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Abstract: Highly reduced molybdenum red ( MR) clusters
have emerged as a new type of polyoxomolybdates
(POMos) and showed great potential as electron/proton
reservoirs for energy conversion and storage, as well as for
catalysis. However, the limited structural diversity of MR
clusters significantly hinders further exploration of their
potential as functional materials. Herein, we describe the
synthesis of a novel highly reduced MR cluster | Mo,, |
(compound 1) based on rational assembly of a variety of
basic building blocks ( BBs). In addition to the well-
established BBs found in the family of MR clusters, the
unique tetrahedral { Mo"',} BB plays a key role in directing
the assembly to afford trigonal pyramid-like structure of
compound 1. The POMo scaffold consists of 49 Mo and 148 O
atoms and exhibits a high reduction degree of 73%.
Moreover, at 80 °C and 98% relative humidity (RH), the
pellet sample of compound 1 displays a high proton
conductivity of 7.88 x 10 S/cm owing to the efficient
hydrogen-bonded network built from the surface oxygen
atoms, protons and guest water molecules. This research
offers new insights into the assembly and synthesis of MR
clusters through a BB strategy and manifests their
significant potential for advanced applications.
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0 Introduction

Polyoxometalates ( POMs ) are a class of discrete
anionic inorganic clusters built up by early transition
metal-oxo units and show diverse applications in the
fields of chemistry and materials'® . With the inherent
reversible redox property, POMs can easily transform into
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reduced clusters via chemical, photochemical and
electrochemical reduction ™™ . These electron-rich species
are excellent electron reservoirs for catalysis, biomedicine
and energy-based applications'**’. Meanwhile, the
highly negative charge endowed by reduced electrons
facilitates the attraction of protons as counterion, which
in turn reinforces the proton conduction
performance . As such, the completely reduced
hourglass-type M { P,Mo, |, and highly reduced {Mo,, |
exhibit high proton conduction performance ™" .

Owing to the facile redox potential of the Mo""/Mo"
couple, polyoxomolybdates ( POMos ) constitute a
majority of reduced POM clusters, including archetypal
molybdenum blue and molybdenum brown clusters such
as | Moy, |'™, | Mo, |™, | Mo, |'* and
[Mo,,, | ™. As an emerging type of reduced clusters,
molybdenum red (MR) clusters feature a high reduction
degree which is in general more than 50%. Based on the
ordered assembly of basic building blocks ( BBs), the
family of MR clusters has greatly expanded from { Mo, |
to high-nuclearity | Mo,,, | **'. Despite these notable
developments, MR clusters still suffer from limited
structural ~ variety compared with  well-established
molybdenum blue and molybdenum brown counterparts,
which dramatically impedes further exploration of such
clusters as functional materials. To extend the structural
library of MR clusters, the key point is to generate new
BBs that can direct the assembly of novel structures ***’ .
Our recent work showed that the in situ formed {Mo", |
BB was viable to induce the aggregation of a variety of
MR clusters ranging from {Mo,,} to {Mo,, |, further
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confirming the significance of the BB strategy *’.

Herein we demonstrate the design and synthesis of a
trigonal pyramid-like MR cluster { Mo,,} (compound 1)
for proton conduction. Compound 1 consists of five types
of different Mo—O BBs. During the assembly, the
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classical {Mo",}, cyclic {Mo",| and tripodal {Mo",}
BBs first aggregate into a tetrahedral skeleton { Mo", |,
which is further capped by three {Mo"',} BBs and one
novel {Mo"',| BB on the base to afford {Mo,,| , with a
reduction degree up to 73%. Due to the presence of an
extensive proton-hopping pathway derived from oxygen-
rich { Mo, |, proton counterions and guest water
molecules, compound 1 displays good proton
conductivity of 7.88 x 10 S/cm. Compound 1 is
characterized crystallographically and its formula is
confirmed by a variety of analytical techniques as
K,.H.[Mo",, Mo",(OH) ,0,,,] - 58 H,0.

1 Experimental Section

1.1 Materials and methods

K,Mo0, and CH,COOK were purchased from Titan
Scientific Co., Ltd., Shanghai, China. N,H, - 2HCI was
purchased from Bidepharm Co., Ltd., Shanghai, China.
Other chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. All
commercially available reagents were analytically pure
and used as received without further purification.

The Fourier transform infrared (FTIR) spectroscopy
was performed on a Nicolet iS50 FTIR spectrometer
( Thermo Fisher, USA) in a range of 500—4 000 cm™'.
The powder X-ray diffraction ( XRD ) pattern was
collected on a D8 ADVANCE instrument ( Bruker,
Germany) with Cu Ka radiation in a 26 range of 3° to
50° at a scanning rate of 0. 02 (°)/s. Thermogravimetric
analysis ( TGA ) was performed on a TG8000
thermogravimetric analyzer ( Mettler Toledo,
Switzerland ) , under nitrogen flow at a typical heating
rate of 10 C/min from 30 to 800 C. The H atom mass
fraction was determined by a VARIO EL III elemental
analyzer ~ ( Elementar  Analysensysteme  GmbH,
Germany ). Elemental mass fractions of Mo and K were
determined by inductivity-coupled plasma optical
emission spectroscopy ( ICP-OES ) using a Teledyne
Leeman Prodigy Plus spectrometer ( Teledyne Leeman
Labs, USA). The Raman spectra were acquired with a
Renishaw inVia Reflex laser Raman spectrometer
(Renishaw plc, UK).

1.2 Synthesis of compound 1

K,Mo0, (1.98 mmol), N,H, - 2HCI (0. 62 mmol)
and CH,COOK (0. 50 mmol) were dissolved in deionized
water (6 mL) and the mixture was stirred for 30 min.
After that, the pH value of the reaction system was
adjusted to around 4. 7 by adding 6 mol/L HCI solution
and stirring for about 45 min until the solution color was
deep green. Subsequently, the Mo-containing aqueous
solution was transferred to a 10 mL Teflon-lined stainless-
steel container, kept at 120 C for 72 h, and then slowly
cooled to room temperature. The deep red crystals were
collected and washed with ethanol (yield of 18% based
on Mo). Elemental mass fractions calculated ( found) ;

H1.61% (1.59%), K 6.72% (6.93% ), Mo 53.89%
(53.76%) .

In this reaction, accurate pH value tuning is critical
for the synthesis of desired clusters. Compound 1 can be
obtained in the pH value ranging from 4.5 to 5.0, and
the best yield is attained at the pH value of about 4. 7. In
addition to pH value, an excessive amount of a reducing
agent N,H, -2HCI and high temperature are also found to
be important factors, which are believed to promote the
reduction of Mo"" to Mo" and the formation of related
BBs.

1.3 X-ray crystallography

Single-crystal XRD data of compound 1 were
collected at 175.0 K by using a D8 VENTURE X-ray
single-crystal diffractometer ( Bruker, Germany ) with
Mo Ka radiation several times, and the best dataset was
chosen to be indexed, integrated and scaled by using the
APEX 3 program. The structure was solved by direct
methods using the SHELXS-2014 program'*’ and refined
using the SHELXL-2018 program'*’ through the Olex2
graphical interface’™’. All the non-hydrogen atoms
except guest molecules were refined by full-matrix least-
squares techniques with anisotropic  displacement
parameters. By using the SQUEEZE routine, a
crystallographic method for eliminating scattering from
disordered solvent molecules, these highly disordered
solvent molecules were removed by applying a “solvent
mask 7  embedded in Olex2 graphical interface'™ .
Structures were then refined again by using the data
generated. Crystallographic formulas typically contain
many more water molecules in the crystal lattice than
those found in the sample after drying. The structure of
compound 1 was deposited at Cambridge Crystallographic
Data Center, under deposition number CCDC-2348415.
These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www. ccdc.
cam. ac. uk/data_request/cif. The summary of the crystal
data is listed in Table 1. In Table 1, a, b and ¢ are unit
cell lengths along the three crystallographic axes (x, y
and z), respectively; «, B and y are unit cell angles
between the axes; p_, is the calculated density; F(000)
is the total electron density at the origin of the unit cell;
V is the volume of the unit cell; Z is the number of
formula units per unit cell; R, is the internal merging
R-factor, assessing data redundancy and quality; R, is the
conventional R-factor, evaluating agreement between the
observed structure factor amplitude F, and the calculated
structure factor amplitude F.; w,, is the weighting
R-factor, incorporating weighting schemes for the
refinement reliability, and these R-factors measure the
agreement between the crystallographic model and
experimental data, where lower values indicate better
fit; S,.r is goodness-of-fit ( GooF ), indicating how
well the model matches the experimental data; o (/) is
the standard deviation of the measured reflection
intensity I, representing the signal-to-noise ratio for
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individual reflections.

Table 1 Crystal data and structure refinement summary for

compound 1

Parameter Value
Empirical formula K sH3Mo,50,
Relative molecular mass 8 723.51
Temperature/K 175.0
Crystal system Cubic
Space group Pa-3
a/nm 3.142 8 (£0.001 4)
b/nm 3.142 8 (£0.001 4)
¢/nm 3.142 8 (£0.001 4)
a/(°) 90
B/(°) 90
y/(°) 90
V/nm’ 31.042 3
Z 8
P/ (g/cm’) 3.324
F(000) 28 666. 3
Reflection collected 76 906

Independent reflection 9760 (R,,= 0.075 1)
SGoor 1. 031
Final R-factor [I > 20(I)] R,;= 0.056 9, w;,=0.146 7
R,/wy, (all data) R, = 0.075 4, wg,=0.160 0
Notes: R, =X | F, [-[F.[/ X |F,[,

We = [ EW(FoZ_FCZ)Z/ZW(F(;Z)Z] 1/2’

Scoor = [ ZW(FUZ_FCZ)Z/(”_P) ] v ,
where w is the weighting factor; n is the number of unique

reflections; p is the number of refined parameters.

1.4 Bond valence sum ( BVS) analysis
BVS analysis was performed for each bond by

Ve = expl (r, —1)/B], (1)

where V,, represents the bond valence; r, is the ideal
single-bond length; r is the observed bond length that
measures the distance between two atoms in a crystal
structure; B is the empirical constant quantifying
sensitivity of the bond valence to bond length variation.
BVS for each metal center is then summed from all bond
valences of the bonds listed. The parameters r, and B

were taken from Ref. [49]. The BVS for Mo"" and Mo"
centers was calculated separately by wusing the
corresponding parameters listed in Table 2.

Table 2 Bond valence parameters for Mo"'—O and

Mo"—O bonds
Bond ry B
Mo"'—0 1.903 0.349
Mo'—0 1. 888 0.314

1.5 Structural analysis

The structural analysis and formula determination of
the mix-valence Mo clusters have been well established in
Refs. [10-11]. A combination of techniques, including
BVS calculation, elemental analysis, TGA and single-
crystal XRD, was employed to determine the number of
reduced Mo atoms. Herein, compound 1 was selected to
exemplify the general approach used to determine the
formula.

The overall reduction state of compound 1 ( 36
electrons reduced ) is confirmed by using BVS
calculation. BVS calculation reveals that compound 1 is
composed of a 36-electron reduced anionic skeleton
containing 18 singly protonated oxygen atoms. These
oxygen atoms are located at the positions of u,-O (u is
bridging ligand ) between {Mo",} and {Mo",| units,
,-0 and w,-O on tripodal {Mo", | units. Moreover, all
the other bridging O atoms and terminal O atoms are
considered as O° based on BVS. Therefore, the
oxidation states of Mo should be +5 for 36 Mo atoms and
+6 for 13 Mo atoms in compound 1. Coupled with the
molecular structure determined by single-crystal XRD
data, the formula and overall charge could be assigned as
[Mo",,Mo",(OH) ,0,,, 1" (1a). To balance the negative
charge of —20, 15 potassium ions and 5 protons are proposed
as counterions based on elemental analysis results of K and
H. The TGA curve of compound 1 exhibits an initial mass
loss of 12%, which corresponds to about 58 guest water
molecules. Taking into consideration the obtained
information from the above calculation and data analysis,
the formula of compound 1 could therefore be determined as
K,.H.[Mo*, Mo",(OH),,0,,,] - 58 H,O = KH. {1a} -
58 H,0. BVS values for Mo atoms in la are summarized
in Table 3.

Table 3 BVS values for Mo atoms in la

Atom BVS Atom BVS Atom BVS Atom BVS
Mol 4. 883 Mob6 5. 189 Moll 5.084 Mol6 5. 140
Mo2 5. 889 Mo7 5. 106 Mol2 5.148 Mol7 6.015
Mo3 5.137 Mo8 5.203 Mol3 6. 030
Mo4 4.937 Mo9 5.048 Mol4 5. 096
Mo5 5.811 Mo10 5.054 Mol5 5. 682
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1.6 Proton conductivity characterization

The fresh crystal samples were compressed into
5.0 mm diameter pellets at a pressure of 0.4 MPa, with
a thickness of about 1.3 mm. Then compound 1 samples
were pretreated at 98% relative humidity (RH) for 3 h.
The alternating current ( AC ) impedance test was
performed at the electrochemical workstation ( CHI
760E ) in a standard three-electrode system, at a
frequency range of 0.1 to 1. 0x10° Hz and an AC voltage
of 50 mV, to test the proton conductivity of compound 1.
As a result of the AC impedance data being equivalent to
the ZSimpWin software, a Nyquist curve can be
generated. The proton conductivity measurements were
performed at; 1) 30 C and various RHs (53%—-98%) ;
2) 98% RH and various temperatures (30—80 C). The
proton conductivity was calculated as

L

U=§’ (2)

e

where o is the proton conductivity ; L is the thickness; R,
is the resistance of the pellet; S is the area of the pellet.
Activation energy E, can be calculated as

E =-kT(lno, -Ino,), (3)

where o, is the proton conductivity at temperature T'; o is
the pre-exponential factor; k, is the Boltzmann constant.

2 Results and Discussion

2.1 Structure description and analysis of compound 1

Single-crystal XRD structural analysis reveals that
compound 1 crystallizes in the cubic space group Pa-3
with a=b=c¢=(3.142 8+0.001 4)nm, and displays a
highly reduced trigonal pyramid-like polyoxoanion
structure of [Mo",Mo", (OH),,0,, ]*". The overall
structure features C, symmetry, and the asymmetric unit
contains one-third of the formula of compound 1 (Fig.1).
From the view of BBs, the framework of la can be
considered as an assembly of four tripodal {Mo", |
(Fig.2(a)), three dumbbell-shaped {Mo",| (Fig.2(b)),
one cyclic {Mo",| (Fig.2(c)), one tetrahedral {Mo", !
(Fig. 2(e)) and three triangular {Mo",} (Fig.2(f))
BBs. Hence, the overall scaffold of compound 1 displays
a nanocluster with dimensions of approximately 1.4 nm X
1.8 nm, which is built by 49 Mo and 148 O atoms.

The core structure of la contains a trigonal pyramid-
like {Mo",,| (Fig.2(d)), in which the base is defined
by one cyclic {Mo',| BB while the main body of
{Mo",,| is built from four tripodal {Mo",} BBs and
three {Mo",| BBs (Fig.2(h)). Each tripodal {Mo",}
BB is built from three dumbbell-shaped {Mo", ! units by
sharing three edges and a common vertex. On the
contrary, the three {Mo",| units in cyclic {Mo",| BB
link with each other by sharing one edge. Direct
connection of one cyclic {Mo",| BB with one tripodal

{Mo", | BB can afford the archetypal MR cluster of
&-Keggin {Mo",| , which is also the characteristic of C,
symmetry. {Mo", | can be regarded as an expanded
version of &-Keggin, with three {Mo",| and three
tripodal {Mo",| BBs capping its three vertices and
edges, respectively. In this kind of arrangement,
{Mo",, | thus inherits the C, symmetry from e-Keggin.

Fig.1 Asymmetric unit of compound 1

The same core structure of {Mo", | can also be
found in reported { Mo,, | '™ where three {Mo"',| BBs
are located on the bottom of {Mo", | and between three
{Mo",! and three tripodal {Mo",] BBs. Instead,
replacing the {Mo"',} BBs with three {Mo"',} BBs and
placing a tetrahedral { Mo"',| BB underneath the cyclic
{Mo",| BB affords {Mo,,|. In this regard, {Mo,,}| can
be proposed as an intermediate for further growth of
compound 1. Moreover, the presence of three { Mo"',}
and one {Mo"',} BBs constitutes the second base for
{Mo",,}. The {Mo" ,| BB is built up by three
{Mo0"'0, | octahedrons through sharing three edges and a
common wm,-O vertex, showing a regular triangle
configuration with C, symmetry. The Mo"'—Mo"" bond
length is larger than 0.30 nm in this basic unit, which
differs from the Mo"---Mo" separation (about 0. 25 nm)
in reduced {Mo",} BB. The {Mo"',} BB was already
observed in the structure of MR cluster { Mo,. | " in
which it also behaves as a capping unit to block the
further growth of the central core of e-Keggin. The
tetrahedral {Mov'4} BB is constructed from four corner-
shared {Mo"'O,} octahedrons. As far as we know, such
a unique BB has not been seen in reduced POM clusters,
and it fits quite well with both the size and connection
requirement of {Mo",, | , thus allowing further growth to
afford compound 1. The BVS values show that the
oxidation state of Mo atoms in central {Mov%} is +5,
while those in {Mo"',} and {Mo"',} units adopt a +6
oxidation state'”™ . Hence the overall reduction degree of
la reaches 73% and enters into the regime of MR
clusters. The discovery of compound 1 will further
stimulate the expansion of this unique family.
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Fig.2 Crystal structures of la; (a) four tripodal {Mo"|; (b) three dumbbell-shaped {Mo",}; (c) cyclic {MoYs}; (d) {Mo"s} motif;

(e) tetrahedral {Mo"",|; (f) three triangular {Mowg}; (g) {Moy | cluster with C; symmetry; (h) back view of la; (i) outer

dimension of 1a; (j) polyhedral view of { Moy, }

To make a better comparison between compound 1
and reported {Mo,, | ™', the related BBs are simplified
into corresponding geometrical shapes. In this context,
tripodal ~ {Mo", |,  cyclic {Mo", |,  ditopic
{Mo",}/{Mo",}, triangular { Mo"",| and tetrahedral
{Mo"',| BBs are simplified as tripod, hexagon, ditopic
linkers, triangle and  tetrahedron,  respectively
(Fig.3(b) ). Consequently, the combination of all these
species leads to a trigonal pyramid-like compound 1
(Fig.3(a)). In view of the structural topology, {Mo,, |
displays a similar structure and symmetry to compound 1
(Fig.3(c)). The core {Mo",,} is indeed the same for

both clusters, and the main difference lies in the one
additional {Mo"',| cap on the brim of {Mo",| BB as
well as the tetrahedral {Mo"',| base. In this way, it can
be envisioned that there is an interesting molecular growth
from {Mo,,} to compound 1 (Fig.4). Such molecular
growth process can also be seen for hat-like { Mo, | ™',
core-shell cluster { Mn,,P,,W,,, | " and { Mo, | " We
believe that exploring the molecular growth will on one
hand facilitate the hierarchical assembly of complex
clusters based on cluster-to-cluster growth pathway, on
the other hand significantly improve understanding of the
possible assembly mechanisms.

| a2

(©

Fig.3 Comparison between compound 1 and { Moy, | : (a) polyhedral view of compound 1 and {Mo,,}; (b) tripodal {Mo"}, cyclic

{Mo",}, ditopic {Mo",}/{Mo"",}, triangular {Mo"";} and tetrahedral { Mo"",} BBs simplified as tripod, hexagon, ditopic linkers,
triangle and tetrahedron; (c¢) simplified metallic skeleton of compound 1 and { Moy, |
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Fig. 4 Molecular growth from {Mo,, | to compound 1

Although the nuclearity of compound 1 is not as high
as {Mo,, |, {Mo,Ni,Ln,}| and {Mo,, |, it should be
noted that compound 1 consists of five types of BBs,
rendering it as one of the MR clusters bearing the largest
variety of BBs. Another example can be found in
{Mo.,Ln,} which is also constructed from five types of
BBs and shows a unique star-like structure. This means
that the structure of compound 1 is indeed complex. If
more BBs can be discovered and the connection modes
between different BBs can be tuned in a controlled way ,
then complex and diverse MR clusters will be developed
more efficiently based on this BB strategy.

2.2 Spectroscopic characterization of compound 1

The FTIR spectrum of compound 1 exhibits strong
peaks at 956 c¢cm™' and 729 cm™', assigned to the
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stretching vibrations of the terminal Mo =0 and Mo—O
bonds, respectively. The peak at 571 cm™' corresponds to
the vibrations of Mo—O—Mo bridges ( Fig.5(a)).
Analysis of the Raman spectrum of compound 1 shows a
similar result to FTIR, where the strong bands centered
around 990 cm ™' and 813 cm™' are characteristics of the
vibrations for terminal Mo =0 bonds and Mo—O—Mo
bridges (Fig. 5(b))""*'. TGA reveals that the initial
mass loss of 12% corresponds to the elimination of about
58 free water molecules ( Fig.5(c)). Afterward, the
framework of compound 1 starts to collapse and finally
transforms into the related metal oxides. The good
agreement between experimental and simulated XRD
patterns confirms the phase purity of compound 1

(Fig. 5(d)).
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Fig.5 Characterization of compound 1; (a) FTIR spectrum; (b) Raman spectrum; (c) TGA curve; (d) XRD patterns

2.3 Proton conductivity

Due to their fast mobility rate and high proton
capacity, POMs have become widely used materials in
proton conduction'**’. Compound 1 exhibits potential as
a solid-state proton conductor due to its abundant proton

counterions and oxygen-rich surface. To evaluate its
proton conductivity o, we employed AC impedance
spectroscopy on compacted pellet samples of compound 1
at various RHs and temperatures.

Firstly, the effect of RH on the proton conductivity
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was studied for compound 1 at 30 C. In Nyquist curves
shown in Figs. 6(a) and 6(c), Z' represents the real part
of complex impedance, corresponding to resistive
components; Z" denotes the imaginary part, reflecting
reactive components associated with capacitive behaviors.
When switching RH from 53% to 98%, the proton
conductivity of compound 1 is continuously enhanced
from 2. 51 X 10 to 2. 88 x 107 S/cm (Figs.6(a) and
6(b) ), which might be caused by more proton transfer
sites from water molecules. Then, the temperature-
dependent proton conductivity was tested in a
temperature range of 30 to 80 C at RH of 98%. The
proton  conductivity  raises  dramatically = from
2.88 x 107 to 7.88x107 S/cm (Fig. 6(c)). This
could be ascribed to the generation of more hydronium
ions from water molecules and protons at elevated
temperatures ' . In addition, the proton conductivity of
compound 1 is comparable to that of several archetypal

20 2 o
o
°
15 + ) @ %20
a 0®
:
N * ]
DR g9 @ 53% RH
o2 o 68% RH
e @ 75% RH
5t @ 85% RH
 98% RH
0 . . . .
0 5 10 15 20
Z/MQ

=Z"IMQ

POMs such as { Mo, | *, { Bi,Ce,W,, |,
[P,W, | C {Mo,Fe, |, (1H-1,2,4-triazole),
{ VIO }[02] ’ { DY10Nb100 “63] and { Nbosozoo §:6H ’
indicating its potential as solid-state proton conductor.
According to the Arrhenius equation, the activation
energy E, for proton transfer in compound 1 at 98% RH
is 0.17 eV (Fig. 6(d) ). This low E, value ( between
0.10 eV and 0.40 eV ) suggests that the Grotthuss
mechanism is the dominant pathway for proton
conduction'® . The high proton conductivity can be
primarily attributed to the extensive hydrogen bond
network. This network is formed by the abundant
coordination of water molecules and rich surface oxygen
atoms of {Mo,,}, and can provide multiple channels for
proton movement and facilitate the formation of a
continuous network for efficient proton hopping. Figure 7
shows the proposed proton conduction pathway of
compound 1, and the gray ball represents the proton.

lg[o/(S/cm)]

50 60 70 8 90 100
RH/%
®)

E=~0.17eV

In{(e7)/[(S/em)K]}

28 29 30 31 32 33 34
(1 000/7)/K""
(d)

Fig.6 Proton conductivity of compound 1 at various RHs and temperatures: (a) Nyquist curves at 30 C and various RHs; (b) humidity-
dependent proton conductivity at 30 C; (c) Nyquist curves at various temperatures and 98% RH; (d) Arrhenius plot at various

temperatures and 98% RH
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The stability of compound 1 was confirmed by the
heating and cooling cycle (30-80 C) at 98% RH
(Fig.8(a)). The cooling and heating conductivity
curves are nearly the same, suggesting good stability and
conductivity durability. In addition, the XRD patterns
and FTIR spectra of compound 1 after proton conduction
are in good agreement with pristine samples, showing
that the structure of compound 1 remains stable during
the measurement ( Figs. 8(b) and 8(c)). Overall, the
good performance of compound 1 in proton conduction
manifests the great potential of using highly reduced POM

clusters as proton conductors in  energy-based
applications.
Fig. 7 Proposed proton conduction pathway of compound 1
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Fig. 8 Stability of compound 1 before and after proton conduction; (a) Arrhenius plots of proton conductivity during one heating and cooling cycle

at 98% RH; (b) XRD patterns; (c) FTIR spectra

3 Conclusions

In conclusion, a novel highly reduced POM cluster
{Mo,, | featuring a trigonal pyramid-like structure was
synthesized and applied for proton conduction. With the
guided assembly of the tetrahedral {Mo"',| BB, the core
structure { Mo, | constructed from classical {Mo",| and
{Mo",| facilely evolves to {Mo,, |. Moreover, the
molecular structure of {Mo,, | can be considered as an
expanded version of { Mo,, |, with three additional
{Mo"'} units capping on the brim of {Mo,, | and the
tetrahedral §M0VI4} as base. Proton conductivity
measurement indicates that compound 1 presents an
optimal conductivity of 7.88 x 10™ S/cm at 80 C and
98% RH owing to the facile hydrogen-bonding network
for proton transfer. This work may promote the rational
and controllable assembly of POM materials with novel
properties by using the BB strategy.
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