#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Construction of octanuclear
polyoxomolybdenum(v)-based porous materials
with lithium additives
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Crown-ether-like octanuclear polyoxymolybdenum(v) cluster (NH4)4[MogOg(pa-OH)4(uz-O)gldmtrz)gl-
62.5H,0 (dmtrz = 3,5-dimethyltriazole, 1) was successfully synthesized by a hydrothermal method. Its
lithium  additives  Lis[MogOg(po-OH)4(pz-O)gldmtrz)gl - 2(Hdmtrz)-27H,O  (2),  Lis[MogOglpo-OH)4lpz-
O)gldmtrz)gl-20.5H,0O (3) and Lis[MogOg(us-OH)4(u,-0)gldmtrz)gl-25H,0 (4) have also been obtained
and fully characterized respectively. The lithium cations are in the forms of mononuclear, dinuclear and
tetranuclear units. X-ray structural analyses show that polyoxometalate-based materials 1-4 constitute
round pores formed by eight molybdenum-oxygen groups connected sequentially with sizes of 4.6 A.
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Accepted 4th August 2025 With 1 as the basic framework, 2—4 combine lithium cations in the forms of dn"ferenvt hydrates,

respectively. In addition, 1 stacked up intermolecularly with pores of sizes 10.0 x 18.0 A2, while 4
DO 10.1039/d5ra03010b stacked up inter-molecularly with 6.0 x 4.0 A? in the a axis and 8.0 x 5.8 A? in the c axis, respectively.

rsc.li/rsc-advances The results show that 1 can selectively adsorb CO, and O, respectively.
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Introduction

Various forms of rechargeable batteries have emerged as
a promising alternative for conventional energy storage."* A
wide range of materials for lithium-ion batteries have been
designed and prepared, which are rechargeable batteries that
work primarily by moving lithium cations between the positive
and negative electrodes.*® The batteries generally use materials
containing lithium as the electrodes. The recycling of waste
lithium-ion batteries has become an inevitable choice for
recovering  valuable resources and protecting the
environment.” " It is necessary and practical to capture lithium
ions through a number of materials and methods. Moreover,
polyoxometalates (POMs) are promising components for energy
storage systems;" a wide variety of prototype POMs, including
Keggin,” Anderson,* Lindqvist," Dawson,* Silverton,' and
Waugh,"” are available for the preparation of battery materials.
Several polyoxometalates have been utilized in electrode mate-
rial synthesis, demonstrating suitable cyclic stability and
capacity retention in experimental evaluations. Their unique
molecular architectures substantially improve Li" adsorption
kinetics and enable accelerated lithium-ion diffusion.’®?*
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Polyoxometalate-based energy storage materials are promising
materials to promote the development of novel electrode
materials.>® Despite their many benefits, such as high ionic
conductivity and reversible multi-electron transfer capabilities,
however, the poor electrical conductivity, low specific surface
area, and high solubility of POMs make them challenging for
practical applications.** Considering these limitations, here we
have designed and synthesised polyoxometalate-based metal-
organic frameworks (POMOFs). POMOFs are periodic network
structures formed by polyoxometalates (POMs) and metal-
organic frameworks (MOFs) through covalent bonding or
supramolecular forces, and possess the abundant redox-active
sites and ordered structures of POMs and MOFs. Five-
membered azoles such as imidazole, pyrazole and triazole are
well-known building blocks for porous materials. In this study,
four octadecanuclear discrete clusters (NH,),[M0gOg(u,-
OH),(11,-0)s(dmtrz)g]-62.5H,0 (1), Li,[M0gOg(to-OH)4(up-O)g-
(dmtrz)g]-2(Hdmtrz)-27H,0  (2), Liy[M0gOg(u,-OH),(1,-O)s-
(dmtrz)g]-20.5H,0  (3), Liy[M0gOg(j1,-OH)4(-O)s(dmtrz)g]-
25H,0 (4) were successfully constructed in alkaline aqueous
solution by a one-pot method with 3,5-dimethyltriazole.
Compound 1 was sequentially linked by eight molybdate groups
to form a crown ether-like complex, which provided a platform
for Li" cations to couple in the form of hydrates via intermo-
lecular forces, resulting in compounds 2-4, where lithium
cations were trapped. In addition, the structures of the four
compounds can form a ring framework with a diameter of 4.6 A,
respectively, and large pores form by inter-molecule packings.
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Gas adsorption experiments have been performed for 1 with the
adsorption of carbon dioxide and oxygen.

Results and discussion
Syntheses

Four products were synthesized via hydrothermal methods at
80 °C, which provided controlled temperature and pressure
conditions for crystallization.””** The pH values of the aqueous
solutions play integral roles in the crystallization of 1-4 under
mild conditions. The synthesized pH values of 1-4 were 7.2, 9.6,
10.2 and 6.8 respectively, which suggest that the alkaline
conditions are more suitable for the syntheses of the porous
structures 1-4. pH modulation with ammonia hydroxide
produced compound 1 with a hollow structure in the centre,
while compounds 2-4 were obtained by pH modulations with
lithium hydroxide as bases. The main structures of 2-4 are
similar to that of compound 1. In addition, the formations of
the products depended on the ratio of the reactants, the
temperature, and the reducing agent. The ratios of malic acid,
Na,S,0, and 3,5-dimethyl-1,2,4-triazole were crucial for the
isolations of the Mo8 clusters. The primary function of malic
acid may be to stabilize the complexes as templates. In addition,
malic acid can be used as a buffer to regulate the pH value of the
solutions. Without the addition of malic acid, colorless inor-
ganic salts are formed in the solutions and the yields of the
compounds are low. The carboxyl group of malic acid can ionize
H' and lower the pH value of the solution, while malic acid can
form a buffer system with conjugate bases to maintain the pH of
the solution stable. The o-hydroxycarboxylic acid structure of
malic acid can readily bind to metal ions to form soluble
chelates and inhibit metal precipitation. The addition of malic
acid facilitates the separation and purification of molybdenum
clusters. We report the first incorporation of Li" as counterions
in crown ether-polyoxometalate (POM) supramolecular archi-
tectures. This contrasts with conventional K'/Na® based
systems,* where large-cavity crown ethers dominate POM
assembly. To accommodate the smaller ionic radius of Li* (0.76
A), small-cavity crown ethers such as 12-crown-4 were
employed,*® which have demonstrated stable Li* complexation
in prior studies but remain unexplored in POM frameworks.
This strategy overcomes inherent limitations of traditional K"
directed systems, diversifying crown ether-POM structural
motifs while enabling novel applications in lithium-ion
batteries and lithium resource extraction. Future research
should focus on synergistic optimization of Li" positioning
accuracy and structural stability to facilitate practical
implementation.

Structural analyses

Tables S1-S12 present the detailed crystallographic data and
selected bond distances and angles for 1-4. Single crystal X-ray
diffraction analyses show that the core structures of 1-4 are
analogous, featuring crown-ether-like cores with octanuclear
molybdenum unit {Mo"3Og(11,-O)s}. As shown in Fig. 1a and b,
3,5-dmtrz ligands chelate bidentately with molybdenum atoms

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) and (b) Ball-and-stick representations of (NH4)4[MogOg(u,-
OH)4(u-0)g(3,5-dmtrz)gl-62.5H,0 (1). (Free and disordered water
molecules are omitted for clarity) Color code: molybdenum, violet;
oxygen, red; nitrogen, dark blue; carbon, grey; hydrogen, white.

located on either side of the cluster plane. Each central
molybdenum atom within the asymmetric unit of complex 1
adopts a distorted octahedral geometry, coordinated by two N
atoms from 3,5-dimethyltriazole, three p,-O atoms and
a terminal oxygen atom. The Mol and Mo2 atoms are tightly
bound by two n,-O groups, which have weak metal-metal
bonds, Mo1---Mo2 2.559(3) A, while the Mo2 and Mo3 atoms
[Mo2---Mo3 3.755(3) A] are bridged by a p,-OH and two 3,5-
dimethyl-1,2,4-triazoles via N atoms. Mo3 and Mo4 are similarly
linked by two u,-O groups and a weak metal-metal bond
between Mo3-Mo4 2.553(4) A. The whole molecule is a discrete
molecular cluster featuring eight metal centers. In the intact
pore channel, complex 1 exhibits a pore with an internal
diameter of about 4.6 A. More importantly, the molecule of 1 is
linked by m-m conjugation between adjacent triazoles, which
increases the stability of the overall structure and creates two
additional staggered elliptical pores along the c-axis, with the
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inner walls primarily consisting of coordinated 3,5-dmtrz. As
shown in Fig. S1, one of the larger pores is approximately 10 x
18 A% and the other is approximately 3.6 A, which renders them
suitable for applications such as gas adsorption.

The octanuclear molybdenum cluster 2 crystallizes in P1
space group and consists of a [MogOg(i,-OH)4(1,-0)g(dmtrz)g]*~
unit, lithium cations and free neutral triazole ligands, with 16
water molecules coordinated to the four lithium cations to form
two binuclear lithium hydrates. The planar structure of the Mo8
skeleton is in the center, and the lithium hydrates {2,2} are
symmetrically arranged on both sides of the Mo8 ring, and the
rest of the water molecules are in the form of free crystalline
forms. The free neutral ligand 3,5-dimethyl-1,2,4-triazole is
attached to the N atoms [N9-N11 2.818(3) A] of the triazole and
the O atoms [N15-018 2.948(5) A] of the lithium hydrate,
respectively, which are bonded to the Mo8 ring via intermo-
lecular hydrogen bonds (Fig. 2).

The octanuclear molybdenum cluster 3 crystallizes in the P 1
space group and consists of a [MogOg(,-OH)4(u,-0)g(dmtrz)s]*~
unit, lithium cations and two free neutral triazole ligands, in
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Fig. 2 Ball and-stick representations of: (a) Lis[MogOg(io-OH)4(uo-
0)g(3,5-dmtrz)g] - 2(3-Hdmtrz)-27H,O (2) and (b) Lix(n-H20)2(H20)e
hydrates. Color codes: molybdenum, violet; oxygen, red; nitrogen,
dark blue; carbon, grey; hydrogen, white; lithium, wathet.
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which water molecules coordinate to Li* cations to form a di-
nuclear lithium hydrate and two mononuclear lithium
hydrates, respectively. Various Li hydrates are distributed
unevenly on both sides of the main structure of the Mo8 ring,
forming a {1,3} distribution similar to that of the crystal struc-
ture of 2, as shown in Fig. 3. The remaining water molecules are
present as free crystalline water molecules. The three N atoms of
the two free neutral ligands interact via intermolecular
hydrogen bonding with the ligands on the Mo8 ring [N3---N23
2.808(2) A] and lithium hydrate [N27---O14w 2.834(2) A, N26-+-
012w 2.829(3) A] compounds. The triazole planes of the free
ligands between the two adjacent molecules are parallel to each
other and the conjugation enhances the stability of the crystal
structure.

The octanuclear molybdenum cluster 4 is in a space group
C2/c, consisting of one [MogOg(uy-OH)y(1tp-0)s(dmtrz)g]* ™,
lithium cations, and water molecules. 3,5-dimethyl-1,2,4-
triazole ligands are aligned on either side of the metal planes.
The anions do not coordinate to the lithium cations, which are
coordinated tetrahedrally by four water molecules, of which 12
water molecules bind to lithium cations and form tetranuclear
lithium hydrates. The remaining water molecules exist as water
molecules of crystallization. The tetranuclear lithium hydrates
are composed of two binuclear basic units (symmetry code: 1 -
x, 2 -y, 1 - 2), whose planes of composition form a dihedral
angle of 51.927(3)° with the Mo8 ring plane. The connections of
the lithium hydrate to the host structure are attributed to
intermolecular hydrogen bonding interactions [02---O1lw
2.739(3), N1---O4w 3.043(7)] as shown in Fig. 4a. Its overall
framework is the same as that of 1, which also has a hollow
skeleton of an octanuclear molybdenum-oxygen cluster, while

Fig. 3 Ball-and-stick Li4[MogOg(po-OH)4lpa-
0)g(3,5-dmtrz)g]-20.5H,0 (3). Color codes: molybdenum, violet;
oxygen, red; nitrogen, dark blue; carbon, grey; hydrogen, white;
lithium, wathet.

representations of:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ball-and-stick

representation of
0)g(3,5-dmtrz)g] - 25H,0 (4). (Free and disordered water molecules are
omitted for clarity) Color code: molybdenum, violet; oxygen, red;
nitrogen, blue; carbon, grey; hydrogen, white; lithium cation, wathet.

Lis[MogOglua-OH)4lu2-

Symmetric code: 1/2 - x, 3/2 -y, 1 -z (Mo), 1 - x,2 -y, 3 — z (Li).

a tetranuclear lithium hydrate is formed on one side of the Mo8
ring through the hydrogen-bonding interactions involving the
triazole ligand, bridging oxygen atoms and water molecules. As
shown in Figs. S3 and S4, the crystal structures form elliptical
pores with dimensions of 6.0 x 4.0 A% and 8.0 x 5.8 A> along the
a and c axes directions by stacking effect.

As shown in Table 1, the average bond lengths between Li
atoms and both end-group O and bridging O in mononuclear Li
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hydrates (3, 5-11), dinuclear Li hydrates (2, 12-17), and tetra-
nuclear Li hydrates (4, 18-23) are presented. The compounds
Liy[M0gOg(u,-OH),(1t5-0)s(dmtrz)g]- 20.5H,0 (3), Lis[M0gOsg(is-
OH),(u2-0)g(dmtrz)g]-2(Hdmtrz), - 27H,0 (2), and Li,[M0ogOg(i,-
OH),(14,-0)g(dmtrz)g]-25H,0 (4) have been used for compari-
sons, respectively. Upon analyzing all the mononuclear Li
hydrates in the table, it has been found that the Li-O bond
length for the end-group O of compound 2 was 1.969(5) A, which
is significantly larger compared to the end-group O bond
lengths of the other Li hydrates. For compound 2, the average
bond length of its end-group O atoms was 2.095(3) A, and the
average bond length for the bridging O atoms was 2.204(1) A.
When compared to other dinuclear Li hydrates, the Li-O bond
lengths of both the end-group O and bridging O in compound 2
are relatively large. This may be attributed to the higher density
of the electron cloud formed around the O atom by the Mo8 ring
and the 3,5-dimethyl-1H-1,2,4-triazole ligand, which influences
the bond length. Regarding compound 3, the average bond
length of its end-group O atoms is 2.171(3) A, which is longer
than the end-group O bond lengths of the other tetranuclear Li
hydrates. In contrast, the average bond length of the bridging O
atoms is 1.888(5) A, which is shorter compared to other tetra-
nuclear Li hydrates. This analysis suggests that the formation of
tetranuclear Li in 3 results in a higher degree of electron cloud
overlap between the bridging O atom and the two connected Li
atoms. This overlap leads to a relatively shorter average bond
length for the bridging O atoms in compound 3.

Gas adsorption properties

To investigate the porous properties of bulk sample 1, N,
adsorption-desorption isotherms were recorded at 77 K. As
shown in Fig. S5, the isotherm exhibits negligible N, uptake.

Table 1 Comparisons of Li—O bond lengths among other crystals with Li hydrates

Nuclearities Complexes Li~Oerminar (av)/A Li-Opridged (av)/A

Mononuclear Lis[M0gOg(u2-OH),(12-0)g(dmtrz)g]20.5H,0 (3) 1.969(5)
[{Pt(2,2-diMe-1,3-pd)Cl},(u-pz)]Cl, - 2[Li(H,0),]Cl- 2H,0*" 1.919(3)

[Li(H,0)4],hmta-ClO, ** 1.940(5)
Li[Ag(Suc),]-4H, *? 1.945(2)
[Li(LAc)(H,0),][Li(H,0),]- H,0-OC;H, ** 1.926(2)
Liy[Fe(C,04)5]Cl- 9H,0% 1.925(6)
[Li(HZO)4]~hmta~Cl36 1.939(7)
[Li(OH,)4],[Dy""Cu",(Me,pma),Cl(H,0)]- 4H,0%” 1.885(3)

Dinuclear L14[M0808(;L2 OH),(11,-0)g(dmtrz)g]- 2(Hdmtrz)-27H,0 (2) 2.095(3) 2.204(1)
Li[(C5H10NS,)]- 3H2038 1.896(2) 2.034(1)
[(Hzo)zLi(OHz)2Li(0H2)2]2*2cr6L39 1.890(2) 2.025(3)
[Li(H,0),(1to-OCH-2-Br)], * 1.980(5) 1.932(3)
[Lig(CuL)4(H,0)16] 2H,0 (1.2H,0)* 1.960(5) 1.978(3)
[Li{(OPPh,)(SPMe,)N}-2H,0], ** 1.957(5) 1.939(2)
[Liy(C,H505),(H,0)s]- 2H,0* 2.140(3) 2.121(3)

Tetranuclear Liy[M0gOg(t,-OH),(12-O)g(dmtrz)g]- 25H,0 (4) 2.171(3) 1.888(5)
[Lix(L,)0.5(H,0),]n-nH,0"* 2.034(2) 2.123(3)
Lis[C13H;10,(CH;CO),], - nH,O0" 1.983(3) 1.970(5)
Lis(1-04-C13H,N,0,S,), - 4H,0% 1.943(2) 1.993(4)
[Liy(H,L,)(H20)s]n- nH,0* 2.018(3) 2.106(2)
[Liy(ph-CF;3-CyOH-4THF)], - nH,0"® 1.949(3) 1.948(4)
[Lis(OAr),(EGME),]-nH,O0" 1.922(4) 1.874(4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Although the channel dimensions of compound 1 (10 A)
significantly exceed the kinetic diameter of N, (3.6 A), only trace
adsorption was observed. This phenomenon can be attributed
to the exclusively 1D channels along the c-axis, with no effective
pore connectivity along the a- or b-axes. Notably, such minimal
N, adsorption at 77 K has been previously reported for poly-
oxometalate (POM)-based porous materials,**** primarily due to
the hydrophilic nature of POM building units. Nevertheless,
considering the abundant active sites within these 1D channels,
we further examined the adsorption behaviors of CO, and O,
under varying pressures. The adsorption performances of 1 on
small molecular gases such as CO,, O,, N,, CH, and H, were
studied in Fig. 5, using various intrinsic molecular channels.
The findings revealed that compound 1 demonstrates
pronounced adsorption capabilities for both O, and CO,, while
there is no significant absorption for N,, CH, and H,. Specifi-
cally, at 298 K, the adsorption capacity of compound 1 for these
gases increases linearly with rising pressure. At 30 bar, the
adsorption capacities of compound 1 for O, and CO, were
25 mg ¢ and 8 mg g~ ', respectively. Notably, the adsorption
amount of O, by compound 1 is greater than that of CO,. The
reasons for the adsorption of CO, and O, by the crystal mole-
cules are analyzed as follows. The CO, adsorption process is
primarily mediated by electrostatic interaction between the
pore surface and CO, molecules. Hydrogen atoms of the 3,5-
dimethyl-1,2,4-triazole (3,5-dmtrz) ligand within the channels
can form weak C-H---O hydrogen bonds with the oxygen atoms
of CO, molecules.”>** Furthermore, the uncoordinated azolate
N-donors can also serve as strong adsorption sites.** In
comparison, the superior O, adsorption capacity arises from the
oxophilic characteristics of molybdenum centers, which exhibit
high affinity for oxygen molecules.>® Remarkably, powder X-ray
diffraction (PXRD) analysis revealed that the characteristic
diffraction peaks of sample 1 maintained their positions and
intensities after gas adsorption experiments, confirming the
preservation of both crystallinity and framework structural
integrity.

= CO,
254 ° 0 .
ANZ ..
?020' v H, ..o
E + cH, .
Es] e
g .
8 .
B10 .
2 . e
;% [ ] .--.
b . -...-
o] Biiatstiiieiest
4

T T T T

0 5 10 15 20 25 30

Pressures (bar)

Fig.5 CO,, O,, Ny, CH4 and H; adsorption isotherms of 1 at 298 Kand
different pressures.
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The real adsorption process is complicated and it is not only
affected by the pores that we can see intuitively, but also the
inner walls of the pores, the sample surfaces and other factors,
so we cannot give the most accurate reason for these adsorption
behaviors. But the reason for their adsorption to oxygen and
carbon dioxide may be related to that the inner walls of the
pores are mostly nitrogen and carbon containing ligands, which
have good adhesion to CO, through hydrogen bonding. Since
molybdenum is an oxophilic metal, this suggests that O, is
highly compressed within the pores here.>

Powder X-ray diffraction (PXRD) patterns and thermal and
chemical stabilities

The synthesized complexes 1-4 were characterized by X-ray
powder diffraction as shown in Fig. S6. By comparing the
powder XRD patterns of complexes 1-4 with the simulated
curves derived from single crystal structures revealed excellent
agreement. It indicates that complexes 1-4 have good phase
purities. As shown in Fig. S7, the thermal stability profiles of
complexes 1-4 were investigated through thermogravimetric
analysis in the temperature range of 0-1000 °C. All complexes
exhibited three distinct mass loss stages, though with varying
transition temperatures. Specifically, characteristic decompo-
sition events were observed at the following temperatures:
complex 1 at 69.1, 319.9, and 421.2 °C; complex 2 at 63.4, 280.0,
320.2, and 414.3 °C; complex 3 at 58.5, 290.6, 419.1, and 799.1 °
C; and complex 4 at 65.4, 310.4, and 406.1 °C respectively. In the
initial dehydration stage (50-100 °C), all complexes demon-
strated lattice water evaporation, evidenced by mass losses of
15.59% (1), 16.07% (2), 15.90% (3), and 11.75% (4), corre-
sponding to their respective first weight loss peaks. Subsequent
structural decomposition occurred between 280 — 420 °C, with
complexes 2 and 4 displaying two consecutive decomposition
events in this phase. These transitions are attributed to the
sequential breakdown of triazole organic ligands followed by
molybdenum-oxygen framework collapse. The final residues
across all samples consisted predominantly of thermally stable
molybdenum oxide compounds.

Bond-valence calculations and electron paramagnetic
resonance (EPR) spectra

Theoretical bond valence calculations (BVS) give the average
valences 5.064, 5.056, 4.988 and 5.028 for 1-4 with small errors
of +0.064, +0.056, —0.002 and +0.028, respectively. These results
reveal that all molybdenum sites are in +5 oxidation states in 1-
4, as described in Table S14. The results are consistent with
aforementioned structural analyses and in accordance with the
charge balance. And they are further supported by EPR spec-
troscopy, which detects unpaired electrons and provides
detailed information on structure and bonding of paramagnetic
species. As shown in Fig. S8, the electron paramagnetic reso-
nance spectra show the pattern of solid anisotropies 1-4, which
is an effective tool for probing unpaired electrons and exploring
electronic structure and bonding in paramagnetic metal
complexes. The anisotropic contribution is determined by the
interaction between the single electron spin and the Mo core (I

© 2025 The Author(s). Published by the Royal Society of Chemistry
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= 5/2). This band shows an § = 1/2 signal and weak signals
centred on g =2.0031, g = 2.0037, g = 2.0019 and g = 2.0026 for
1-4, respectively, consistent with the 4 d* metal center Mo>".

IR and solid UV-visible spectra

The infrared spectra of 1-4 were measured in the range of 4000-
550 cm . Using the Fourier Transform Infrared (FT-IR) tech-
nique, the functional groups in complexes 1-4 show specific IR
absorption peaks (Fig. S9-S12). Strong absorption bands are
observed at around 3340 cm™" for both 1-4, which represents
the stretching vibration »(OH) of the free water molecules. The
absorption peaks in the range 1700-1000 cm ™" are attributed to
the characteristic vibrations of dmtrz for complexes 1-4 coor-
dinatively, which were compared with IR spectra for the free
triazole ligand obtained from the Spectral Database for Organic
Compounds (SDBS). In addition, the characteristic vibrational
peaks of »(Mo=0) and »(Mo-O-Mo) bonds in 1-4 appear in the
strong bands around 800-970 and 630-730 cm ™", respectively.

Solid-state UV/Vis spectra were measured for all samples 1-4
at room temperature in Fig. S13. The strong absorptions at 297,
300, 301 and 307 nm for 1-4 are due to the w—mt* transitions of
triazole ligands. The absorptions in the range 320 - 340 nm
represent the charge transition of O — Mo. The strong
adsorption bands of 1-4 observed in the range of 400-600 nm
were related to the d-d transition of molybdenum(v). The
observations are consistent with the orange colors of the
samples observed.

Conclusions

In conclusion, four crown-ether-like octanuclear clusters were
obtained via triazole ligands, molybdate, and Li ions formed
different hydrates by strong interactions. Under the control of
different pH values and reducing agents, lithium hydrates were
further trapped in 2-4, forming {2,2}, {1,3}, {0,4} hydrates
respectively via van der Waals forces and intermolecular
hydrogen bonds on both sides of the Mo rings. The structural
analyses revealed that the Mo8 ring in compounds 1-4 is
equipped with internal pores of 4.6 A in size. This indicates that
the complexation of Li ions has no significant effect on the pore
size of the main ring. Additionally, due to the stacking effect
and the intermolecular interactions between the molecules,
compounds 1 and 4 form channels with diameters of 10 x 18 A>
and 8.0 x 5.8 A% (6.0 x 4.0 A%), respectively. These interactions
facilitate the adsorptions of small molecules and gases, as the
gas adsorption experiments have demonstrated that POM-
based porous materials possess adsorption capacities for
small amounts of O, and CO, gases.

Experimental

Experimental reagents and instruments

(NH4)6M0,0,4-4H,0, 3,5-dimethyltriazole, hydrazine hydro-
chloride, malic acid, potassium hydroxide, ammonia solution
and sodium hydroxide were used in the experiment, which were
purchased from Aladdin's reagent company. These chemicals
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are of analytical or reagent grade purities. The solutions were
used to measure the pH values with a digital PHB-8 meter. By
using a Nicolet 380 FT-IR spectrometer, infrared spectra are
measured and samples are placed in KBr plates. Solid diffused
reflectance is recorded at 298 K by using a Cary 5000 UV-vis
spectrophotometer (Varian), with BaSO, as the white stan-
dard. The solid EPR spectra of 1-4 were performed on Bruker
EMX-10/12 analysis system with X-band (9.4 GHz) at 110 K. The
Netzsch STA 449F5 thermal was used to analyze the TG
measurements of 1-4 in the temperature range of 30 to 1000 °C,
which were carried out at a heating rate of 10 °C min ™" in a pure
nitrogen atmosphere. Powder X-ray diffraction (XRD) studies
were performed on a Panalytical X'pert PRO diffractometer,
scanning from 5° to 50° at a scan speed of 10 °C min~". Cu K«
radiation, measured at 35 kV and 15 mA, served as the X-ray
source. The simulated XRD curves are generated by powder
pattern method of Mercury software.

Preparation of (NH,),[MogOg(u,-OH),(p»-0)s(dmtrz)g]-
62.5H,0 (1)

The synthesis of 1 adopted one-pot procedure. (NH,)s-
Mo,0,,-4H,0 (0.176 g, 0.14 mmol) and R,S-malic acid (0.40 g,
3.0 mmol) were dissolved in distilled water (10.0 mL) in
sequence. The pH value of the solution was adjusted to 4.0 with
ammonia hydroxide. Then, hydrazine hydrochloride (0.136 g,
2.0 mmol) and 3,5-dimethyl-4H-1,2 4-triazole (0.097 g, 1.0
mmol) were added to the mixed solution in sequence. After
adjusting the pH value of the solution to 9.0 with 5 mol L™*
ammonia hydroxide, the mixture was heated in an oven at 80 °C
for 24 hours. After cooling to room temperature for 10 hours,
the product 1 was obtained after 5 to 6 days. Orange crystals
were collected in 68.8% yields (0.486 g) based on molybdenum.
Found (caled for Cj3,H5,M0gN,;,05): C, 20.64(20.65); H,
2.79(2.80); N, 18.06(18.05) (%). IR (KBr, cm '): 3394 vs, 1648 s,
1493 s, 1471 s, 1333 s, 1151 w, 1053 w, 991 w, 947 m, 755 s, 624
w, 571w, 507 w. Solid UV (BaSO,, nm): 233, 294, 350-600.

Preparation of Liy[Mo0gOg(p,-OH),(1,-0)s(dmtrz)g]- 2(Hdmtrz)
-27H,0 (2)

The synthesis of 2 adopted one-pot procedure. (NH,)e-
Mo0,0,,-4H,0 (0.176 g, 0.14 mmol) and R,S-malic acid (0.40 g,
3.0 mmol) were dissolved in distilled water (10.0 mL) in
sequence. After adjusted the pH value of the solution to above
4.0 by LiOH to prevent the formation of precipitate. Then,
hydrazine hydrochloride (0.136 g, 2 mmol) and 3,5-dimethyl-
4H-1,2,4-triazole (0.097 g, 1.0 mmol) were added to the mixed
solution in sequence. After adjusting the pH value of the solu-
tion to 10.0 with solid LiOH, the mixture was heated in an oven
at 80 °C for 24 hours. After cooling to room temperature for 10
hours, product 2 was obtained after 5 to 6 days. Orange crystals
were collected in 68.8% yields (0.486 g) based on molybdenum.
Found (caled for CjzyHi96047Nz4MogLiy): C, 16.17(16.18); H,
4.46(4.47); N, 14.12 (14.10) (%). IR (KBr, cm'): 3394 vs, 1635 m,
1950 m, 1415 s, 1335 m, 1188 w, 1151 w, 989 w, 944 m, 780 w,
751's, 700 s, 622 s, 584 s. Solid UV (BaSO,, nm): 227, 291, 350 -
600.
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Preparation of Li,[MogOg(u,-OH),(»-0)s(dmtrz)g]-20.5H,0

®3)

The synthesis of 3 also adopted a one-pot procedure. (NH,)e-
Mo,0,,-4H,0 (0.176 g, 0.14 mmol), R,S-malic acid (0.40 g, 3.0
mmol), hydrazine hydrochloride (0.136 g, 2.0 mmol) and 3,5-
dimethyl-4H-1,2 4-triazole (0.097 g, 1.0 mmol) were dissolved in
distilled water (10.0 mL) in sequence. The pH value of the
solution was adjusted to 4.0 with LiOH. After adjusting the pH
of the solution to 9.0 with solid LiOH, the mixture was heated in
an oven at 80 °C for 24 hours. After cooling to room temperature
for 10 hours, product 3 was obtained after 5 to 6 days. Orange
crystals were collected in 68.8% yields (0.486 g) based on
molybdenum. Found (caled for C4oH;2,0,4,N30MogLiy): C,
18.67(18.68); H, 4.75(4.74); N, 16.35(16.34) (%). IR (KBr, cm ™~ ):
3385 vs, 1630 s, 1562 w, 1490 m, 1413 m, 1372 w, 1337 m, 1148
w, 1057 w, 986 w, 944 m, 751 m, 622 w, 578 w. Solid UV (BaSO,,
nm): 231, 298, 350-600.

Preparation of Li,[MogOg(u,-OH)4(1,-0)s(dmtrz)g]-25H,0 (4)

The synthesis of 4 also adopted a one-pot procedure. (NH,)s-
Mo,0,,-4H,0 (0.176 g, 0.14 mmol), R,S-malic acid (0.40 g, 3.0
mmol), hydrazine hydrochloride (0.136 g, 2.0 mmol) and 3,5-
dimethyl-4H-1,2 4-triazole (0.097 g, 1.0 mmol) were dissolved in
distilled water (10.0 mL) in sequence. The pH value of the
solution was adjusted to 4.0 with LiOH. After adjusting the pH
of the solution to 11.0 with solid LiOH, the mixture was heated
in an oven at 80 °C for 24 hours. After cooling to room
temperature for 10 hours, the product 4 were obtained after 5 to
6 days. Orange crystals were collected in 68.8% yields (0.486 g)
based on molybdenum. Found (caled for C,oH;2,0,47,N30Mog-
Li,): C, 18.67(18.68); H, 4.75(4.74); N, 16.35(16.34) (%). IR
(KBr, cm ™ %): 3398 vs, 1626 s, 1495 s, 1415 s, 1371 w, 1304 s,
1144 s, 1053 w, 995 w, 946 m, 866 w, 784 w, 749 s, 704 w, 620 W.
Solid UV (BaSO,, nm): 209, 294, 350 - 600.

Gas adsorption measurements

In the pressure range of 0 to 30 bar, the adsorption capacities of
1 for O, and CO, are evaluated by a magnetic suspension
gravimetric sorption analyzer (ISOSORP-HTGRA) at 298 K.
Samples 1 are placed in the sample bucket and then loaded into
the adsorption chamber and pressurize continuously with dry
gas at 298 K, which the weights of 1 are changed by 70.3 mg,
respectively. The sample was then evacuated to remove any
traces of water solvents for 7 hours at 393 K, until the weight
remained constant. MessPro software tracked the weight
change of sample 1 on MSB (RUBOTHERM ISOSORP-HTGRA).
Each point of the pressure locations reached adsorption equi-
librium after around 40 minutes.

X-ray structural determinations

The X-ray structural analyses of crystals 1-4 were recorded on
Rigaku Oxford Diffraction diffractometer using mono-
chromated Cu Ka radiation (A = 1.5418 A) at 298 K. CrysAlisPro
was used to process the data for absorption corrections. The
structures were solved and improved using the Olex2 and
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ShelXT programs. The water solvents were masked to remove
the strongly disordered water molecules and the possible
numbers of solvent molecules were calculated in the accessible
void of crystal structures by using the squeeze software. The
ShelXT structure solution program was used to solve the
structures of 1-4 directly and all non-hydrogen atoms were
employed to enhance the structures based on F* with the
SHELXL-2018/3 program in Olex2. The detailed structural
refinements and crystallographic information of 1-4 are recor-
ded in Table S2.

Cyclic voltammograms

Electrochemical characterizations of molybdenum complexes
in aqueous media are shown in Fig. S14. The redox character-
istics of complexes 1-4 were systematically investigated through
cyclic voltammetry (CV) in aqueous 0.20 mol L ™" Na,SO, elec-
trolyte. The potential was initially scanned in the anodic
direction, followed by reverse scanning through the cathodic
reduction region. As depicted in Fig. S13, all complexes
exhibited irreversible redox events within the —2.0 to +2.0 V
window at 0.1V s~ " scan rate. Notably, anodic peaks observed at
0.414 V (1), 0.099 V (2), 0.355 V (3), and 0.304 V (4) could be
attributed to the oxidation of reduced Mo" species. The prom-
inent oxidation features in the 1.2-1.5 V range for all four
compounds likely correspond to oxygen evolution through
water oxidation, while the cathodic signals between —0.8 and
—0.4 V may represent hydrogen evolution via water reduction.
The reduction peak observed near —1.8 V is a direct electro-
chemical manifestation of the core process of Mo(vi) reduction,
which occurs at that particular potential due to the combined
effects of charge compensation, stabilization, and promotion of
the porous structures by Li cations.
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