two terminal oxygens simultane-
ously connect two [CA(DETA)]?** to form a novel dimer [Cdy(DETA),O,]. The role of
[Cdy(DETA),0O,] in compound 2 is only partly similar to that of Cd(3) TMC in compound 1.
Two Cd(3) TMCs serving as a double bridge links two CdyGegVi; to form a dimer in
compound 1, but [Cdy(DETA);O,] in compound 2 acting as a single bridge connects two
Cd,GegV1y, and for its two components [CA(DETA)]*, is also joined by the two terminal
oxygens to form a single building unit. Most importantly, [Cd,(DETA),O;] in compound 2
connects Cd,GegV1, to form a novel 1-D extended chain structure. It should be noted that
the neighboring Cd,GegV1; in the extended chain are oriented up and down, as shown
in Figure 2. To our knowledge, compound 2 is the first extended structure based on a
metal-substituted Ge-V-O cluster of aromatic organic ligands. Yang et. al. also reported a
1-D chain structure formed by similar substituted Ge-V-O clusters and coordination frag-
ments [54]. However, Yang’s cluster is based on aliphatic organic ligands but not aromatic
organic ones. Secondly, Yang’s coordination fragment is formed by en ligands rather than
DETA ligands. Finally, the 1-D chain of Yang’s compound is sinusoidal, but the one here
is linear.
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Figure 2. Ball-and-stick and wire representation of the building unit in the 1-D chain structure (upper)
and the 1-D chain structure formed by Ge-V-O clusters and [Cd,(DETA),O;] (lower).

3.2.3. [Cd(en)3]{[Cd(n2-en), [3[Cd(n2-en)(m2-p2-en)(m2-en)Cd][Geg V15045 (H,0)]}-5.5H, 0 (3)

The asymmetric unit of compound 3 is composed of [GegV15045(H20)]'?~ (GegV15),
[Cd(np-en), %, [Cd(p-en)(1-en)[**, [Cd(p-en)3]>* and 5.5 water molecules. The framework
of the cluster in compound 3 is similar to those of {AsgV1504;} [16-18] and {SbV15040} [19-24],
with {Gep Oy} displacing {As;Os} and {SbyOs} in {AsgV15042} and {SbV15042}. Although
the oxo-cluster in compound 3 is thoroughly different from those in compounds 1 and 2,
the bond lengths and angles in compound 3 are comparable to those in compounds 1 and 2.
Bond valence sum calculations for Ge and V reveal that oxidation states of both Ge and V
are +4 (Table S1).

It should be noted that [Cd(n,-en),;]** of the five has two different configurations
(Figure 3a). Cd(3) of [Cd(n;-en), 1%, which exhibits a trans-octahedral geometry, is bonded
to four nitrogens from two en and two oxygens from two Geg V15 with Cd-N and Cd-O
distances in the range of 2.26(1)-2.31(2) A and 2.229(9)-2.242(9) A. Therefore, the trans-
octahedral Cd(3) TMC joins two GegVys. Cd(5) of [Cd(nz-en);]** has a cis-octahedral
geometry, which is coordinated by four nitrogens from two en with Cd-N distances of
2.33(2)-2.44(2) A and two terminal oxygens in two cis-positions from two Gez V5 with
Cd-O distances of 2.228(7)-2.337(7) A. Thus, the cis-octahedral Cd(5) TMC also connects
two GegVys5. Although Cd(3) and Cd(5) TMCs show different configurations, both their
terminal oxygen atoms come from {Ge;O7} units of GegVis.

There are also two different [Cd(1-en)(1p-pp-en)[** TMCs in compound 3. [Cd(6)(n-
en)(na-1p-en)?* presents a six-coordinated octahedral geometry with two nitrogens from
a 1p-en, one nitrogen from a 1;-pp-en and three oxygens from two Geg V5 with Cd-N and
Cd-O distances of 2.30(1)-2.37(1) A and 2.235(8)-2.610(8) A (the first one oxygen is from one
Gey V15 and the remaining two oxygens are from the other GegVy5). Cd(6) also serves as a
bridge linking two Gey V5. It should be noted that two oxygens of Cd(6) octahedron from two
Geg V15 are shared by Cd(5) octahedron. [Cd(4)(np-en)(nz-pp-en)]?* is only five-coordinated
by two nitrogens from a np-en, one nitrogen from a 1p-p2-en, and two oxygen atoms from two
Geg V15 with Cd-N and Cd-O distances of 2.29(1)-2.38(1) A and 2.228(8)-2.238(8) A, exhibiting
a square pyramidal geometry. Cd(4) and Cd(6) are linked by 1,-11p-en to form a dumbbell-
like dimer [Cd(mp-en)(n2-t2-en)(np-en)Cd]**. All five TMCs serve as bridges linking their
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neighboring clusters to form a novel 3-D framework structure. It should be noted that two
terminal oxygens of Cd(1) octahedron are also shared by Cd(4) pyramid.

]12—

Figure 3. (a) Ball-and-stick and wire representation of the [Geg V15043 cluster and five different
types of TMCs in compound 3; (b) the framework structure viewed along [101]; (c) the framework

structure viewed along [011]; (d) the framework structure viewed along [110].

With the exception of the four different TMCs, there is a dissociated TMC [Cd(n;-
en)3]>*. Cd(2) of [Cd(np-en)3]>* is chelated by three en with Cd-N distances in the range of
2.36(1)—2.40(1)A. [Cd(up-en)3]%* did not interact with any GegVy5, which only serves as the
space-filling agent and counterion.

In conclusion, there are five types of TMCs in compound 3. To the best of our knowl-
edge, compound 3 contains the largest number of TMC types.

The TMCs and the Ges V5 clusters are fused to form a novel 3-D framework structure
via Cd-O covalent interactions, and the framework exhibits channels running along the
[101], [110] and [011] directions. As shown in Figure 3, the framework exhibits gold ingot-
shaped pores along the [101] direction. It should be noted that there are two kinds of such
pores with different orientations. The framework exhibits dumbbell-shaped pores along
the [110] direction; there are also two kinds of such pores with different orientations. The
framework exhibits cross-shaped pores along the [011] direction; the pores here exhibit
two orientations as well. The three kinds of channels intersect one another. Yang et al. also
reported a 3-D structure formed by similar Ge-V-O clusters and coordination fragments [6].
However, there are several significant differences between our compound and Yang’s
compound. Firstly, and most importantly, the Ge-V-O cluster of Yang’s compound is
Gey Vi, but the corresponding cluster of our compound is GegVi5. Secondly, Yang’s
compound is based on diethylenetriamine ligands but not en in our compound. Finally,
Yang’s compound did not exhibit various channels that were found in our compound.
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3.3. BVS Calculations to Determine the Locations of Hydrogen Atoms of Compounds 1-3

Single crystal X-ray diffraction cannot exactly determine the positions of the hydrogen
atoms from the Fourier maps. For further verifying the correctness of the formula of the
three compounds, BVS calculations [75] were carried out to determine the positions of
the hydrogen atoms for all the three compounds. As for compound 1, the oxygens can be
classified into eight groups: (1) seven Ge-Oy terminal oxygens; (2) one Ge-O-Cd pp-oxygen;
(3) eleven V-Oy terminal oxygens; (4) one V-O-Cd pp-oxygen; (5) eight ps-oxygens located
between two vanadiums and one germanium; (6) eight z-oxygens located between three
vanadiums; (7) eight pz-oxygens between a vanadium, cadmium and germanium; and
(8) four py-oxygens between two germaniums. All the atoms of the eight groups except
groups (1) and (2) can be assigned to the —2 valence state, with BVS calculation results
in the range of 1.56-2.16. With respect to the group (1) oxygens, all seven oxygens exist
in the -1 valence state, with BVS results ranging from 1.01-1.04, indicating that all seven
terminal Ge-O; oxygens are mono-protonated. The BVS value of the group (2) oxygen
is 1.38, meaning that although this oxygen is coordinated by both one cadmium and one
germanium, it exists in the —1 valence state. Therefore, the cluster in compound 1 is
attached by eight hydrogens, and all eight hydrogens are attached on the eight Ge-O
terminal oxygens.

As for compound 2, the oxygens can also be divided into eight groups. Seven of the
eight groups are similar to the corresponding groups in compound 1. Only the eighth one
is not found in compound 1: it is a p3-oxygen between two cadmiums and a germanium.
This p3-oxygen is a terminal oxygen from a {Ge; Oy} simultaneously interacting with two
cadmiums and one germanium. Therefore, its valence state is not —1 but —2, with the
BVS result of 1.85. In conclusion, only six of the eight terminal Ge-O; oxygens are mono-
protonated. Thus, there is still one hydrogen atom whose position cannot be determined.
We think this hydrogen should be disorderedly distributed on the surface of the cluster.

There are also seven groups of oxygens in compound 3. However, only five of the
seven have corresponding groups in compound 1. The five groups are: (1) V-O¢ terminal
oxygens; (2) uz-oxygens between two vanadiums and one germanium; (3) uz-oxygens
between three vanadiums; (4) p2-oxygens between two germaniums; and (5) pz-oxygen
between one terminal vanadium and one cadmium. The remaining two groups are: (6) u3-
oxygen between two cadmiums and one germanium, which has the corresponding group
in compound 2; and (7) uz-oxygen between one cadmium and one germanium, which is
only observed in compound 3. Compound 3 did not contain Ge-O; terminal oxygens, and
all the Ge-Oy terminal oxygens simultaneously interact with one or two cadmiums and
finally form the group (6) and (7) oxygens. For the contributions of the cadmiums of group
(6) and (7) oxygens, the BVS values of these oxygens are in the range of 1.56-2.01, indicating
that there are no hydrogens attached on the cluster in compound 3.

3.4. IR Spectrophotometry

The IR spectra of compounds 1-4 were recorded in the regions between 4000 and
200 cm~! (Figure S1, Supporting Information). The strong peak at 984 cm ™! of compound 1
can be attributed to the stretching vibration of V=0. The patterns of the bands in the
region characteristic of v(V=0y) indicate the presence of V!V sites: clusters which contain
exclusively VIV generally possess v(V=0y) bands in the range of 970-1000 cm~!, while
bands in the region 940-960 cm ! are characteristic of VV. The observation of a strong
absorbance in the 970-1000 cm ! region provides a useful diagnostic for the presence of
V#* centers [78]. The strong peaks at 793 and 821 cm ™! of compound 1 may be due to
asymmetric Ge-O stretching vibrations of {GeOy}. The infrared spectrum of compound 2
is very similar to that of compound 1. It also shows characteristic peaks at 983 cm ! and
788 cm 1, which should be ascribed to V=0; and Ge-O vibrations in compound 2.

Compounds 3 and 4 are based on Geg V15, which is different from that of compounds 1
and 2. However, it should be noted that Geg V15 is also formed by {GeO,} and (VIVOs);
thus, the IR spectra of compounds 3 and 4 are very similar to those of compounds 1 and 2.

127



Molecules 2022, 27, 4424

The IR spectra of compounds 3 and 4 present characteristic peaks at 979, 801 cm~! and 982,
800 cm ™!, respectively, which correspond to V=0; and Ge-O vibrations in compounds 3 and
4. The main difference between the IR spectra of compounds 1 and 2 and 3 and 4 is that the
bands at 667 and 660 cm ! of compounds 1 and 2 are weak, but the corresponding bands
at 691 and 692 cm ! for compounds 3 and 4 are much stronger. Bands of 667-692 cm~! can
be ascribed to V-O-V vibrations.

3.5. XRD Powder Diffractometer

The powder X-ray diffraction patterns for compounds 1-4 are all in good agreement
with the ones simulated based on the data of the single-crystal structures, indicating the
purity of the as-synthesized products (Figure S2). The differences in the reflection intensity
are probably due to preferred orientations in the powder samples of compounds 1-4.

3.6. UV-Vis Spectrophotometry

The UV-vis spectra of compounds 1-4, in the range of 250-600 nm, are presented
in Figure S3. The UV-Vis spectrum of compound 1 displays an intense absorption sharp
peak centered at about 266 nm, a shoulder peak at 294 nm and a peak tailing to the longer
wavelength side (to about 450 nm), which can be assigned to O—V charge transfer, n—m*
transitions of phen ligands and d—d transitions of complexes in compound 1. The UV-Vis
spectrum of compounds 2 displays an intense absorption peak at about 265 nm assigned
to the O—V charge transfer in the polyoxoanion structure of compound 2. The peak
corresponding to the n—7t* transitions of phen ligands was overlapped by the O—V charge
transfer and cannot be separated.

The UV spectra of compounds 3 and 4 are similar to each other, but are different from
those of compounds 1 and 2, which exhibit absorption peaks at about 254 and 255 nm due
to the O—V charge transfer in compounds 3 and 4. The difference in the UV-Vis spectra
between compounds 3—-4 and compounds 1-2 may be due to the difference in their clusters.

3.7. ESR Spectrophotometry

The ESR spectra of compounds 1-4 were studied at room temperature (Figure S4). The
ESR spectra of compounds 1-4 are very similar to one another, which show Lorentzian
shapes accompanied by signals at g = 1.968, 1.968, 1.912 and 1.941, respectively, indicating
that the vanadium atoms in compounds 14 are in a +4 oxidation-state. The ESR spectra
further confirm the results of the bond valence sum calculations for compounds 1-4.

3.8. Catalytic Activity

Epoxidation is an important industrial reaction, and epoxides are key intermediates
in the manufacture of a wide variety of valuable products [79-81]. The epoxidation of
styrene to styrene oxide with aqueous tertbutyl hydroperoxide (TBHP) using compound 1,
2,3, 4 or 5 as the catalyst was carried out in a batch reactor. In a typical run, the catalyst
(compound 1 (2 mg, 0.57 umol), compound 2 (2 mg, 0.60 umol), compound 3 (2 mg,
0.58 umol), compound 4 (2 mg, 0.62 pmol), compound 5 (2 mg, 0.70 umol), 0.114 mL
(1 mmol) of styrene and 2 mL of CH3CN were added to a 10-mL two-neck flask equipped
with a stirrer and a reflux condenser. The mixture was heated to 80 °C and then 2 mmol of
TBHP was injected into the solution to start the reaction. The liquid organic products were
quantified using a gas chromatograph (Shimadzu, GC-8A, Beijing, China) equipped with a
flame detector and an HP-5 capillary column and identified by comparison with authentic
samples and GC-MS coupling. In a blank experiment carried out in the absence of catalyst,
no products were observed. Also, the styrene epoxidation reactions in the presence of
GeO; (2 mg, 19.1 umol) and V505 (2 mg, 11.0 umol) were carried out respectively, and the
activities are 24.8% and 71.2%, respectively, after 8 h.

Table 2 shows the catalytic reaction results of TBHP oxidation of styrene over various
catalysts. As expected, all the catalysts are active for the oxidation of styrene. Compound 1
as a catalyst shows a performance with 50.1% conversion and 62.8% selectivity to styrene

128



Molecules 2022, 27, 4424

oxide after 8 h. Compound 2 shows the highest activity among the five with 96.3% conver-
sion and 71.6% selectivity to styrene oxide. Compound 3 shows a catalytic performance
with 81.4% conversion and 63.0% selectivity. The performance of compound 4 is similar to
that of compound 3 with 84.1% conversion and 55.5% selectivity. The activity and selectiv-
ity of compound 5 are 41.7% and 67.1%, respectively. Compounds 3 and 4 are based on
Geg V15, group 12 metals (Cd and Zn) and similar organic ligands (en and enMe), and both
exhibit extended framework structures (3-D and 2-D). Therefore, the catalytic activities of
the two are similar. The structures of compounds 2 and 5 are more similar to each other.
Compounds 2 and 5 are based on similar Cd,GegV1; clusters and similar cadmium com-
plexes, and both exhibit similar 1-D extended structures. The significant difference between
compounds 2 and 5 is that compound 2 contains aromatic organic ligands but compound 5
dose not; however, the catalytic activities of the two are thoroughly different from each
other. To further understand the catalytic mechanism, we still need not only more Ge-V-O
crystals but also more catalytic experimental results of the synthesized crystals. Although
there have been no investigations on Ge-V-O metal-oxo-clusters as catalysts, there are some
similar catalysis studies using catalysts formed by other POMs. The comparisons of the
catalytic oxidation of styrene for compounds 1-5 and other reported POMs have been
summarized in Table S2.

Table 2. Catalytic activity and product distribution.

Product Selectivity P (mol%)

Catalyst Styrene Conversion ? (%)
S Bza Others
GeO, 24.8 58.6 39.8 1.7
V,0s5 71.2 67.6 28.6 3.7
Compound 1 50.1 62.8 34.0 3.2
Compound 2 96.3 71.6 16.1 12.3
Compound 3 81.4 63.0 34.8 22
Compound 4 84.1 55.5 39.3 5.1
Compound 5 41.7 67.1 329 0.0

 Reaction conditions: catalyst 2 mg, styrene 0.114 mL (1 mmol), CH3CN 2 mL, TBHP (2 mmol), temperature 80 °C
and time 8 h. ? So: Styrene oxide, Bza: benzaldehyde; Others: including benzoic acid and phenylacetaldehyde.

The recyclability and reusability of compound 3, including the conversion and catalyst
recovery in three cycles, were studied (Table 3). The same experimental conditions were
used. Generally, when using soluble heteropolyacid (e.g., H3[PW1,04]) as the catalyst, the
used catalyst was recovered by precipitation and ion exchange [82]. In comparison, it was
easy to separate (centrifugation) and recycle compound 3. The process of recovery possibly
resulted in the loss of approximately 40 wt.% after each cycle. The conversion dropped
from 81.4% to 44.0% after three cycles.

Table 3. Recyclability and reusability of compound 3.

Product Selectivity P (mol%)

Compound 3 Styrene Conversion 2 (%)
S Bza Others
1st run 81.4 63.0 34.8 2.2
2nd run 54.3 59.3 37.8 2.9
3rd run 44.0 43.9 53.0 3.1

@ Reaction conditions: catalyst 2 mg, styrene 0.114 mL (1 mmol), CH3CN 2 mL, TBHP (2 mmol), temperature 80 °C
and time 8 h. P So: Styrene oxide, Bza: benzaldehyde; Others: including benzoic acid and phenylacetaldehyde.

Recovery experiments showed that compound 3 suffered significant activity losses
after three cycles. However, the residual catalyst of compound 3 and the as-synthesized
crystals used for X-ray analysis can still be considered homogeneous (Figure S5). The FI-IR
spectra of compound 3 after the three cycles also remain identical to the one before the
reaction (Figure S6).
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4. Conclusions

The synthesis of Ge-V-O clusters, especially secondary metal substituted Ge-V-O clus-
ters is still a great challenge for chemists. In this manuscript, we synthesized compounds 1
and 2, which are the first examples formed by Ge-V-O clusters and transition metal com-
plexes of aromatic organic ligands. Compounds 1 and 2 are also the first secondary metal
substituted Ge-V-O clusters of aromatic organic ligands. Compound 3 is a novel 3-D
framework with interesting channel structure. The catalytic properties of these compounds
and two previously reported compounds have been investigated. We plan to apply these
compounds in other oxidation catalytic reactions and hope to find applications of them in
electrochemistry as well.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27144424 /s1; Figure S1: IR spectra of compounds 1-4;
Figure S2: Simulated and experimental XRD patterns of compounds 1-4; Figure S3: UV-Vis spectra
of compounds 1-4; Figure S4: EPR spectra of compounds 1-4; Figure S5: Simulated, experimental
XRD patterns and XRD patterns after three cycles of compounds 3; Figure S6: FT-IR spectrum of
compound 3 and FT-IR spectra of compound 3 after three cycles; Table S1: Bond valence sum calcu-
lations for Ge, V and O in compounds 1-3; Table S2: Comparison of the catalytic performances of
our compounds and other reported POMs [83,84]. References [85,86] are mentioned in Supplemen-
tary Materials.
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Abstract: Polyoxometalates (POMs), a large family of anionic polynuclear metal-oxo clusters, have
received considerable research attention due to their structural versatility and diverse physicochemi-
cal properties. Lacunary POMs are key building blocks for the syntheses of functional POMs due
to their highly active multidentate O-donor sites. In this review, we have addressed the structural
diversities of Ti/Zr-substituted POMs based on the polymerization number of POM building blocks
and the number of Ti and Zr centers. The synthetic strategies and relevant catalytic applications of
some representative Ti/Zr-substituted POMs have been discussed in detail. Finally, the outlook on
the future development of this area is also prospected.

Keywords: polyoxometalates; titanium; zirconium; transition metal substitution

1. Introduction

Polyoxometalates (POMs), as anionic metal-oxide clusters with diverse nuclearities,
elemental compositions and physicochemical properties, have usually been constructed
through the self-assembly of reactive oxometallate precursors in aqueous or organic re-
action systems. [1-4] POMs can serve as crucial intermediates in the reaction pathway
from water-soluble metal ions to insoluble metal oxides, and isolation of these molecular
intermediates enable insightful elucidation on the formation mechanism and control over
reaction pathways. POMs exhibit special characteristics of high negative charges, rich redox
properties, good thermal stability, and readily available organic grafting [5,6], leading to
wide applications in catalysis [7], magnetism [8], material science [9], electrochemistry [10],
luminescence [11], etc.

As an important derivative of plenary POMs, lacunary POMs can be easily formed
by removing one to several [MOg] (M = Mo, W) building blocks from prototypal archi-
tectures such as the Keggin or Wells—-Dawson type POMs [12]. These lacunary POMs
usually show high coordination reactivity and oxidative and thermal stability. Their
high negative charge and nucleophilic oxygen-enriched surfaces render them suitable
inorganic, diamagnetic, multidentate nucleophilic ligands toward the electrophilic cen-
ter. Transition metals (TM) or lanthanide (Ln) cations can be easily incorporated into the
defect sites of lacunary POM ligands to construct metal-substituted POMs, which can
exhibit unique physicochemical properties depending on the types of incorporated metal
ions [13-20]. Metal-substituted POMs (MSPs) typically possess a higher negative charge
density than that of the plenary POMs due to the substitution of a high oxidation state
M®* ion (e.g., WO*, Mo®") with a low oxidation state M™ ion (usually n = 1-3) [21]. To
date, a wide variety of MSPs have been prepared, especially by the transition metals like
manganese, iron, cobalt, nickel, copper and zinc in the fourth period and the lanthanides
in the sixth period of the periodic table [22,23]. In contrast, the research on the syntheses
of titanium- and zirconium-substituted POMs is still in a very early stage, which could be
mainly attributed to the following two reasons: (a) the easy hydrolysis of Ti**/Zr** salts in
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aqueous synthesis, and (b) the high tendency to formation of isolate oligomeric structures
through intermolecular dehydration of terminal hydroxyls.

In this review, we have mainly focused on the structural diversities of Ti/ Zr-substituted
POMs according to the polymerization number of POM building blocks and the number of
titanium or zirconium atoms. The representative catalytic application of Ti/Zr-substituted
POMs has also been discussed. Finally, a perspective of this research area is also proposed.
It is expected that this review could provide research insights into the controllable design
and syntheses of Ti/Zr-substituted POMs derivatives with interesting catalytic properties.

2. The Syntheses and Structures of Ti/Zr-substituted POMs
2.1. Ti/Zr-Substituted Monomeric POMs

It is well known that titanium/zirconium-based compounds (e.g., TiO,, ZrO,) have
been widely used in the fields of energy conversion, catalysis, and environmental treat-
ment. As interesting molecular models of TiO, and ZrO, structures, the syntheses
of titanium-/zirconium-substituted POMs could be dated back to the 1980s. In 1983,
Knoth et al. reported the first case of Ti-substituted Keggin-type monomeric [TiW;PO4]>~
polyoxoanion cluster (Figure 1a), which was prepared by the reaction of monovacant
(BugN),H3W11PO39 with titanium tetrachloride in dichloroethane solution [24]. In 2000,
Kholdeeva and co-workers also reported two similar cases of [PTiW11041°~
and [PTiW110411"~ polyoxoanions [25]. Qu et al. reported Ti-substituted Dawson-type
monomeric ap-[PoW17(TiO)Og1 18~ polyoxoanion (Figure 1b), which was synthesized from
vacant heteropolytungstate precursors op-[PaW170611'% and Ti(SOy4)» using an aqueous
solution-based synthetic approach [26]. Successively, Tiz-substituted monomeric POM
has also been reported with multi-lacunary POMs ®-1,2,3-[PoW15056]12 as precursors.
For instance, Nomiya et. al. successfully reported a tris-[peroxotitanium(IV)]-substituted
a-Dawson monomeric [a-1,2,3-P,W15(TiO2)3056(OH)3]°~ polyoxoanion (1, Figure 1c),
which are derived from {[a-1,2,3-P;W15Ti3O059(OH)3]4[13-Ti(OH)3]4,C1}*3~ (2a) in 30%
aqueous hydrogen peroxide solution. Thereinto, the four bridging Ti octahedral groups
of 2a were considered as the crucial roles for the synthesis of polyoxoanion 1 [27]. Subse-
quently, they prepared [[{Ti(OH)(0ox)}2(1-O)](a-PW11039)]”~ (Figure 1d) by using the tri-
lacunary species of [A-PWq O34]°~ and the anionic titanium(IV) complex as precursors with
the molar ratio of 1:2 under acidic conditions. The molecular structure can be recognized as
a  hybrid containing one mono-lacunary POM ligand and two
octahedral Ti-oxo moieties [28]. Then, a tetra-Ti-substituted di-lacunary o-Keggin
monomeric [[{Ti(ox)(HzO)}4(y—O)g](a—PW10037)]7’ polyoxoanion (Figure le) was also pre-
pared, which was constructed by using the dimeric dititanium(IV)-substituted
POM [(a-1,2-PW1TiO39),]19~ as precursor under acidic conditions [29].
Additionally, [[{Ti(H20)3}2{Ti(H20)2}2(1-O)3(SO4)(PW190O37)]~ polyoxoanion (Figure 1f)
was synthesized through the reaction of Ti(SO4), with [(a-1,2-PW10TipO35),0,]10~
and [(2-1,2,3-PWoTi3O037),03]2~ under strongly acidic conditions,
where the tetra-titanium(IV) oxide cluster was anchored onto the binding sites of la-
cunary Keggin POM [30]. In 2018, An et al. reported two organic-inorganic hybrid
POMs, [(H20)4(3-Hpic), Ln][(H20)5(3-Hpic), Ln][PW1¢TipO40]~ (Ln= Ce, Nd, Sm), where
binuclear Ti-substituted Keggin-type [PW1TioO4]”~ polyoxoanion was further modified
by four Ln-3-Hpic coordinating groups [31]. Recently, Poblet et al. successfully prepared
the other organic-inorganic hybrid POM, [B-a-SbWyO33(fBuSiO); Ti(O'Pr) 3, by anchor-
ing Ti(O'Pr) moiety on the silanol-functionalized an antimony-containing trilacunary POM
ligand. The resulting complex has been utilized as a catalyst for the catalytic epoxidation
of alkenes [32].

Compared to Ti-substituted POMs, the exploration of Zr-containing POMs has sel-
dom been studied. In 1985, Chauveau et al. reported a compound of Zr-containing POM,
[ZrW5019H,]>~, which was considered as the Lindqvist-type structure. However, it is
still doubted about the exact structure given the presented low signal-to-noise ratio and
incorrect intensity ratio of '83W NMR data [33]. Subsequently, Villanneau et al. has been un-
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ambiguously determined the structure as [W50158Zr(H,0)5]%~ by using EXFAS data [34,35].
Meanwhile, the same group also reported a similar compound with the structural for-
mula of [{W5Olgzr(‘u-OH)}2]6’ (Figure 2a). In 2009, Sokolov et al. reported two mono-
Zr-substituted Dawson-type monomeric polyoxoanion clusters [{(H,0),ZrPy,W1704:1 116~
and [Zr(L-OOCCH(OH)CH,;COO)P,W17,06 13~ (Figure 2b) through the reaction of mono-
vacant op-[PoW1704; 110~ ligand and Zr salt under aqueous solution conditions [36]. The
latter complex exhibited chirality due to the presence of chiral L-malic acid ligand. Later
on, other organic ligand-modified Zr-POM, (tpp)-Zr-(PW11039)[TBA]5 (tpp referring to
ternary porphyrin) (Figure 2c) [37] and (Pc)-Zr-(PW11039)[TBA]s5 (Pc referring to Phthalo-
cyanine) [38], has been reported by Drain et al. in 2009 and 2013, respectively.

&

Figure 1. The ball-and-stick and polyhedral illustration of (a) [TiW11 POy~ polyoxoanion, (b)
ap-[PaW17(TiO5)Og1 18~ polyoxoanion, (c) [2-1,2,3-Py W15(TiO5)305¢(OH)3 17~ polyoxoanion, (d)
[{Ti(OH)(0x)}2 (1#-O)](@-PW11O39)]”~ polyoxoanion; (e) [[{Ti(ox)(H20)}4(#-O)31(a-PW19O037)1"~ poly-
oxoanion, and (f) [[{Ti(H20)3}2{Ti(H20)2}2(#-O)3(SO4)[(PW19O37)]~ polyoxoanion. Color codes:
WOsg, red; POy, yellow; Ti, green; S, dark blue; C, gray; O, red.

(b)

(d) r (@,
)" L o ,

Figure 2. The ball-and-stick and polyhedral illustration of (a) [W5Olgzr(;4—OH)2]6* polyanion, (b)
[Zr(L-OOCCH(OH)CH,COO)P, W17041 13~ polyanion and (c) (tpp)Zr(PW110O39)[TBA]5. Color codes:
WOsg, red; POy, yellow; Zr, bright green; N, blue; C, gray; O, red.

2.2. Ti/Zr-Substituted Dimeric POMs

In addition to the monomeric POMs, some presentative Ti/Zr-substituted dimeric
POMs have also been reviewed herein in detail. In 1993, Finke et al. reported the first hexa-Ti-
substituted sandwich-type dimeric silicotungstate, [A—ﬁ—SiZW18T16O77]14’
(Figure 3a), which was prepared by the reaction of [A—‘B—HSiW9034]9’ with Ti(O)(Cp04),%~
or Ti(O)SOy in a regulated pH environment. The structural formulation has been lately
corrected as [A-B-(SiWgOzy)2(Ti-O-Ti)3]'*~, implying the dimerization of two hypothetical
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”[A—[ﬂ—Sin(TiOH)3O37]7_” Keggin units through the linkage of Ti-O-Ti bridges [39]. In 2000,
Kholdeeva and co-workers reported a Tip-substituted dimeric POMs [(PTiW11039),OH]"~
which was prepared using [PTiW11049]°~ subunit as reaction materials [25]. Then, Nomiya
and co-workers prepared a similar hexa-Ti-substituted sandwich-type dimeric POMs except
for the replacement of {A-SiWyOz4} with {A-PWyOgz4} [40]. Subsequently, Cronin and co-
workers reported a hexa-Ti-substituted tungstoarsenate, K¢[Tis(Hy0)19(AsTiWgOs3)2]-30H, O,
where two {AsTiWgOs3}fragments were used to encapsulate a {Tis(HpO)qp}16* moiety [41].
Additionally, they also reported the first mono-Ti-substituted
tungstoantimonate [TiO(SbW9O33)2]'°~, which was two B-a-{Sb™WyO33} fragments linked
by five sodium cations and an unprecedented square pyramidal Ti(O)O4 group with a
terminal Ti = O bond. In 2013, Kortz et al. reported two Ti-substituted phosphotungstates,
[Tig(C204)8P2W18076(H20)4]18_ (Figure 3b) and [Tié(C2O4)4P4W320124]20_ (Figure 3¢). The
former is the Tig-substituted Keggin-type phosphotungstates, consisting of two {PWy}
units encapsulating eight titanium centers bridged with two Ti-O-Ti bonds. The lat-
ter represents the first Tig-substituted Dawson-type phosphotungstates, which are con-
structed by two di-Ti-substituted {P; W1} units connected via two Ti(C,0O4) moietes [42]. In
2015, Nomiya reported the first hexa-Ti-substituted Well-Dawson phosphotungstates [{a-
P2W15T13060(OH)2}Z(Cp*Rh)z]lﬁ’ (Figure 3d). The polyoxoanion was constructed with two
tri-Ti-substituted protonated Wells—Dawson subunits “[PaW15Ti30g0(OH), ] 10~ bridged by
the two organometallic Cp*Rh?* groups [43]. Additionally, they also reported the first tetra-
Ti'V-1,2-substituted x-Keggin polyoxotungstate in aqueous solution, [a,0-Py W TigOyg]10~
(Figure 3e). The polyoxoanion consisted of a dimeric anhydride form of
two [o-1,2-PW1oTipO4]” Keggin units linked with two Ti-O-Ti bonds [44]. Similar struc-
tures have also been reported by Mizuno and Wang’s groups, respectively [45,46]. With con-
tinuous research, more di-Ti-substituted POMs have been further developed. In 2007, Kortz
etal. reported a special di-Ti-substituted tungstodiarsenate (III) [Tip (OH),AsyW19Og;(H,0) 8~
(Figure 3f), prepared by the reaction of TIOSO, and Kj4[As;W19O47(H20)] in a 2:1 molar
ratio in acidic media (pH 2). The polyoxoanion was a sandwich-type structure with nom-
inal Cyp, symmetry, which was constructed with two (B-a-AsTWoO33) Keggin moieties
linked by an octahedral {WO5(H,O)} fragment and two unprecedented square-pyramidal
{TiO4(OH)} groups [47]. Nomiya et al. further reported the synthesis of a novel molecular
solid Brensted acid based on the Dawson-type sandwich POM [Tiz{P,W15054(OHy), )18~
(Figure 3g) [48]. Subsequently, they synthesized a similar structure using mono-lacunary
Dawson precursor Kjo[ap-PaW17041]-23H,0 [49]. In 2015, Li’s group synthesized two iso-
morphic di-Ti-substituted Keggin-type phosphotungstate ([(Ti,0)(PW11039)2 18, Figure 3h)
containing dissimilar copper under hydrothermal condition. The resulting organic—inorganic
hybrid assemblies contained a rare corner-sharing double-Keggin type POM architecture in
the Ti-POM species, which was further connected with the butterfly-type [Cu''Lo] units to
form a 1-D chain and a square plane, respectively [50].

In contrast to the diverse structures of Ti-substituted POMs, Zr-substituted dimeric
POMs have been far less reported. Some presentative examples are summarized below. In
2003, May et al. reported an example of a dimeric structure of mono-Zr-substituted Kegging-
type POM, [Zr(PMo12049)(PMo11039)]~ (Figure 4a), which also represented the first crys-
tallographic determination of the [PMo11039]”~ anion [51]. The similar Keggin-type chiral
phosphotungstate and borotungstate were also reported by Liu and Xue’s groups in 2009, re-
spectively [52,53]. In 2006, Nomiya et al. also reported the first Zr-substituted Well-Dawson
phosphotungstate [Zr(ap-PaW17061)2]10~ (Figure 4b), deriving from mono-lacunary precur-
sor [ap-PoW17041 1'%~ [54]. Similar mono-Zr-substituted Well-Dawson phosphotungstate
POMs ([{P,W15054(H20)2},Zr]?~, and [{P,W15054(H,0)2) Zr{P,W17061}]'* ) have been
further reported by Hill et al. in 2007 [55]. To increase the nuclearity of Zr centers, Khold-
eeva et al. prepared three Zrp-substituted Keggin-type phosphotungstate ([{PW11Oz9Zr(p-
OH)L1*~, [{PW11030Zr(u-OH)}]°~, and [{PW11039Zr}p(u-OH)(u-0)I°7) [56]. Then,
Mizuno et al. synthesized a di-Zr-substituted Keggin-type silicotungstate [(y-S5iW10O34)2Z1>
(u-OH),]'0~ (Figure 4c) [57], and Sokolov et al. reported di-Zr-substituted Dawson-type
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phosphotungstate H{(HL0)Zr(11,-OH) (P, W17061) 1214~ [58]. In 2011, Villanneau et al. re-
ported two Zrp-containing POMs derivatives [{PW9034{PO(R)}2}2{Zr(HZO)(y-OH)}2]4_
and [{PW9034{PO(R)}2}Z{Zr(DMF)(y—OH)}z]‘l’ (R = Ph, Bu), which were obtained by using
[("BugN)3Nax[PWoO34{PO(R)};] and ZrOCl,-8H,O [59]. Subsequently, the same group
also reported a similar structure in 2013 [60]. In 2005, Hill et al. reported the first chiral
tri-Zr-substituted Dawson-type phosphotungstate {[a-P,W15055(H,0)]Zr3(p3-O)(H,O)(L-
tartH)[a-P,W10s0]}1°~ (Figure 4d) and {[a-P2W15055(H20)]Zr3(13-O)(HoO)(D-tartH)[«-
P,W15050]11° [61]. After that, Cadot et. al. reported a tri-Zr(IV)-substituted sandwich-type
Keggin POM [Zr3O(OH)»(SiW9Os4)2]'2~, which consists of a [Zr;O(OH),] triangular cen-
tral cluster closely embedded between two A-0-[SiW¢O34 ]9~ subunits [62]. Subsequently,
three cases of isomorphic compounds were also reported by Xue, Nomiya and Yang’s
groups, respectively [63—-65]. Among these tri-Zr-substituted POMs, it is worth mentioning
that Yang’s group reported the first tri-Zr!V-substituted POM [Zr3(p2-OH),(112-O)(A-a-
GeWyO34)(1,4,9-a-PoW15056)] 14~ (Figure 4e), where the tri-Zr centers were stabilized by
mixed types of tri-lacunary POM ligands including Keggin-type [A-a-GeWgO34]'0~ and
Dawson-type [1,4,9-a-P;W15056]'2~ units [66]. In addition, a number of tetra-Zr substi-
tuted POMs have also been prepared. For instance, Pope et al. reported a Zr4-substituted
phosphotungstate, [Zr4(j13-O) (112-OH),(H,0)4(P,W160s0)2 '~ (Figure 4f). Therein, the
divacant lacunary {P,Wi40Os9} ligands were derived from the plenary Wells-Dawson
(a-P;W130¢2) polyoxoanion [67]. Then, similar structures were reported by Hill and
Li’s groups in 2005 and 2013, respectively [68,69]. Subsequently, tetra-Zr substituted
Keggin-type silicotungstates [(’y—SinoO36)ZZr4(y4—O)(]1—OH)6]8_ (Figure 4g) and five other
similar structures were successively reported [70-77]. The nuclearity of Zr substitution
has been further improved to six by Kortz and co-workers. they reported the first hexa-
Zr-substituted dimeric tungstoarsenates [ZrsO4(OH)4(H,0),(CH3;CO0)5(AsWgO33),]H ~
(Figure 4h). In the polyoxoanion, the unprecedented hexa-Zr unit is perfectly located at the
cavity formed by two (B-a-AsWyOs33) fragments lying at an angle of about 74° with respect
to each other [78].

Figure 3. The ball-and-stick and polyhedral illustration of (a) [A-‘B—SiZW18T16077]14* polyoxoanion,
(b) [Tig(C204)gP2W13076(H,0)4]'8~ polyoxoanion, (c) [Tig(CrO4)4P4W3,01241?°~ polyoxoanion,
(d) P2W15T13060(OH)2}Z(Cp*Rh)Z]w* polyoxoanion; (e) [, 2-Py W TigO7g]10~ polyoxoanion; (f)
[Tip (OH); AsyW19Og7(H20) 18~ polyoxoanion; (g) [Tiz {P,W15054(OH,),},18~ polyoxoanion and (h)
[(Ti;O)(PW11039)2]8~ polyoxoanion. Color codes: WO, red; POy, yellow; SiOy, light blue; Ti, green;
As, lavender; C, gray; O, red; H, black.
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Figure 4. The ball-and-stick and polyhedral illustration of (a) [Zr(PMo120.49)(PMoq1039)1°~
polyoxoanion, (b) [Zr(0p-PyW17041 )11~ polyoxoanion, (c) [(’y-SinOO36)ZZr2(y-OH)z]w* poly-
oxoanion, (d) {[a-PyW15055(Hy0)]Zr3(13-O)(HyO)(L-tartH)[a-P,W10s9]}1°~  polyoxoanion; (e)
[Zr3(p12-OH), (2-O)(A-a-GeWgO34)(1,4,9-4-P;W15056)]'* ™ polyoxoanion;  (f)  [Zra(p3-O)a(juo-
OH),(H,0)4(PaW16059),]4~ polyoxoanion; (g) [(7-SiW19Os)2Zr4(114-0)(u-OH)s 1~ polyoxoanion and
(h) [ZrgO4(OH)4(H,0),(CH3CO0)5(AsWgOs3), 111~ polyoxoanion. Color codes: W/MoOg, red; POy,
yellow; SiOy, light blue; GeOy, turquoise; Zr, bright green; As, lavender; C, gray; O, red; H, black.

2.3. Ti/Zr-Substituted Trimeric POMs

In contrast to the dimeric POM structures, the syntheses of Ti/Zr-substituted trimeric
POMs have rarely been reported. The early reported Zr-substituted trimeric POM is
Zr602(OH)4(H20)3(ﬁ-SiW10037)3]14_ (Figure 5a), which was synthesized using an aqueous
solution-based method by Kortz et al. in 2006. This polyoxoanion consists of three B,3-
SiW1¢O3; units linked by an unprecedented ZrsO,(OH)4(H,O);3 cluster with C; point group
symmetry [79]. The similar polyoxoanion [Zré(]/t3-0)3(OH)3(OAC)(HZO)(ﬁ—GeW10037)3]16_
was also synthesized via hydrothermal method by Yang’s group in 2019, except that
{B-SiW19O37} was replaced by {5-GeW19O37} [80]. Late on, Kortz et al. reported another
Zrg-substituted silicotungstate [Z16(02)6(OH)4(7-SiW19O36)3] 18~ (Figure 5b) in 2008, where
6-Peroxo-6-Zr Crown embedded in a triangular polyoxoanion. This polyoxoanion is com-
posed of three [7-SiW 1003418~ units encapsulating the unprecedented [Z16(0,)6(OH)6 10"
wheel, while it can also be considered as a cyclic assembly of three fused {Zry(O5)2(OH)(y-
SiW100Os36)} monomers. This work belongs to the first structurally characterized Zr-peroxo
POM with side-on, bridging peroxo units [81]. Additionally, Kortz et al. reported the
first examples of Ti-containing trimeric polytungstates, two cyclic Tig-containing trimeric
POMs, [(a-TisPWgOsg)3(PO,)]'8~ (Figure 5¢) and [(a-Ti3SiWeO3;0H)3(TiO3(OH»)3)]Y ~
(Figure 5d) using the solution-based synthetic method. Both compounds were composed of
three (Ti3XWgOsy) units (X = P or Si) bridged with three Ti-O-Ti bonds and a capping group
(tetrahedral POy or octahedral TiOg) [82]. Liu’s group reported two similar trimeric nine-
Ti'V contained tungstogermanates {KC[(Ge(OH)O3)(GeWoTizO3gHy)3]1 14~ (Figure 5e) and
{KC[(SO4)(GeWoTizO33H3)3]'%~. The two compounds were obtained from the reactions
between Kg[y-GeW1¢Os¢] [83] and TiO(SO4) under different pH conditions. The former
polyoxoanion consisted of three tri-Ti!Y -substituted Keggin fragments [GeWgTi3O3g] and a
GeOy tetrahedral linker bridged with both Ti-O-Ti and Ti-O-Ge bonds, and the structure of
the latter one is similar except for the replacement of SO4 with GeOy [84]. Recently, a novel
trimer compound [{Ca6(C03)(y3—OH)(OH2)18}(P2W15Ti3061)3Ca(OH2)3]19’ (Figure 5f) was
reported that contains a hexacalcium cluster cation, one carbonate anion, and one calcium
cation assembled on a trimeric tri-Ti-substituted Wells-Dawson polyoxometalates. This
complex was obtained through the reaction of calcium chloride with the monomeric
trititanium(IV)-substituted Wells—Dawson POM species “[P,W15TizOs59(OH)3]7~". During
the synthesis, the [Cag(CO3)(13-OH)(OHy)13]°* cluster cation, composed of six calcium
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cations linked by one pg-carbonato anion and one y3-OH™ anion, assembled with one
calcium ion, a trimeric “[P,W15Ti3Os59(OH)3]°~” species to form the target product. The
compound is an unprecedented POM species containing an alkaline-earth-metal cluster
cation, and it is also the first example of alkaline-earth-metal ions clustered around a
Ti-substituted POM [85].

Figure 5. The ball-and-stick and polyhedral illustration of (a) Z160,(OH)4(H,0)3(8-SiW19037)3]™~
polyoxoanion,  (b) [Zr6(02)6(OH)g (7-SiW19O3¢)3]18~ polyoxoanion, (c) [(a-TizPWgOszg)
3(POy)]'~ polyoxoanion, (d) [(a-TizSiWgeO3;,0H)3(TiO3(OHy)3)]'”~ polyoxoanion, (e) {KC[(Ge
(OH)O3)(GeWqTizO33H,)3]}14~  polyoxoanion and (f) [{Cas(CO3)(13-OH)(OHy)15}(PaW15Tis
Og1)3Ca(OH,);]19~ polyoxoanion. Color codes: WOy, red; POy, yellow; SiOy, light blue; GeOy,
turquoise; Ti, green; Zr, bright green; Ca, orange; C, gray; O, red.

2.4. Ti/Zr-Substituted Tetrameric POMs

In this section, a number of Ti/Zr-substituted tetrameric POMs will be briefly intro-
duced. The early example is a dodeca-Ti-substituted Dawson-type tetrame-
ric, [{TisPoW15057 5(OH)3)4 1%~ (Figure 6a), representing a supramolecular phosphotungstate
reported by Kortz’s group in 2003 [86]. The polyoxoanion was composed of four lacunary
[P2W15056]'2~ Well-Dawson building blocks linked with terminal Ti-O bonds, resulting
in a structure with T; symmetry. The {Ti;2O4¢} core of the polyoxoanion is composed of
four groups of three edge-shared, corner-linked TiO4 octahedra. Such a rare arrangement
resembles one set of the four corner-shared faces of an octahedron, described as a “re-
versed Keggin structure”, which is very similar to the [AssMo1,050]8~ geometry reported
by Sasaki and Nishikawa [87]. Apart from this Tij, cluster, they also discovered another
deca-Ti-substituted tetrameric species [{Ti3PoW150s7 5 (OH)3}5{Tia Py W16060(OH)}2 %0~ con-
taining two {Ti3sP, W15} and two {Ti, P, W14} fragments, therefore resulting in a structure with
Cy, symmetry. Meanwhile, Nomiya et al. also reported two multi-Ti-substituted tetrameric
POMs. The first one is a giant “tetrapod”-shaped dodeca-Ti-substituted Dawson-type
tetrameric phosphotungstate, [(¢-1,2,3-PoW15Ti3Og05)4C1]* ~ (Figure 6b), which contains
the four Wells-Dawson units fused together through Ti—-O-Ti bonds. The structure exhibits
an approximately T; symmetry, where the four Ti3Oy facets of “P,W;5Ti3” occupied four
alternate facets of an octahedron, and the one CI” ion was encapsulated in the central oc-
tahedral cavity [88]. It is noted that a similar structure [(P;W15Ti3Og05)2(NH4)]*°~ was
also reported in 2011, except that Cl” was replaced by NH;* [89]. The other example be-
longs to a “tetrapod”-shaped Tij4-substituted Dawson-type tetrameric phosphotungstate
[(a-1,2,3-PoW15TizOgp)4{3-Ti(OH)3}4Cl]*~ (Figure 6¢). The polyoxoanion, prepared by
the reaction of [P,W;505¢]'2~ with an excess amount of TiCly in aqueous solution, was
composed of four tri-TilV-1,2,3-substituted a-Dawson substructures, four Ti(OH)3 bridg-
ing groups, and one encapsulated chloride ion [90]. Subsequently, Nomiya et al. also
reported three similar Tijg-substituted POMs, [(a-PyW15TizOs9(OH)3)4{p3-Ti(Hp0)3}4X]* ~
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(X =Br7, I", and NO37), except that halogen atoms and some oxygen atoms are proto-
nated [91]. In 2004, Kortz et al. synthesized a unique cyclic octa-Ti- substituted tetrameric
tungstosilicate [{,B-TiZSiWwO39}4]24’ (Figure 6d) assembly under mild, one-pot reaction
conditions. The polyoxoanion is composed of four {B-Ti;SiW19O39} Keggin fragments
bridged with Ti-O-Ti bonds, leading to a cyclic assembly. The successful preparation of this
compound provides future possibilities for preparing even larger wheel-shaped polyoxo-
tungstates and other discrete nanomolecular objects of similar size, structure, and function
as those made with polyoxometalates [92]. Then, Kortz’s group also successfully prepared a
hepta-Ti substituted arsenotungstate [Tig(TiOg)(AsW9O33)4]°°~ (Figure 6e) in 2014 using a
simple one-pot procedure. The polyoxoanion contains a novel Tiy-core consisting of a central
TiO4 octahedron surrounded by six TiOs square pyramids, which was further capped by
four trilacunary {As""Wy} fragments, leading to an assembly with T, point-group symme-
try [93]. In 2019, Yang’s group also reported a similar structure [Ti;Og(SbWoO33)4]%°~ by
replacing {AsWgOs3} with {SbW¢Oz3} [94]. In 2022, Yang’s group further synthesized a
ring-shaped 12-Ti-substituted poly(polyoxometalate) [{KoNa(HpO)3}@{(TiyO)2(TisO4)2(A-
a-1,3,5-GeWgOs¢)2(A-a-2,3,4-GeWoO34),}1%~ (Figure 6f) under hydrothermal conditions,
which represents the highest number of Ti centers in Keggin-type poly(POM) family to date.
In this structure, two types of novel chiral trivacant [GeWoO36]"4~ (A-1-1,3,5-GeWo O34
and A-a-2,3,4-GeW9Os3q) fragments have been first discovered in POM chemistry, and four
[GeWyOs6]14~ fragments are alternately connected by two TiO and two TizOy cores to form
a ring-shaped poly(POM) [95].

In addition to these Ti-substituted POMSs, some Zr-substituted tetrameric POMs have
also been actively investigated. For instance, a Zr4-substituted tungstoselenites, [(a-SeW¢Os4)
{Zr(HyO){WO(H,0)(WO,)(SeO3){a-SeWgO31 Zr(H,O)} ], 12~ (Figure 7a), has been firstly
constructed using {#-SeWy} building blocks. Such a tetrameric structure can be divided
into two same subunits, each containing a dimer sandwich-type structure that consists
of a well-known trivacant Keggin-type {#-SeW9Os4} building blocks [96]. Then, Yang's
group continuously reported eight tetrameric Zr-substituted POMs. The first example repre-
sents a new tetra-Zr-substituted tungstophosphate, {Zr,[SbP, W4 (OH), 051 [[2-PW10O35]},2°~
(Figure 7b) through the hydrothermal reaction of the [B-a-SbWoO33]°~ building block with
Zr** cations and PO,®~ anions in the presence of dimethylamine hydrochloride in NaOAc-
HOACc buffer solution. The compound exhibits a toroidal structure formed by two divacant
[42-PW19O33]'1~ units and two [SbP,W4(OH),0 1"~ fragments linked by four Zr** cations.
It is noted that the triangular pyramidal SbOj3 in the [B-o-SbWgO33]”~ precursor was replaced
by tetrahedral POy unit in the final compound, and the pendant SbO3 derives from the disso-
ciation of the [B-a-SbWyOs3]°~ precursor [97]. Then, the same group also reported a Zr(IV)-
substituted tetramer polyoxotungstate, [Zry(B8-GeW10O3g)2(A-a-PWoO34)2]?6~ (Figure 7c) [98],
which was obtained in a one-pot reaction of the hexalacunary polyanion [PaW1204g]"2~
and trilacunary [GeWyO34]'°~ polyanion precursors with Zr** in a slightly alkali aque-
ous solution in the presence of borates. Subsequently, a Zrg-substituted tetrameric ger-
manotungstate, [{Zrs(u3-OH)4(OH),}@{Zry(OAC), (x-GeW1O3g)2}2]%%~ (Figure 7d) was con-
structed by two novel sandwich-type dimers [Zr, (OAC);(p-GeW19O33)7]'8~ and one unique
[Zrs(u3-OH)4(OH),]'** core in an approximately orthogonal fashion, showing a staggering
tetrahedral polyoxoanion [80]. In addition, Yang et al. also reported a series of ring-shaped Zrg-
substituted  silicotungstates, [{Zrz(OH)z(oc-SiWwa,g)}z{Zr2(OH)Z(‘B-SiWwa,g)}z]M’
(Figure 7e) (dap = 1,3-diamino-propane), [(Zrz(OH)2)2(ZrzBO(OH)4)2(ﬁ—SiW10038)4]26’
(Figure 7f) and [(Zr,BO(OH)4)2(Zr2B202(OH)s5)2(B-SiW19038)4]28~ [99]. The latter two com-
pounds first provided the possibility of introducing Zr-B-O linkage to the lacunary sites.
Very recently, they also reported a di-Zr-substituted polyoxotungstate [ZrSbs(OH)O,(A-a-
PWgOs)(A-a-PWoOsy)]r 18~ (Figure 7g) [100] and hepta-Zr-incorporated polyoxometalate
[SbZr;06(OH)4(B-2-GeWgO34)2(B-a-GeW11039):1*! ~ (Figure 7h) [101], these works greatly
enriched the family of Zr-substituted POMs.
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pg

Figure 6. The ball-and-stick and polyhedral illustration of (a) [{TisP,W15057 5(OH)3}4 14~
polyoxoanion, (b) [(a-1,2,3-PyW15Ti3Og0 5)4C11 ~ polyoxoanion, (c) [(«-1,2,3-PoW15Ti3Og2)4
{3-Ti(OH)3},C1]*>~ polyoxoanion, (d) [{ﬁ—TiZSiW10039}4]24_ polyoxoanion, (e) [Tig(TiOg)
(ASW9O33)4]207 pOlyOXO&I‘IiOI‘I and (f) [{KZNa(Hzo)g,}@{(TizO)z-(Ti404)2(A-a-1,3,5-GeW9036)2(A-OL-
2,3,4-GeWgOsg )} 1%~ polyoxoanion. Color codes: WOy, red; POy, yellow; SiOy, light blue; GeOy,
turquoise; Ti, green; As, lavender; O, red.

Figure 7. The ball-and-stick and polyhedral illustration of (a) [(x-SeW9O34){Zr(H,O)}{WO(H,0)}
(WO,)(SeO3){a-SeWg 031 Zr(H,0)}], 12~  polyoxoanion,  (b) {Zrp[SbPyW4(OH),O001][ap-PWyg
Osg]},20~ polyoxoanion, (c) [Zr4(/3—GeW10038)2(A—Dc—PW9O34)2]26* polyoxoanion; (d) [{Zrs(p3-OH)y
(OH);}@{Zry(OAc)y (a-GeW1O38)2}2]**~ polyoxoanion, (e) [{Zra(OH)y(a-5iW19O3zs)}2{Zrz(OH),
(ﬁ-SiW10038)}2]24_ polyoxoanion, (f) [(Zro(OH),)2(Z1yBO(OH)4)5 (B-SiW10O3g)41%0~ polyoxoanion,
(8) [ZrSbs(OH)O5 (A-a-PWgOs3p)(A-a-PWoO34)]5 18~ polyanion and (h) [SbZr;O4(OH)4(B-a-
GeWgO34)s(B-2-GeW11039)2 ]2~ polyoxoanion. Color codes: WOy, red; POy, yellow; SiOy, light
blue; GeOy, turquoise; Se, pale blue; Sb, violet; Zr, bright green; B, rose; O, red.

2.5. Ti/Zr-Substituted Multimeric POMs

Compared to those mono-, di-, tri- and tetrameric POM structures, there are very
few reports on the preparation of multimeric Ti/Zr-substituted POMs. To date, only
two related compounds have been reported. The first example belongs to an octa-Ti-
substituted Dawson-type supramolecular polyoxoanion reported by Kortz’s group in
2003 [86]. However, the polyoxoanion was described by the preliminary and incomplete for-
mula “TigP1oWags” or “(TipPaW15)2(TiaPaW16)2(P2W11)2” (Figure 8a) due to the poor quality
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of the crystallographic data. The second representative example is the gigantic Zrps-cluster-
substituted Keggin-type germanotungstates [Zr;402(OH)19(H20)2(W2010H)2(GeWgO34)4

(GeWgO31),1%2~ (Figure 8b) reported by Yang’s group in 2014 [102]. The polyoxoanion

was successfully synthesized under hydrothermal conditions, which contains the largest

[Z12402(OH)19(H20),] cluster among all reported Zr-based poly(polyoxometalate)s to date.
Detailed structural analyses of this complex showed that the centrosymmetric Zrp4-cluster-
based hexamer contained two symmetry-related [Zr12011(OH)5(H2O)(W2010H)(GeWyOs4)2
(GeWgO31)]'0~ trimers linked via six u3-oxo bridges, which were further encapsulated by
different POM fragments including B-a-GeWyO3y4, B-a-GeWgO31, and W,Oqq. Catalytic

experiments also showed that this compound worked as a good catalyst for the oxygenation

of thioethers to sulfoxides/sulfones in the presence of HyO,, which could be attributed to

the unique redox property of oxygen-enriched polyoxotungstate fragments as well as the

Lewis acidity of the Zrp4 cluster. Although the synthesis of multimeric POMs is rather diffi-
cult, these pioneering works provide some insights and future direction for the exploration

of this specific research area.

oo

Figure 8. The ball-and-stick and polyhedral illustration of (a) (TipP,W15)2(TioPaW16)2(P2W11)2 poly-
oxoanion, (b) [Zr402(OH)19(H;0)2(W,010H)2 (GeWgO34)4(GeWgO31), 172~ polyoxoanion. Color
codes: WOg, red; GeOy, turquoise; Zr, bright green; O, red. Adapted with permission from ref. [86],
copyright 2003 John Wiley and Sons.

3. The Applications of Representative Ti/Zr-Substituted POMs

It is well known that transition-metal clusters are a unique area in inorganic chem-
istry, considering their vital contribution to the blossom of modern chemistry as well
as their potential application as structural models for various industrial and biological
catalytic processes [103-106]. To date, the Ti/Zr-substituted POMs have been widely in-
vestigated as catalysts for the oxidation of organic substrates. For example, Poblet et al.
investigated the oxidation of alkenes by HyO; catalyzed using Ti(IV)-containing POMs,
which were models of Ti single-site catalysts at the DFT computational level. The catalytic
mechanism of the C,H, epoxidation with H,O, mediated by [PTi(OH)W11039]*~ and
[Tio (OH), AsyW19Og7(H,0) 18~ can be processed by following two main steps (Scheme 1):
(i) HyO, was activated to form the titanium-peroxo or -hydroperxo intermediate, and
(ii) the reactive intermediate further attack alkene to form the epoxide and water [107].
Kholdeeva and co-workers also reported several cases of various organic catalytic studies
with Ti-containing POMs. For example, they investigated the mechanism of thioether
oxidation of (BuyN)7{[PW11039Ti],OH} dimeric heteropolytungstate in 2000 [108]. In
2004, they also reported a protonated titanium peroxo complex [BugN]4[HPTi(O7)W11039]
and found that protonated titanium peroxo complex has a higher redox potential, which
can improve the catalytic performance [109]. In the same year, Ti(IV)-monosubstituted
Keggin-type POMs were reported to exhibit excellent catalytic oxidation properties with
H,0O; [110-112]. Subsequently, Kholdeeva et al. also reported the epoxidation of a range
of alkenes easily proceeds with aqueous H,O, as oxidant and the dititanium-containing
19-tungstodiarsenate (III) as catalyst [113]. In 2012, the same group also published two
works on alkene oxidation by Ti-containing POMs. They claimed that the energy barrier for
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the heterolytic oxygen transfer from the reactive Ti hydroperoxo intermediate was signifi-
cantly reduced by the protonated Ti-containing POM, as revealed by the kinetic and DFT
studies, thereby greatly enhancing the activity and selectivity of alkene oxidation [114,115].
Subsequently, Poblet and Guillemot reported the alkene epoxidation catalyzed by the
hybrid [B-a-SbWgOs33(*BuSiO)3 Ti(O'Pr)]>~, [PW9O34(*BuSiO); Ti(O'Pr)]3~, and Ti-complexe
of silanol functionalized POMs [SbWO13(RSiO)sTi(O'Pr)]3—, respectively [32,116,117].
Based on the research of alkene epoxidation catalysis, Kholdeeva et al. also revealed the
mechanism of thioether oxidation of Ti-substituted POMs by kinetic modeling and DFT
calculations. Two possible models regarding the active group were proposed: (1) the active
group is the terminal Ti—OH group for the mononuclear, and (2) the active group is the
bridging Tiy(1-OH) moiety for the multinuclear [118]. Subsequently, Yang’s group also
reported two cases of the catalytic oxidation of thioethers using Tiy- and Tijp-substituted
POMs, respectively, which both exhibited good catalytic properties [94,95]. In addition, Li’s
group investigated the photocatalytic degradation of MB with Tip-substituted POM units
under UV irradiation, which proved that Ti-substituted Keggin-type POMs showed better
photocatalytic activities than that of typical Keggin-type POMs [50]. Some Ti-substituted
POMs have also been reported with good electrocatalytic properties [119].

\ s \ ‘o \ ;0
Ti—0, +Hy0p — = Ti” Ny or i1 +H,0
. “H : O P .
ya {: H Ol : 0
H
(ii) \ \T|‘ — "O + \g
/S 04 ;"0

Scheme 1. Schematic diagram of the proposed mechanistic processes.

Compared with the applications of Ti-substituted POMs, a part of Zr-substituted
POMs also exhibited good catalytic oxidation of thioether, electrocatalytic and nonlinear
optical properties, etc. For example, Yang’s groups reported a few works on the oxidation
of sulfide using Zr,-, Zry-, Zry- and Zrg-substituted POMs, respectively [76,99-101]. These
compounds showed remarkable heterogeneous catalysts for the catalytic oxidation of
sulfides into the corresponding sulfones with H,O,. The same groups also reported several
Chiral Zr-substituted POMs which have excellent nonlinear optical properties [75,77]. In
addition, transition-metal-substituted POMs are air- and water-stable Lewis acids that
were often used in organic reactions [120], and in the last two decades, most Zr-substituted
POMs also were reported to be used as optimal Lewis acid catalysts to hydrolyze the
O = C-NH- bonds in proteins or peptides (Scheme 2), leading to the formation of amino
acids [121-126]. These works implied the potential applications of Zr-substituted POMs in
biological systems.

NH
cGG

/ m\ |

2 'H,N
o’
G

Scheme 2. Schematic diagram of hydrolysis of GG in the Presence of POMs.
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4. Conclusions and Perspectives

In summary, this review has mainly addressed the development of Ti/Zr-substituted
POMs with an emphasis on structural diversity, synthetic approaches, and potential cat-
alytic applications. According to the overview of these reported Ti/Zr-substituted POMs,
we can conclude that (1) the solution-based synthetic approach is an effective method for
the syntheses of Ti/Zr-substituted POMs; (2) interesting and attracting POM structures
could be often obtained via the hydrothermal synthetic strategy. These successful synthetic
strategies and the persistent and dedicated efforts of chemists over the past decades have
greatly contributed to the vast and beautiful array of Ti/Zr-substituted POMs. However,
there are still bottlenecks in Ti/Zr-substituted POM chemistry with respect to the control-
lable assembly of target POM structures, the exploration of novel synthetic approaches,
as well as the insightful understanding of catalytic mechanisms using Ti/Zr-substituted
POM catalysts. Therefore, we believe that the development of other synthetic methods, for
instance, the mixed solvent diffusion method, ionothermal approach, templated modular
assembly method or the combination with existing solution/hydrothermal approaches,
would provide new blood to the synthetic chemistry of Ti/Zr-substituted POMs. Moreover,
the ground-breaking exploration of new catalytic functionalities of these Ti/Zr-substituted
POMs should also be strengthened in the future. Finally, we hope this critical review could
provide research insights into the controllable design and syntheses of Ti/Zr-substituted
POMs derivatives and, in the meantime, attract more researchers to join the research
community of POM Chemistry or the related interdisciplinary research areas.
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Abstract: Anderson-type ([XMgO,4]" ") polyoxometalates (POMs) are a class of polymetallic-oxygen
cluster inorganic compounds with special structures and properties. They have been paid extensive
attention by researchers now, due to their chemical modification and designability, which have
been widely applied in the fields of materials, catalysis and medicine. In contemporary years, the
application of Anderson-type POMs in catalytic organic oxidation reaction has gradually shown great
significance for the research of green catalytic process. In this paper, we investigate the application
of Anderson-type POMs in organic synthesis reaction, and these works are summarized according
to the different structure of POMs. This will provide a new strategy for further investigation of the
catalytic application of Anderson-type POMs and the study of green catalysis.

Keywords: polyoxometalate; Anderson structure; organic synthesis; molecular catalysis; green
chemistry

1. Introduction

The Anderson type of polyoxometalates (abbreviated as POMs) are an important class
of structures in oxygen-bridged polymetallic cluster compounds, which can be expressed as
[XMgOo4]™ ™ or [Hx(XOg)MgO13]"~ (M=Mo or W); its central heteroatom X can be replaced
with the majority of transition metal atoms like Fe, Co, Cu, Ni and Mn, etc. The stable
configuration of Anderson-type POMs is a flat and circular structure (Figure 1a,b). There
are three different types of oxygen atoms on the surface of Anderson-type POMs, with
different coordination modes, so the reactivity of different sites on the surface is fairly
different. Additionally, the class of protonation of the surface oxygen atoms of the POMs
are also significantly varied, which can be divided into the following two types (Figure 1c):
one non-protonation p3-O on the surface of Anderson-type POMs called type A; the other
possesses protonated p3-O called type B. Provided that the valence state of the central atom
is high (oxidation state > 4), Anderson-type POM:s are also found to exist in a fold isomer
configuration. This is similar to ammonium heptamolybdate (Figure 1d,e). However, for
the central metal atoms in the low valence states, this structure requires organic ligand
protection to keep steady (Figure 1f) [1-5].

The oxygen atoms of Anderson-type POMs are surrounded by six octahedrons around
the central hetero-atoms by sharing an edge to form a common planar ring structure,
otherwise a folded-twisted structure. Moreover, the central hetero-atoms are varied and
modified easily, so the structure has a high coordination activity. Their structure and
properties can be more multifarious by further modification.

Classical structures of POMs are mostly uniform particles with nano, otherwise
sub-nano, size. Due to the octahedral connection and easily modified characteristics
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of Anderson-type POMs, this leads them to become a good sub-nano building unit. They
can be used to design and synthesize a variety of special sizes and properties of organic—
inorganic POMs compounds which show exceedingly important application value in
materials, medicine, catalysis and other fields.

H
(b) (c)

3

(e) (f)

Figure 1. (a) Structure diagram of x-Anderson-type POMs; (b,c) Ball and stick model of x-Anderson-
type POMs; (d) Structure diagram of 3-Anderson-type POMs; (e) Ball and stick model of 3-Anderson-
type POMs; (f) Organic modified $-Anderson-type POMs.

The previous research about Anderson-type POMs mainly attach great importance
to the synthesis and preparation of new compounds and characterization, etc.; the Wang
group, Wei group, Zhou group, Niu group and Kreb group have made an army of contri-
butions in this field.

In 2014, Wei groups developed a liquid-phase diffusion single-crystal growth sample
addition method and a special and sample addition tube [6]. The invention can significantly
improve the working efficiency of the single-crystal cultivation, and the quality of the
obtained single crystal by this method is also significantly improved. The Wei group
designed a large number of different Anderson-type POMs and crystal of their organic
derivatives via this approach (Figure 2). They afterward defined a series of structure of
new Anderson-type POMs and the relevant derivatives [7-13] through single-crystal X-ray
diffraction, infrared spectrum, NMR spectrum and liquid chromatography, which greatly
promoted the development of synthesis Anderson-type POMs and structural chemistry.

With the structural development of Anderson-type POMs, a mounting number of
researchers began to study the modification of POMs which controlled the application
in the catalytic field [14-19]. These studies illustrate that Anderson-type POMs not only
possess acid-based properties, but also excellent redox performance for the contributor
that is present in central atoms. Owing to their structural stability, they can also be used
as catalysts and applied in homogeneous and heterogeneous reactions, and even through
phase-transfer catalyst or ionic liquid catalyst after appropriate chemical modification.
Therefore, Anderson-type POMs are regarded as new sub-nano molecules with high
catalytic activity. Nowadays, the research about Anderson-type POMs materials and their
functions has gradually become a hot field in polyacid chemistry [20-25]. Nevertheless,
the early work in the catalytic application of Anderson-type POMs mainly focused on
desulfurization of oxidative and the treatment of industrial wastewater [26-30]. The
applications in organic reaction are still the confronting great challenge.
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Figure 2. Several Anderson-type POMs crystals prepared by the special sample tube for liquid-phase
diffusion technique [6-13].

It is universally acknowledged that progress of society depends on the development
of organic synthetic chemistry. Reducing or avoiding producing harmful products is the
question of organic synthesis reaction and the focus of “green” chemical research [31-34].
With the development of Anderson-type POMs in the catalytic reaction, the researchers
found that the replacement of a traditional metal or non-metal catalyst is feasible with
Anderson-type POMs or their derivatives [35-51]. This system not only can improve the
catalytic efficiency, but also generate less by-product in the process. This is exactly an
environmentally friendly, green and efficient catalytic system.

The variety of Anderson-type POMs catalysts have been reported. This review summa-
rizes previous research studies based on recent literature. These works are roughly divided
into two major categories according to the anion structure (Figure 3). For convenience
of description, we define the relevant letter for the following categories: (1) The catalytic
application of simple Anderson-type POMs (abbreviated as P); (2) Catalytic application of
organic modified Anderson-type POMs derivatives (abbreviated as PO). In these two cate-
gories, the catalysts are further divided into two minor categories according to the cationic
form of Anderson-type POMs: (1) Simple inorganic cations (such as NH;*.Na*.H* K*, the
following is abbreviated as [I]*); (2) Organic cations ([O]*).
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Anderson
type POMs

\ Simple Anderson type POMs (P)

Organic modified Anderson type
POMs derivatives (PO)

\ Simple inorganic cations ([I] %)

‘ Simple inorganic cations ([1]%)

\ Organic cations ([0]*)

‘ Organic cations ([0]*)

Figure 3. Tree-structure classification of Anderson-type POMs in this paper.

2. The Application of Anderson-Type POMs in Catalytic Synthesis
2.1. Catalyzation of Anderson-Type POMs (P)
(1P

In 2016, Kadam and Gokavi investigated the dynamics and catalytic mechanism of the
Anderson-type POMs, chromium (III) molybdate catalyst, which originally formed via the
reaction between [O=Cr"(OH)sMogO;5]>~ from the oxidation of H[Cr'(OH)sMogO15]>~
and hydrazide without free radicals in the course of the reaction process. This work
provides good ideas and inspiration for oxidation hydrazide by Anderson-type POMs [35].

In 2017, the Wei group reported a simple, mild and efficient method of aerobic oxida-
tion amine by inorganic ligand-loaded non-precious metal catalyst (NH)4)n[MMogO13(OH)s]
(M=Cu?*; Fe**; Co®*; Ni%*; Zn*, n = 3 or 4) in water at 100 °C via one step, demonstrating
that the catalytic activity and selectivity can be significantly improved by transforming
the central metal atoms. In the presence of Anderson-type POMs, with O, as the unique
oxidant, the catalytic oxidation of fundamental amine and secondary amines, and the
coupling reaction of alcohol and amines can be achieved to generate the relevant imines.
This new catalytic system provides a new method for catalytic oxidation reaction through
inorganic ligand-supported metal catalysts [36].

Soon after, Wei and collaborators proposed a Cu-based Anderson-type POM, (NHy)4
[Cu(OH)sMogOq3] used for oxidation of carboxylic acid to aldehyde in water (Figure 4).
This system used oxygen as the sole oxidant in the mild condition and was also suitable for
various aldehyde derivatives with different functional groups [37]. In this catalytic process,
the catalyst (NH4)4[Cu(OH)sMogO1g] can be recycled at least six times and maintain high
catalytic activity. This method of preparing for carboxylic acid is not only simple to operate,
but also avoids the use of expensive and toxic raw materials. The versatility of this catalytic
route makes it possible for industrial applications.

In 2018, the Wei Group used inorganic ligand-supported Fe-based Anderson-type
POMs (NH)4)3[Fe(OH)sMogO13g] to prepare imines by aerobic oxidation of aldehyde/ketone
and amine oxidation coupling with oxygen as the sole oxidation [38]. The catalyst is com-
prised of an inexpensive system (NH4)sMoyOy4-4H0 and Fep(SO4)3. This system can be
applied in broad substrates with low loss of catalytic activity, proving that this catalytic
system has great potential in catalytic chemical transformation. Additionally, the stably
inorganic skeleton for the catalyst provides good stability and is reusable in the course
of the reaction process; for this reason, the catalytic oxidation of halide and amine can be
easily improved to the gram level and has the potential to apply in industry.
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Figure 4. A method for preparing carboxylic acids by oxidizing aldehydes in water using (NHy)4
[Cu(OH)6M06018].

After that, the Wei group published an inorganic ligand-supported iodine catalyst
(NH4)5[IM0gOy4] using an efficient method of aerobic alcohol oxidation. This system is
compatible with multiple functional groups with high selectivity and good stability [39].
Based on experimental results, they proposed a preliminary mechanism of iodine cat-
alyst (NHy4)5[IMogO»4] for alcohol oxidation (Figure 5). This process is similar to the
enzymatic oxidation reaction, which can be divided into two independent semi-reactions:
(NH,)5[TV"™™o4 V10,4] mediated alcohol oxidation reactions and dioxygen-coupled oxi-
dation reaction with [IYMog"'Oy4]. For the iodo-molybdic acid catalyst by the inorganic
ligands supported, two oxidizing equivalents required for oxidation are stored at the iodine
center. Meanwhile, the addition of additives exerts a significant influence on the progress
of the reaction, because the presence of CI~ and Ac™ as an electron transfer medium pro-
motes the electron transfer efficiency of (NHy)5[IV"Mog V1044]. This proposed mechanism
is meaningful for the application of new Anderson-type POMs in organic reactions. This
catalyst is a kind of efficient and mild inorganic ligand coordination catalytic system with
high valence of iodine. The system has a wide range of substrate tolerance, good selec-
tivity and recyclability, which avoids using the toxic organic ligands and toxic oxidant.
Compared with the expensive organic iodine reagent, this system is convenient to apply
in medicine, spices and food additives. Besides, the structure of (NHy4)5[IMogO,4] also
provides more insight on designing the new Anderson-type POMs by replacing the metal
ion in the backbone.

{ [IVHMOVI6024] 5§ ] O H
H,0 J\
1 2
I-POMs i i
Catalytic
Cycle o)

12 0, J\ + H
[ [IVM0V16024]7- ] R1 R2

Figure 5. Proposed mechanism for the I-POM-catalyzed oxidation of alcohols.
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Subsequently, Wei and co-worker prepared a Zn-based Anderson-type POM, (NH4)4
[Zn(OH)sMogO1g], which was used as a catalyst for oxide cross-coupling reaction of halide
and amine, oxide self-coupling reaction of amine, and the halide oxide reaction [40]. In this
catalytic system (Figure 6), they chose benzyl amine and benzyl chloride as model substrates
for the oxidative cross-coupling reaction with generating N-benzylidenebenzylamine in
32% yield, 47% selectivity. By screening the solvent, acetonitrile showed the best yield
and selectivity with 89% and 90%, respectively. Additionally, shortening and extending
the reaction time also affected the yield. In addition, the optimal reaction temperature
at 60 °C and 1.0 mol% was the optimal amount of catalyst. Although the reaction uses
O, as an oxygen source, relevant imines, aldehyde and ketone can still be efficiently
prepared. The inorganic ligand-supported zinc-based Anderson-type POMs are not only
easy to prepare and synthesize by the hydrothermal method, but also easy to recover
due to the heterogeneity of the reaction. Compared with precious noble metal catalysts
such as rhodium, ruthenium, and palladium, this catalyst avoids the use of toxic, air and
water-sensitive organic ligands. So, Anderson-type POMs still have great potential as a
heterogeneous catalyst in organic reactions.

RZ—~NH,

(NH4)4[ZnMogO1g(OH)s]

Figure 6. Zn-based Anderson-type POMs catalyze the oxidation of halides to aldehydes or ketones,
and amines to sub-units.

In the same year, Sawant and co-worker investigated the application of Co-based
Anderson-type POMs, Co™(OH)¢MogO15]3~, in catalyzed oxidation of acetaminophen in
the aqueous media when the pH values are 1 or 2 [41]. In this reaction, the electron transfer
from neutral acetaminophen to anion, and then in the step of rate determination, the free
radicals are further oxidized to N-acetylquinone imide as an intermediate, and what is
more, hydrolyze to obtain benzoquinone and acetic acid. The experimental results reveal
that the formation of a weak complex among the reactants promotes the reaction.

In 2019, the Wei group reported Cu-based Anderson-type POMs, (NHy4)4[Cu(OH)g
MogOs3], which were used to study the aerobic oxidation of alcohol [42]. The classical
transition metal complex catalytic system required complex organic ligands or nitroso
radicals as auxiliary catalysts, and even strong oxidants. Nevertheless, when many organic
compounds are in contact with these strong oxidants, it can easily result in exploding.
Therefore, the traditional oxidation reaction of alcohol possesses complex process, high-
price, severe and dangerous reaction conditions. Although, this catalyst is synthesized in
water from cheap ammonium heptamolybdate and copper sulfate. The results showed that
this catalytic system was suitable for various substrates in the oxidation of alcohol with
excellent selectivity and activity. This method is not only safe and efficient, but also environ-
mental. It has the potential to achieve industrial application. The experimental results show
that the catalytic mechanism of the catalytic system is as follows (Figure 7) [42]: The two
oxidation equivalents required for oxidation are not only stored in the copper center, but
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can be transferred to six marginalized MoOg on the unit for (NH4)4[Cu(OH)¢MogO13]. The
Cu-based Anderson-type POMs react with alcohol to generate active substance A, while A
and E, as a pair of isoforms, can interconvert, possibly due to the transfer of electrons to
the inorganic ligands MoQg via the intramolecular oxygen bridge Cu-O-Mo. Thus, one of
the Mo cells goes from positive hexavalent to positive pentavalent. Anderson-type POMs
A firstly activate molecular oxygen generation activity species B. Subsequently, species
B hybridizes by the O=0O bond to obtain the highly reactive metal oxygen species C as
an active oxidant. During this catalytic reaction, the detection by MS indicates that water
is involved in the reaction, producing hydrogen peroxide, so that the catalytic system is
closer to the galactose oxidase reaction. Cu'! and the hydroxyl radical act together as a
single-electron oxidant to be a two-electron alcohol oxidation reaction. In the reaction of
galactose oxidase, a single center which is copper reacts with oxygen, producing hydrogen
peroxide as a by-product. High active species C reacts with ethanol to generate intermediate
D, and then H atoms are extracting to generate aldehyde and regenerate E. Finally, the
intermediate E (Cu'') was re-oxidized by hydrogen peroxide to substance A (Cul).

0,
{ Mo POMCu" ) [ MOV'POMCu')—> [Mo"‘"POMCu"(oz)]
A

E A B
OH
R1JJ\R2 R1J\R2 02 H20
- -
H20 \ [ MO\!IPOM(:UHJ k
H,0,

~

D R? Catalyst 1
H+R1 Y
o
M0V1P0M¢uﬂ = — Mo"'POMCu""
\ OH R1J\R2 C OH

Figure 7. The catalytic mechanism of alcohol oxidation by using (NH4)4[Cu(OH)sMogO1s].

At the same time, the Wei group also prepared Fe-based Anderson-type POMs,
(NHy)3[Fe(OH)sMogO15] and applied them in olefination epoxidation reaction with 30%
H,0; as oxidant. This catalytic system does not require additional reductant or free radicals
as initiators, and the experimental operation is simple, completely avoiding the use of
expensive, toxic precious metal catalysts. Moreover, it does not need air/water sensitive
and commercially unavailable organic ligands or tungsten POMs. (NH4)3[Fe(OH)sMogO1s]
can be obtained by one-step reaction in 100 °C water. This system has successfully con-
verted the various aromatic and aliphatic alkenes into the corresponding epoxy compounds,
with a good yield and selectivity [43]. Subsequently, Wei and collaborators further used
this system in oxidative esterification reaction of various aldehydes with alcohol, and the
corresponding esters were achieved under mild conditions with high yields, including
several drug molecules and natural products [44].

After that, the Wei group and co-worker developed Cr-based Anderson-type POMs,
(NH)4)3[CrMogO18(OH)g]. The various primary and secondary amines, and even dual
primary amine, were successfully converted into the corresponding formamides and
methylated using this catalyst with methanol as a potential formylation reagent. Compared
with the high-valence Cr-based catalyst including CrO3z and K,Cr,O7 etc. This one with
low-valent chromium catalyst is more effective, safe, and green environmental [45]. Wei
then reported another work using (NHy)3[Fe(OH)sMogO13] catalyzed formic acid and
amine coupling to generate formamide in mild conditions [46]. In the same year, the
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Xu group also developed Fe-based Anderson-type POMs, NasFe(OH)sMogO15-5H,0 to
prepare for 5-formyl-2-furanformic acid from 5-hydroxyl methylfuranic acid. The related
results also further proved that the catalyst has high catalytic activity under an aerobic
environment [47].

In 2020, Wei and co-worker proposed Co-based Anderson-type POMs (NH4)3[Co(OH)g
MogOqg]. In the presence of this catalyst, it is effective in achieving from alcohol to esters
when KCl is used as an additive and 30% H;O, as oxidant (Figure 8). As the important
complexes in the fields of biology, medicine, and fine chemicals, esters are usually pre-
pared by carboxylic acids or active derivatives (acyl chlorine and anhydride) reacted with
alcohol. The Co-based Anderson-type POMs catalytic system is cheap, stable, safe and
efficient and can successfully make alcohol to esters under mild conditions. They first
explored the substrate range of benzyl alcohol and fatty alcohol oxidation coupled with
methanol to generate methyl esters. The results demonstrate that various substituted
benzyl alcohols as well as fatty alcohols were performed efficiently and highly selectively;
the highest yield can reach 99%. Subsequently, on the basis of the above work, they further
extended the catalytic system to the esterification reaction of benzyl alcohol and fatty
alcohol with other alcohols, the corresponding ester products were also obtained. More
importantly, the natural product octranactone can also be prepared by this method with
66% yield. In this catalytic system, the experiment shows that the additive can significantly
enhance the selectivity and activity of the catalytic reaction system. The single-crystal
X-ray diffraction test showed that the chloride ion in the additive linked with CoMog
forming a supramolecular dimer 2 (CoMogCl) served as the key catalytic intermediate,
which then achieves alcohol-to-ester conversion through nucleophilic addition and 3-H
elimination. The catalyst enables to achieve an oxidation coupling reaction of various
alcohols (aromatic and aliphatic) under mild conditions and produce the corresponding
esters with high yield [48]. This work shows that Anderson-type POMs, as an important
class of single-metal ion inorganic molecule carriers, are an excellent and environmentally
friendly catalyst with great potential applications in organic reactions. As a multifunctional
catalyst, it changes the structure and properties of the central metal, so that Anderson-type
POMs show excellent catalytic activity and extremely high catalytic efficiency in the green
catalytic oxidation of alcohol.

@\
/H

30Cat 10 0

% Hy0,

N + CH;0H )J\

R OH 3 KCl R 0/

70 °C 36h

Figure 8. The supramolecular structure of dimer 2(CoMogCl) and its catalytic route.
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2.2. Catalyzation of Organic Modified Anderson-Type POMSs (PO)
22.1. [I]*PO

In 2017, Wei and co-workers reported an organic ligand-stable 3-isomer Anderson-
type POMs: [NH4]B-{[H3NC(CH0)3],MnMogO13}[49]. The sub-nano-cluster acts as a
highly active catalyst applied in selectively catalyzed oxidation of cyclohexanone, cyclo-
hexanol, or a mixture thereof. The results show that the special butterfly topology of
Anderson-type POMs significantly improves the catalytic activity. Additionally, due to
its high selectivity and high catalytic conversion efficiency, it can enable use for the green
industrial synthesis of adipic acid.

2.2.2. [O]*PO

In 2017, the Yu group developed the first organic modified hybrid Fe-based Anderson-
type POMs [N (C4Hg)4]3[FeMogO15(OH)3{(OCH;)3CNH,}] for the aerobic oxidation of
aldehydes to acids in water (Figure 9) [50] with O, (1 atm). They found that the alkalinity
of additives played a great impact on yield. Benzaldehyde, which was used as substrate,
reacted with different additives at 50 °C. When Na,COj3 (pK}, = 3.67) was used as additive,
the yield of benzoic acid was 95%. When NaHCO; (pKj, = 7.95) was added in the system,
the yield of benzoic acid decreased to 63%. However, the additive replaced by Na;SOs;
(pKyp = 6.8) the yield reduced to 26%. While Na;SO4(pK}, = 12.0) was chosen as additive, the
lowest yield of benzoic acid was 5%. For organic alkaline additives, such as CH;COONa
and Et3N, the yield of benzoic acid was 83% and 89%, respectively. Regarding additives
containing neutral salts, such as NaBr, KCl, and NaCl, the desired product was obtained
in moderate yield. The acid additive, NH4Cl, avoided the process reaction. These results
indicate that the additive to Fe-based Anderson-type POMs, Fe!™og, has a great effect
on the activity of the catalyst, perhaps because of the high tunability of the acid-based
properties of POMs. Subsequently, they also studied the effect of the catalyst dosage and
the reaction temperature on catalytic activity. Changing the amount of the catalyst has
little effect on the yield of the product. The yield of benzoic acid reached the maximum at
50 °C, but increasing or decreasing the temperature showed the different result. When the
reaction temperature increased to 70 °C, the yield decreases to 96%, possibly due to reduced
contact surface between the oxygen (gas phase) and the catalyst. When the reaction was
performed in a nitrogen sphere, the yield of the obtained products was 5% less. As a control
experiment, the experiments conducted without Fe'™log, only a small amount of product
generation can be detected. This Fe-based Anderson-type POMs system was carried out
with oxygen as the sole oxidant under extremely mild aqueous solution conditions, and
suitable to a variety of functional group aldehydes. This method is environmentally friendly,
has a low cost and high catalytic efficiency, as well as the potential application in industry.

The Wei group and co-worker also found that halogen ions (X™) can be incorporated
with sub-nanoscale organoalkoxyl ligands-modified Al-based Anderson-type POMs([(n-
C)4Ho)4N]3{AlMo0sO18(OH)3[(OCH;)3CCHj3]}) in solution, forming the stable supramolec-
ular complex with the binding constant K = 1.53 x 10°. This system was used in oxidation
to aldehydes from alcohol. Crystal structure analysis demonstrated this behavior that
binding occurs between the halogen ion X~ and the unmodified three hydroxyl groups on
the surface of {AIMogO15(OH)3[(OCH,);CCH3]}%~, forming multiple X---H-O [51]. The in-
teraction in this supramolecular sub-nano-cluster system means that its catalytic activity for
oxidation of aldehydes can be adjusted by introduction of halogen-halogen ions and water.
Chlorine ions inhibit by blocking the active center of the cluster, and the catalytic activity
of the cluster can be reactivated by replacing the chloride with water supra-molecules. The
result shows that the presence of multiple synergistic hydrogen bonds is key to overcome
the electrostatic repulsion between halogen ions and Al-based Anderson-type POMs. This
work not only enriches the supramolecular chemistry of Anderson-type POMs, but also
provides a new way of selective catalysts for oxidation reactions.
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Figure 9. Catalyst anion structure and the catalytic reaction route.

3. Summary and Outlook

In order to solve the environmental crisis brought by the traditional production of
chemicals, the research and development of green chemical technology had gradually
become one of the hot fields in chemical research since the 1990s. The use of chemical
technology and methods to reduce or eliminate the production of substances that are
detrimental to human health and the ecological environment is one of the research priorities
in the green industry of chemicals.

Advances and innovations in chemical technology are often driven by new catalytic
materials and new catalytic technologies. In the research in the catalytic field, as a new
type of high-efficiency, green, cheap and safe catalyst for Anderson-type POMs, they
possess excellent redox activity compared with other inorganic acids. At the same time,
it has measure and controlled acidity, as well as excellent dual-functional properties in
the catalytic reactions. Moreover, most POMs possess good solvability. Apart from that,
they not only have a definite structure and size, but also can be further modified by
organic group, giving them more excellent features. In addition, Anderson-type POMs as a
catalyst have more selectivity, few side reactions and retard the corrosion for the equipment.
Therefore, the catalytic application of Anderson-type POMs has a great prospect and
research value in scientific exploration and green chemical technology (Figure 10).

In combination with relevant literature, due to the instability of Anderson-type POMs,
sometimes it is necessary to perform a series of organic-inorganic hybrid modifications
for the parent POMs. The simple Anderson-type POMs are widely used in organic syn-
thesis reactions, and the organic group modified POMs derivatives can perform relevant
structural modification for specific catalytic reactions. It can be seen that the difference of
the molecular structure of POMs has a certain influence on the specific catalytic reaction,
especially in the aspects of catalytic efficiency, selectivity and yield. The POMs modified
by different inorganic cations or organic ligands have their specific characteristics func-
tional, which enlightens us. We can modify and design POMs catalysts for special organic
catalytic reactions, and have achieved the desired effect. Anderson-type POMs displayed
remarkable catalytic characteristics in oxidation of alcohol. They also have extremely high
efficiency in the formation of C-N, C-O and C-C bonds. By comparison to the traditional

162



Molecules 2022, 27,5212

precious metal catalyst, Anderson-type POMs are not only easy to synthesize, but also
have high catalytic activity and recyclability. It can be expected that this catalytic system
will also play the significant role in the selective oxidation of hydrocarbons and will have
overwhelmingly wide application in the field of industrial catalysis.
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Figure 10. Industrialization expectation of Anderson-type POMs catalyst.

This paper aims at paying much attention to investigate Anderson-type POMs in
organic reactions and provide some new strategies and ideas for researchers. It is believed
that, in the near future, a mounting number of Anderson-type POMs will be used in organic
reactions, which will promote the development of organic synthetic chemistry.
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