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ABSTRACT: In this study, five thiacalix[4]arene (TC4A)-based
octanuclear homometallic or heterometallic clusters, namely,
{[Nig(TC4A)2(M6-CO3)2(H2-CH3CO,)3(2-CO3)(DMA),]}(CH3CN), (1)
(DMA = N,N-dimethylamine), {[Nisg;C05 19(TC4A),(Hg-CO3)s(H,-
HCO,),(y,-Cl),(DMA),]}-2DMF-2CH,CN  (2) (DMF = N,N-
dimethylformamide), {[Ni; 56C03 94(TC4A),(H6-CO3)x(k2-HCO) (M-
Cl)2(DMA),J}-2DMF-2CH;CN ~ (3),  {[Ni,Cog(TC4A)(s-CO3)x(M>-
HCO,),(u,-Cl),(DMA),]1}-2DMF-2CH;CN (4), and {[Cog(TC4A)x(He-
CO3)5(u2-HCO,)3(Mo-CO3),(DMA),}-4DMF - (5), are synthesized
using a solvothermal method. Single-crystal X-ray diffraction
analysis reveals that all synthesized compounds comprise two
badminton-like secondary building units (SBUs) [M,(TC4A)] (M =
Co, Ni, Co/Ni) linked by two pg-CO4;* anions in a tail-to-tail
manner, forming a chair-like octanuclear metal cluster. Their
structures were also characterized using Fourier transform
infrared spectroscopy, ultraviolet—visible spectroscopy, X-ray photoelectron spectroscopy, powder X-ray diffraction, etc.
Magnetism studies indicate an antiferromagnetic interaction between the metal ions of compounds 1-5, and their magnetic
susceptibility T increases as the cobalt content increases in the range of 50-300 K. The structures and magnetic properties
of the Co(Il)/Ni(ll) cluster supported by TC4A can be conveniently tuned by varying the Ni(ll):Co(Il) molar ratio, providing a
straightforward approach for fabricating TC4A-based heterometallic clusters.
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thiacalix[4]arene (TC4A) exhibits excellent coordination ability
because of its flexible C-S bond length and C-S-C bond angle [5].
Mislin et al. reported a sandwich-like tetracopper(Il) square capped
by two TC4A ligands. This assembly can be viewed as two tail-to-

1 Introduction

Calix[n]arenes (CAs) and thiacalix[n]arenes (TCAs) represent a
class of cyclic oligomers with adjustable sizes and structures.

Consisting of several para-substituted phenols bridged by
methylene or sulfur atoms, these compounds can be used as a new
generation of supramolecular hosts [1]. The lower rim of phenolic
OH or thiophenolic SH groups can be further modified via
substitution or acylation reactions [2, 3] and can also be used as
multidentate ligands for coordination assembly [4]. In particular,
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tail connected, badminton-shaped secondary building units (SBUs)
of {M,(TC4A)} [6]. The SBU of {M,(TC4A)} not only serves as an
excellent LEGO brick for more complicated architectures [7, 8], but
also functions as a scaffold that provides various metal clusters,
including transition, rare earth, and heterometallic 3d-4f centers
with magnetic properties [9].

In the past two decades, several TC4A-supported structures have
been reported, including TC4A-protected metal nanoparticles,
small metal clusters, metal-organic coordination cages, and TC4A-
coordinated metal-organic polyhedral [7]. Kajiwara et al. reported a
series of octalanthanide wheels [Ln’y(L),(AcO)y(EtOH),(H,0),] (Ln
=Gd (1), Sm (1)) and [Lng(L),(AcO)s(MeOH),-(H,0);] (Ln’ = Nd
(2, Pr (2)), which are supported by p-tert-
butylsulfonylcalix[4]arene and exhibit weak antiferromagnetic
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interactions [10]. Hong et al. reported a series of octanuclear Ni(II)
complexes with chair-like metal clusters capped by two
thiacalix[4]arene ligands [11]. Bi et al. reported a {Cos,} nanosphere
supported by p-tert-butylthia calix[4] arene [12]. Liu et al. reported
a series of calix-based nanoscale superoctahedral cages comprising
six SBUs of {M,(TC4A)} and eight tripodal ternary acids via [6+8]
condensation [13]. Xiong et al. reported an anionic truncated
octahedral coordination cage comprising six SBUs of {M,(TC4A)}
and eight 1,4-benzenedicarboxylic acids via [6 + 12] condensation
[14].

Among various nanoparticles [15] or metal clusters based on
TC4A, heterometallic clusters have received significant research
attention owing to their potential applications in catalysis [16],
magnetism [17], and luminescence [18]. 3d-4f or 3d-4d
heterometallic clusters supported by TC4A have been reported. For
example, Bi et al. reported a series of nanocages (M,,Vg, M = Fe,
Co, Ni) comprising the polynuclear SBUs of {M,TC4A} and
vanadate anion units in [5+8} condensation modes, and the Fe,,V;
cage exhibited significant photothermal conversion efficiency (up to
80%) [19]. Liao et al. reported one 3d-4f heterometallic tetranuclear
compound of {Mn,Gd,(TC4A),} with a sandwich-like structure
and ferromagnetic interaction [20]. Bi et al. reported a class of
TC4A-functionalized heterometallic clusters involving the Keggin-
type PM;MogM = Co, Ni) motif. These clusters not only
electrocatalytically reduce IO, but also exhibit photothermal
conversion efficiency up to 52.5% + 1.7% [21]. Zhang et al. reported
two mixed-valent heterometallic clusters [Cu",Cu,Ti(OPr),
(TC4A),CH,CN] (Ti;Cu,y) and [Cu";Cu',Tiy(p,-O)(p3-O)(OPr),
(CH;COO),(TC4A),(CH;CN),] (Ti,Cus), which can
electrocatalytically reduce CO, to form HCO,H (Ti,Cuy) or CH,
(Ti,Cus) in a wide potential range. Liu et al. reported a series of Ag-
doped titanium-oxo clusters Ti;,Ag,s supported by TC4A, which
can electroreduce CO, into CO with a broad potential window [22].
Su et al. reported a series of thiacalix[4]arene-supported kite-like
heterometallic tetranuclear Zn"Ln"™; (Ln = Gd, Tb, Dy, Ho)
complexes with the characteristic luminescence of Ln™ and
antiferromagnetic interactions between Ln™ ions [23]. Although
TC4A-based 3d-4f or 3d-4d heterometallic clusters have been
reported, TC4A-based 3d-3d heterometallic clusters remain less
explored. A major challenge in investigating 3d-3d heterometallic
cluster complexes arises from their similar ionic radii and
competing coordination tendencies. In addition,
crystallographically differentiating cobalt from nickel remains a
significant challenge. Gao et al. reported a series of random
Co(IT)-Ni(II) ferromagnetic chains with coexistent
antiferromagnetism, metamagnetism, and single-chain magnetism
[24].

In our previous study, we reported a luminescent ionic
compound containing a TC4A anion and a [Ag(PPhs),]* cation
[25]. Recently, late transition metal ions, including Ni(I) and
Co(I), have been coordinated with tert-butylthiacalix[4]arene to
yield TC4A-based heterometallic clusters. In this study, five new
compounds, namely, {[Nig(TC4A),(us-CO;),(ty-CH3CO,)5(1y-
CO;)(DMA),J}(CH;CN), (1), {[NisCo;10(TCAA)(16-CO3), (1
HCO,),(p,-Cl),(DMA),]}-2DMF-2CH;CN ), {[Niy06Co394
(TC4A),(p6-CO3),(pp-HCO,),(1,-Cl),(DMA),]}-2DMF-2CH,CN
3), {[Ni,Cog(TC4A),(1s-CO;3)(1,-HCO,)(1,-Cl),(DMA), ] }-
2DMF-2CH,CN  (4), and {[Cog(TC4A),(15-CO3)x(1o- HCO,)3(1-
CO;),(DMA),]}4DMF  (5), were synthesized through a
solvothermal reaction by varying the molar ratio of the metal ions.
Their structures were characterized using various methods,
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including single-crystal X-ray diffraction (SCXRD), Fourier
transform infrared spectroscopy (FTIR), powder X-ray diffraction
(PXRD), thermogravimetric —analysis (TGA), and X-ray
photoelectron spectroscopy (XPS). Structural and magnetism
analyses demonstrate that varying the Co:Ni molar ratio is a simple
approach for tuning the structure and magnetism of TC4A-
supported Ni/Co heterometallic compounds.

2 Experimental

2.1 Materials and measurements

p-tert-Butylthiacalix[4]arene (H,TC4A) was synthesized according
to a previously reported procedure [26]. The other reagents were of
analytical grade and were used as received without further
purification. Further information about the reagents and
instrument characterization can be found in the Electronic
Supplementary Material (ESM).

2.2 General synthesis procedure of compounds 1-5

A mixture of 0.1-mmol H,TC4A (0.082 g), 0.6-mmol metal salt, N,
N-dimethylformamide (DMF, 5 mL), triethylamine (0.5 mL), and
CH;CN (5 mL) was placed in a 20-mL Teflon-lined autoclave,
stirred for 0.5 h, sealed, kept at 130 °C for 4 days, and then slowly
cooled to 20 °C at approximately 4 °C/h. A significant amount of
crystals was collected through filtration, washed with CH;CN/DMF
(1:1), and dried in air.

2.2.1 {[Nig(TC4A),(146-CO;3),(u,-CH;CO,)5(1,-CO;3)(DMA) ] }-
(CH,CN), (1)

Compound 1 was prepared using Ni(CH,CO,),-4H,0 (0.15 g, 0.6
mmol), yielding green crystals (0.10 g, ca. 81% based on H,TC4A).
CHN analysis found (%): C, 46.48; H, 4.89; N, 2.64; inductively
coupled plasma mass spectrometry (ICP-MS) found (%): Ni, 18.17.
Calc. for CogHoN;0,:NigSs: C, 47.77; H, 4.99 N, 2.84; Ni, 19.06%.
FTIR (KBr pellet, cm™): 3452(m), 3277(m), 2961(m), 2902(w),
1668(m), 1585(m), 1469(m, shoulder), 1444(s), 1385(w), 1361(m),
1313(m), 1295(m), 1258(m), 1202(w), 1129(w), 1088(w), 1024(w),
909(w), 883(w), 855(w), 832(m), 755(m), 734(m), 672(w), 541(w),
496(w), and 453(w).

2.2.2 {[Nisg,Co, 1o(TC4A),(] e~ Cos)z([lz‘H COJZ(MZ‘CZ)Z( DMA),]}-
2DMF-2CH;CN (2)

Compound 2 was prepared using NiCL-6H,0O (0.1070 g, 045
mmol) and CoCl,-6H,0 (0.0357 g, 0.15 mmol) at a molar ratio of
3:1, yielding green crystals (0.098 g, ca. 76% based on H,TC4A).
CHN analysis found (%): C, 46.59; H, 5.21; N, 3.37; ICP-MS found
(%): Ni, 16.29; Co, 6.14. Calc. for CogH N0 ,sNis 5 C0, 16CLSs (M-
2DMF): C, 47.11; H, 5.11; N, 3.43; Ni, 14.82; Co, 4.86. FTIR (KBr
pellet, cm™): 3423(m, br), 3275(m), 2961(m), 2870(m), 1676(m),
1598(s), 1466(m), 1445(vs), 1416(s, shoulder), 1385(m), 1362(m),
1316(w), 1298(w), 1258(m), 1122(w), 1090(w), 1025(w), 883(w),
856(w), 769(w), 761(w), 753(w), 734(w), 662(w), 635(w), 542(w),
452(w).

223 {[N i4A06C03.94(TC4A)2(M6_COS)Z(,MZ_H Coz)z(ﬂz‘Cl)z( DMA),J}-
2DMF-2CH;CN (3)

Compound 3 was prepared using NiCL-6H,0 (0.0713 g, 0.30
mmol) and CoCl,,6H,0 (0.0714 g, 0.30 mmol) at a molar ratio of
1:1, yielding green crystals (0.096 g, ca. 74% based on H,TC4A).
CHN analysis found (%): C, 46.67; H, 5.29; N, 3.63; ICP-MS found
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(%): Ni, 11.15; Co, 10.82. Calc. for CygH;,,N¢O;5Ni, 06C0504CLSg: C,
47.10; H, 5.11; N, 3.43; Ni, 9.59; Co, 9.63. FTIR (KBr pellet, cm™):
3423(m), 3272(m), 2960(m), 2865(w), 1674(m), 1599(s), 1469(m),
1441(s), 1417(m), 1385(s), 1362(w), 1315(w), 1258(m), 1122(w),
1090(w), 881(w), 833(w), 753(w), 676(w), 636(w), 608(w), and
542(w).

2.2.4 {[Ni,Cos(TC4A),(145-CO;3),(,-HCO,),(1,-Cl),(DMA) ] }-
2DMF-2CH;CN (4)

Compound 4 was prepared using NiCl,-6H,O (0.0356 g, 0.15
mmol) and CoCl,-6H,0 (0.1070 g, 0.45 mmol) at a molar ratio of
1:3, yielding yellow—green crystals (0.092 g, ca. 71% based on
H,TC4A). CHN analysis found (%): C, 46.71; H, 5.25; N, 3.47;
ICP-MS found (%): Ni, 4.67; Co, 13.99. Calc. for
CoeH 0 N(ONi,Co(CLSs (M-2DME): C, 47.09; H, 5.10; N, 3.43; Ni,
4.79; Co, 14.44. FTIR (KBr pellet, cm™): 3473(s), 3414(s), 3276(m),
2961(m), 2867(w), 1676(m), 1638(w), 1599(s), 1469(m), 1441(s),
1385(m), 1363(m), 1286(w), 1257(m), 1203(w), 1122(w), 1090(w),
1026(w), 906(w), 885(w), 833(w), 754(w), 733(w), 634(w), 543(w),
and 450(w).

2.2.5 {[Cog(TC4A)(ts-CO3)5(p- HCO,)(4-CO3),(DMA) J}-4DMF
(©)

Compound 5 was prepared using Co(CH;CO,),4H,0 (0.1494 g,
0.6 mmol), yielding purple crystals (0.072 g, ca. 54% based on
H,TC4A). CHN analysis found (%): C, 45.25; H, 5.29; N, 2.07; ICP-
MS found (%): Co, 20.69. Calc. for CygH,,,N,0,,Co,Ss (M-4DMF):
C, 47.76; H, 5.18; N, 2.32; Co, 20.67%. FTIR (KBr pellet, cm™):
3421(m, broad), 2963(m), 2870(w), 1661(s), 1570(s), 1465(m),
1442(s), 1422(s), 1361(w), 1314(w), 1257(s), 1115(w), 890(w),
838(m), 752(m), 737(w), 661(m), 544(w), 531(w), 455(w).

2.3 X-ray crystallographic analyses

Crystals suitable for the synthesized compounds were selected for
SCXRD, covered with inert oil, mounted on a loop ring, and
rapidly transferred to the diffractometer. All XRD data were
collected at cryogenic temperatures (100, 150, or 170 K) via graphite-
monochromated Cu Ka radiation (A = 1.54184 A) using an Agilent
SuperNova diffractometer. CrysAlisPro (Version 1.171.37.34k)
software was used for data collection, reduction, cell refinement,
and empirical absorption corrections in all compounds. The
structures of all compounds were solved using direct or heavy atom
methods using SHELXT [27] and refined using the full matrix least
squares method for F using SHELXL-2018 [28]. The site
occupancy sum of cobalt atoms in the metal sites of compounds
2-4 was restrained using the cobalt content according to ICP-MS.
All nonhydrogen atoms, except for some disordered atoms, were
anisotropically refined. All calculations were performed using the
program package of OLEX1.5 [29]. Table SI in the Electronic
Supplementary Material (ESM) summarizes the crystallography
data and structural refinement details for the four complexes. Table
S2 in the ESM summarizes the selected bond lengths and angles.

Figure1 (a)-(e) Crystal photographs of compounds 1-5.
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3 Results and discussion

Under the reaction condition at 130 °C for 4 days, the solvothermal
reaction of TC4A with Ni(CH;CO,),4H,0 and Co(CH;CO,),
4H,0 at the molar ratio of 1:4 successfully yielded compounds 1
(green) and 5 (violet), respectively. Under a similar reaction
condition, the mixed metal salts of NiCl,-6H,O and CoCl,-6H,O at
the ratios of 3:1, 1:1, and 1:3 afforded compounds 2, 3, and 4,
respectively. The crystal colors of compounds 1-5 gradually
transitioned from green to violet (Fig. 1), along with a decrease in
Ni content and an increase in Co content. This consistent color
evolution demonstrates that 3d-3d heterometallic compounds can
be successfully prepared through the direct solvothermal reaction of
corresponding mixed metal salts with TC4A. Moreover,
dimethylamine, carbonate, and formate, which are generated in situ
by the decomposition of DMF under solvothermal conditions [30,
31], play an important role in the formation of compounds 1-5.
DMF is an important reagent for fabricating metal-organic
frameworks [32] and metal cluster compounds based on TC4A
[33].

Considering their close ionic radius and similar X-ray scattering
ability of cobalt and nickel, crystallographically differentiating cobalt
from nickel remains a significant challenge. ICP-MS was performed
to determine the atomic ratio of nickel and cobalt atoms in the title
compounds. The ICP-MS results indicate that the Ni/Co atomic
ratios of compounds 2, 3, and 4 are 5.81/2.19 (3:1), 4.06/3.94 (1:1),
and 2.00/6.00 (1:3), respectively. The measured Ni/Co atomic ratios
were used to constrain the occupancy of cobalt atoms in
compounds 2-4.

SCXRD analysis reveals that compound 1, {[Nig(TC4A),(pe-
CO3),(Hy-CH3CO,)5(1y-CO5)(DMA),J}(CH;CN),,  crystallizes  in
the tetragonal system with the I2/m space group. As shown in
Fig. 2(a), there are two crystallographically independent nickel sites,
one six-coordinated carbonate, one two-coordinated carbonate, half
acetate, half TC4A ligand, one DMA, half acetonitrile molecule, one
quarter disordered acetate, and one quarter disordered carbonate in
the asymmetric unit. Four nickel atoms are first coordinated with
one TC4A ligand to form a badminton-like secondary building
block of [Ni,(TC4A)]. Two adjacent SBUs of [Ni,(TC4A)] are then
connected by two six-coordinated carbonates and two bridged
acetates to form a chair-like octanuclear nickel cluster, which is
capped by two TC4A ligands on both sides. Nickel atoms are six-
coordinated with one nitrogen atom, one sulfur atom, and four
oxygen atoms to form a distorted octahedron. The bond lengths of
Ni-N, Ni-S, and Ni-O are in the ranges of 2.086(5),
2.3545(8)-2.4666(8), and 1.9910(19)-2.144(5) A, respectively
(Table S2 in the ESM). Four vertex-sharing Ni octahedra form a
planar square of a tetranuclear nickel cluster with the Ni-~Ni
distance of 3.31-3.54 A, and the Ni-Ni distance between the
adjacent layers of the Ni4 plane is 2.9405 A.

SCXRD analysis reveals that compounds 24 are allomerism,
with the respective formula of {[Nisg,Co,;o(TC4A),(ts-COs),(1s-

(d)

Polyoxometalates, 2026, 5, 9140141
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Figure2 ORTEP drawings with 40% ellipsoid probability of compounds 1 (a), 2
(), 3 (e), 4 (g), and 5 (i) (solvent molecule and hydrogen atoms are omitted for
clarity); polyhedron diagrams of compounds 1 (b) , 2 (d), 3 (), 4 (h), and 5 (j)).

HCO,),(p,-Cl),(DMA),]}-2DMF-2CH,CN 2), {[Ni;06Co394
(TC4A),(6-CO3), (1 HCO,),(p-Cl),(DMA) ]} 2DMF-2CH,CN
(3), {INi;Cog(TCAA)(15-CO3), (- HCO,),(1o-Cl),(DMA),]}-2DMF
-2CH;CN (4). All compounds crystallize in the triclinic system with
the Pi space group with similar unit cell parameters. As shown in
Figs. 2(c), 2(e), and 2(g), there are four crystallographically
independent metal sites, one TC4A ligand, one bridged chlorine
atom, one formate, two DMA molecules, one acetonitrile molecule,
and one DMF solvent molecule in the asymmetric units of 2—4.
Their structures are similar to that of compound 1, except that the
Ni atoms are replaced by disordered Ni and Co atoms, and the
bridged acetates are replaced by bridged chloride atoms. In

Polyoxometalates, 2026, 5, 9140141
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compound 2, Co and Ni share the same metal sites, and the refined
site occupancy values of Co atoms in the M1-M4 metal sites are
0.26918, 0.30963, 0.25391, and 0.26459, respectively. They are close
to the random distribution of 0.25 and their molar ratio (Co:Ni =
1:3). The refined site occupancy values of Ni atoms in the M1-M4
metal sites in compound 3 are 0.54823, 0.51338, 0.4822, and
0.48652, respectively. This is also in good agreement with the
theoretical random distribution (Co:Ni = 1:1). For compound 4, the
refined site occupancy values of Co atoms in the M1-M4 metal
sites are 0.8818, 0.86106, 0.6922, and 0.62756, respectively. This
slightly deviates from the ideal random distribution (Co:Ni = 3:1),
indicating that Co atoms are inclined to occupy the central M1 and
M2 sites because of their larger ionic radius.

The bond lengths of M-N, M-Cl, M-S, and M-O in compound
2 are in the range of 2.064(2)-2.072(2), 2.4412(6)-2.4466(8),
2.3591(6)-2.4781(6), and 1.9946(16)-2.1145(15) A, respectively
(Table S2 in the ESM). In compound 3, the bond lengths of M-N,
M-Cl, M-S, and M-O are in the range of 2.066(3)-2.068(3),
2.4486(9)-2.4538(10), 2.3737(10)-2.4798(11), and  1.995(2)-
2.131(2) A, respectively. In compound 4, the bond lengths of M-N,
M-Cl, M-S, and M-O are in the range of 2.082(4), 2.4626(12)-
24626(12), 2.4044(12)-2.4875(13), and 1.993(3)-2.166(3) A,
respectively. In the cluster skeletons of compounds 2-4, the M-~-M
distance in the tetranuclear square and the M--M distance between
the adjacent layers of the M4 plane are 3.14-3.57 and 2.9157(5),
3.14-3.57 and 2.9410(8), and 3.15-3.57 and 2.9842(10) A for
compounds 2, 3, and 4, respectively.

SCXRD analysis reveals that compound 5, {[Cog(TC4A),(pe-
CO3),(1-HCO,);5(1,-CO;5),(DMA),]}-4DMEF,  crystallizes in the
monoclinic system with the C2/m space group. As shown in Fig. 2,
there are two crystallographically independent cobalt sites, half six-
coordinated carbonate, half two-coordinated carbonate, half acetate,
half TC4A ligand, one DMA, and 1.5 DMF molecules in the
asymmetric unit. The structure of compound 5 is similar to that of
compound 1 except for the replacement of Ni(II) by Co(II). The
bond lengths of Co-N, Co-S, and Co-O are in the range of
2.116(9), 2.385(2)-2.491(2), and 2.006(5)-2.142(5) A, respectively.
They are slightly longer than those of Ni-N, Ni-S, and Ni-O bonds
owing to the larger ionic radius of Co" (74 pm) than that of Ni" (72
pm). The Co--Co distance in the square of the tetranuclear cobalt
cluster and the Co--Co distance between the adjacent layers of the
Co4 plane are 3.18-3.55 and 2.920(2) A, respectively.

Continuous shape measure (CShM), a useful method for
quantitatively evaluating coordination geometry [34], was used to
analyze the metal sites in compounds 1-5 and the chlorine-bridged
analog of Ni8 (6) using SHAPE 2.0 [35]. The results indicate that all
metal sites adopt the octahedron configuration (OC-6) with the
smallest CShM value compared with the other configurations. In
similar coordination environments, for example, in compounds 1
and 5, the nickel sites in compound 1 exhibit a smaller CShM value
than the cobalt sites in compound 5 (Fig. 3), implying that cobalt
atoms more significantly deviate from the ideal octahedron than the
nickel atoms. In compounds 2-4, the CShM value of the metal sites
increases gradually with an increase in nickel content and a
decrease in cobalt content.

Bond valence sum (BVS), as a powerful and empirical tool for
estimating the oxidation state, was used to calculate the BVS of the
metal sites in compounds 1-5 [36, 37]. As shown in Table S3 in the
ESM, the BVS values of the Ni sites (ranging from 1.97 to 2.25) and
Co sites (ranging from 2.10 to 2.40) in compounds 1-5 are close to
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Figure3 Column distribution of CShM of compounds 1, 6, and 2-5.

2.00, indicating that the valence states of the Ni and Co sites in the
compounds are +2, consistent with the valence states of the Ni and
Co metal sites in the compounds, as evidenced by the SCXRD
analysis.

Figures S1-S5 in the ESM show the crystal packing diagrams of
compounds 1-5. No hydrogen bonding or - interaction is
observed in the packing modes of the compounds, and van der
Waals interactions affect cell packing.

3.1 XPS spectra

XPS analysis of compounds 1-5 was performed to confirm their
oxidation states and elemental compositions. According to the XPS
spectra, the full survey scans of compounds 1-5 reveal the presence
of C,O, N, S, and Ni in compound 1, the presence of C, O, N, S, Cl,
Nj, and Co in compounds 2-4, and the presence of C, O, N, S, and
Co in compound 5 (Figs. S21-S25 in the ESM). The narrow XPS
spectra (Fig. 4) fitting reveals the characteristic Ni(2p) doublets Ni
2pys, and Ni 2p;, around ca. 861.54 and 856.51 eV for compound
1, 861.65 and 856.01 eV for compound 2, 860.89 and 855.77 eV for
compound 3, and 861.06 and 855.70 eV for compound 4. These
results are consistent with previously reported values for Ni(II) in
Ref. [38]. The four peaks of Co(2p) (Co 2p,, sat, Co 2p,s, Co 2ps,
sat, and Co 2ps;,) are, respectively, found at ca. 798.20, 792.50,
781.59, and 776.54 eV for 2; 801.68, 796.35, 787.06, and 781.73 eV
for 3; 801.98, 796.72, 787.37, and 781.19 eV for 4; 801.82, 797.02,
787.21, and 781.53 eV for 5. These values align well with previously

Figure4 (a) The Ni 2p high-resolution spectrum of 1. (b) The Co 2p high-resolution spectrum of 5. The (c) Ni 2p and (f) Co 2p high-resolution spectra of 2. The (d) Ni
2p and (g) Co 2p high-resolution spectra of 3. The (e) Ni 2p and (h) Co 2p high-resolution spectra of 4.
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reported values for Co(II) in Refs. [39, 40]. Thus, the XPS analysis
confirms the presence of Ni and Co in these compounds and
verifies that their oxidation states are +2, which is fully consistent
with the results of the SCXRD analysis.

3.2 FTIR spectroscopy

The FTIR spectra of compounds 1-5 in the range of 400-4000 cm™
were recorded to further explore their structures (Figs. S7-S11 in
the ESM). The peaks at 1450-1600 cm™ correspond to the skeleton
stretching vibration characteristic peaks of the benzene ring. The
strong absorption peaks appear at ca. 2961 and 2902 cm™ in
compound 1 (2961 and 2870 cm™ in 2; 2960 and 2865 cm™ in 3;
2961 and 2867 cm™ in 4; 2963 and 2870 cm™ in 5) correspond to
the antisymmetric and symmetric stretching vibrations of methyl,
respectively, indicating the presence of tert-butyl. The bending
vibration of C-H in #-Bu appears at approximately 1469 and
1385 cm™ in 1; 1466 and 1385 cm™ in 2; 1469 and 1385 cm™ in 3;
1469 and 1385 cm™ in 4; 1465 and 1385 cm™ in 5. Peaks associated
with the phenyl ring skeleton appear at ca. 1585 and 1444 cm™ in 1;
1598 and 1445 cm™ in 2; 1599 and 1441 cm™ in 3; 1599 and
1441 cm™ in 4; 1570 and 1442 cm™ in 5. The fingerprint peaks of
the phenyl rings of TC4A appear at ca. 832, 834, 833, 833, and
838 cm™ in 1, 2, 3, 4, and 5, respectively. There is a blue shift of ca.
10 cm™ compared with the free ligand of H,TC4A owing to the loss
of protons on the phenolic hydroxyl group (822 cm™). The
stretching vibrations of C-O and C-S, respectively, appear at ca.
1258 and 883 cm™ in 1, 1258 and 883 cm™ in 2, 1258 and 881 cm™
in 3, 1257 and 885 cm™ in 4, and 1257 and 890 cm™ in 5. The FTIR
spectra of compounds 1-5 verify the presence of the TC4A ligand
in those compounds.

3.3 SEM and EDS

Scanning electron microscopy (SEM) was used to examine the

surface morphologies of compounds 1-5. The SEM images reveal
that compounds 1-4 maintain a regular morphology after being
dispersed in ethanol (Figs. 5(a)-5(j), whereas compound 5 exhibits
a plate-like morphology after being dispersed in ethanol.
Subsequently, energy-dispersive X-ray spectroscopy (EDS) was
performed to investigate the elemental composition of the selected
regions. As shown in Figs. 6(a)-6(e), the EDS spectra of
compounds 1 and 5 show characteristic peaks corresponding to C,
N, O, S, and Ni for (1) or Co (5), whereas compounds 2-4 possess
the characteristic peaks of C, N, O, S, Cl, Ni, and Co, further
verifying the coexistence of Co and Ni in the synthesized
compounds. The elemental distributions of the compounds are
uniform without local enrichment. This further confirms that
compounds 2 and 3 are heterometallic solid solutions rather than a
mixture of different compounds.

3.4 Electron absorption spectroscopy

The ultraviolet-visible (UV-vis) spectra of compounds 1-5 in an
acetonitrile solution with a concentration of ca. 1.0 x 10° mol/L
were recorded at room temperature in the wavelength range of
200-600 nm. As shown in Fig. 7, all compounds exhibit two
absorption bands: (1) a strong absorption band with maxima at
209, 202, 203, 204, and 224 nm for 1, 2, 3, 4, and 5, respectively.
These results are attributed to m-m* electronic transitions in the
TC4A ligand [1]. (2) A weak absorption band with maxima at 336,
340, 335, 333, and 320 nm for 1, 2, 3, 4, and 5, respectively. These
results are attributed to ligand-to-metal charge transfer [41]. The
hypsochromic tendency of the weak absorption band from
compounds 1-5 agrees with the decrease in nickel content and the
increase in cobalt content in the compounds.

35 PXRD
To assess the phase purity of the title compounds, PXRD was

Figure5 SEM images of compounds 1-5 ((a) and (b) for 1; (c) and (d) for 2; (e) and (f) for 3; (g) and (h) for 4; (i) and (j) for 5).
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Figure 6 EDS diagrams of compounds 1-5 (a)-(e) (scale bar repsents 2 um).
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Figure7 UV-vis spectra of compounds 1-5 in the acetonitrile solution with the
concentration of about 1.0 x 10~ mol/L.

performed in the range of 5°-60°. The experimental PXRD patterns
are in good agreement with the simulated patterns generated from
the SC XRD data (Figs. S15-S19 in the ESM), indicating that
compounds 1-5 are phase-pure. Differences in peak intensities can
be attributed to the preferred orientation in the powder samples.

3.6 TGA

The thermal stability of compounds 1-5 was investigated via TGA
under a nitrogen atmosphere at a constant heating rate of 10 K/min
from room temperature to 800 °C (Fig. S13 in the ESM).
Compound 1 exhibits a gradual weight loss of 8.7% between 30 and
314 °C, corresponding to the release of two acetonitrile and two
DMF molecules (calcd 8.9%). This was accompanied by a rapid
weight loss of 51.1% between 363 and 644 °C, corresponding to the
loss of four coordinated DMA molecules, decomposition of three
acetates and three carbonates, and loss of the TC4A ligand (51.1%).
In the TGA diagram of compound 2, there is a weight loss (calcd
7.0%) between 111 and 186 °C, corresponding to the loss of
crystallized molecules of two acetonitrile and two DMF molecules
(calcd 8.9%). This was accompanied by a rapid weight loss (14.2%)
between 186 and 362°C, corresponding to the loss of four
coordinated DMA molecules and the decomposition of formate
and carbonate (13.2%). Another rapid weight loss (26.5%) occurred
between 411 and 506 °C, corresponding to the decomposition and
loss of one TC4A ligand (27.8%). Compounds 3-5 exhibit similar
weight losses because of their similar structures, differing only in
their compositions. Compound 3 undergoes a weight loss (6.9%)
between 83 and 155 °C, corresponding to the loss of two crystallized
acetonitrile and two DMF molecules (calcd 6.9%). This was
accompanied by a second weight loss (14.1%) between 265 and
400 °C, corresponding to the decomposition and loss of the
coordinated four DMA, two formates, and two carbonates (14.9%).
The third rapid weight loss (27.8%) between 400 and 505 °C
corresponds to the loss of one TC4A ligand (27.8%). Compound 4
undergoes weight loss (8.2%) between 97 and 182 °C,
corresponding to the loss of two crystallized acetonitrile and two
DMF molecules (caled 8.8%). A second weight loss (12.4%)
occurred between 182 and 331 °C, corresponding to the
decomposition and loss of the four coordinated DMA molecules,
two formates, and two carbonates (14.9%). The third rapid weight
loss (27.6%) between 331 and 558 °C corresponds to the loss of one
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TC4A ligand (27.8%). Compound 5 undergoes weight loss (5.1%)
between 65 and 92 °C, corresponding to the loss of two crystallized
DMF molecules (caled 5.1%). The second weight loss (15.6%)
occurred between 125 and 230 °C, corresponding to the
decomposition and loss of the four coordinated DMA molecules
and the decomposition of formates and carbonates (14.9%). The
third rapid weight loss (28.5%) between 384 and 540 °C
corresponds to the loss of one TC4A ligand (27.8%).

3.7 Magnetic measurements

Magnetic susceptibility (y,,7) measurements were performed on
polycrystalline samples of compounds 1-5 and the Ni; reference
compound 6 in the temperature range of 2-300 K under an
applied field of 1000 Oe (Fig. 8 and Fig. S29 in the SM). For
compound 1, the room-temperature yT for the Ni(II) centers is
843 cm*K/mol, which is close to the theoretical value of
8.00 cm*K/mol for eight uncoupled Ni(II) centers [11]. The CI-
bridged Nig reference compound 6 exhibits a room-temperature
xuT of 856 cm*K/mol, indicating that in a uniform anionic
environment, the overall magnetic behavior is primarily determined
by the metal centers. Upon cooling, the yT of compound 1
gradually decreases from 80 to 8 K, then slightly increases between
3 and 10 K, and finally decreases to 2.69 cm®K/mol at 2 K. This low-
temperature y,T upturn, accompanied by a small hysteresis and
low saturation in the magnetization-magnetic field curve, indicates
predominantly antiferromagnetic interactions. Similar low-
temperature behavior and structures have been reported for
octanuclear Ni(II) complexes [42]. In contrast, compound 6 does
not exhibit a low-temperature ;T upturn [11]. For compound 5,
the room-temperature T for Co(Il) centers is 20.16 cm™K/mol
(the yyT for free Co(II) is typically 2.7-3.4 cm*K/mol), consistent
with typical Co(II) coordination complexes [43]. For compounds
2-4, where Ni(Il) is partially replaced by Co(II), the room-
temperature xyT' values are 10.43, 12.90, and 16.35 cm*K/mol,
respectively, and the corresponding 2 K values are 0.26, 0.71, and
124 cm*K/mol, respectively. Curie-Weiss fitting of compounds
1-6 in the range of 50-300 K yields Curie constants (C) of 10.83,
14.05, 16.12, 19.75, 22.19, and 10.58 cm®K/mol, respectively, and
Weiss constants (6) of —86.56, —103.77, —76.32, —63.59, —32.13, and
-79.54 K, respectively (all negative), further confirming
antiferromagnetic  interactions. The measured magnetic
susceptibility y,T of compounds 1-5 increases as the cobalt content
increases in the range of 50-300 K. This trend demonstrates that
the magnetic behavior of TC4A-supported Co(II)/Ni(I) clusters
can be rationally modulated by adjusting the Ni(II)/Co(II) molar
ratio.

4 Conclusion

In this study, we synthesized a series of TC4A-based transition
metal clusters, namely, {[Nig(TC4A),(us-CO;),(1,-CH;CO,)5(1y-
CO;)(DMA),J}(CH,CN), (1), {[NisgCo,16(TC4A),(1s-CO3),(1o-
HCO,)(1,-Cl),(DMA),]}-2DMF-2CH;CN 2), {[Niy06Co394
(TC4A),(t6-CO3), (1" HCO,),(pp-Cl),(DMA),,]}-2DMF-2CH,CN
(3), ([N,Cog(TCAA)(4-CO3) (- HCO, ) (1, CD,(DMA), ]} 2DMF:
2CH,CN  (4), and {[Cog(TCAA),(1-CO3),(1,-HCO,)5(1r-CO;),
(DMA),]}-6DMF (5), through a solvothermal reaction by
controlling the molar ratio of Ni/Co (1, 1:0; 2, 3:1; 3, 1:1; 4, 1:3; 5,
0:1). SCXRD analysis reveals that all synthesized compounds
possess similar structures featuring an octanuclear chair-like metal
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Figure 8 (a)-(e) The temperature dependence of the magnetic susceptibility of compounds 1-5 in a 1000 Oe magnetic field and (f) the total magnetic susceptibility

diagram of compounds 1-5.

skeleton supported by two TC4A ligands, which can also be viewed
as two badminton-shaped SBUs of {M,TC4A} connected by two six-
coordinated carbonates and two bridged acetates (1, 5) or chlorine
atoms (2, 3, 4) in a tail-to-tal manner. The refined Ni/Co
occupancy ratios in 2, 3, and 4 are close to the theoretical
distribution of Ni/Co. Their structures were also evidenced by
FTIR, PXRD, TGA, and XPS analyses. The magnetic studies of
compounds 1-5 indicate an antiferromagnetic interaction between
their metal ions, and the measured magnetic susceptibility y,T of
compounds 1-5 increases as the cobalt content increases in the
range of 50-300 K. This study provides a convenient approach for
tuning the structures and magnetic properties of heterometallic
compounds.

Electronic Supplementary Material: Supplementary material
(synthesis, FT-IR, PXRD, XPS, TGA, the packing diagram of
compounds 1-5, tables of crystallographic data, the selected bond
lengths and angles) is available in the online version of this article at
https://doi.org/10.26599/POM.2026.9140141.
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CCDC 2537383 (for 1), 2537384-2537386 (for 3-5), 2537387
(for 2) contains the supplementary crystallographic data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.

Acknowledgements

We thank the financial support of the Science and Technology
Department of Hubei Province (No. 2014CFB600), the Youth
Chutian Scholar Fund of Hubei Province (No. 4032401), and Hubei
Provincial Key Laboratory of Green Materials for Light Industry
(Nos. 201907A09 and 202307B15).

Polyoxometalates, 2026, 5, 9140141


https://doi.org/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141

Gao et al.

O

Declaration of competing interest

The authors have no competing interests to declare that are relevant
to the content of this article.

Author contribution statement

The manuscript was written through contributions from all
authors. T. G. and J.-C. Y.: performed the synthetic experiments
and TGA tests, analyzed the magnetism data, and prepared the
original draft. M.-L. Y. and Y.-L. L.: conducted some synthetic
experiments, finished the FT-IR and UV-Vis spectroscopy test, and
analyzed corresponding data. J.-P. M.: collected and analyzed the
single crystal X-ray diffraction data and revised the paper. L.-S. W.
refined the crystal data, supervised the research and revised the
paper. Y.-M. L. performed the magnetism test and revised the
paper. All authors had read and approved the final manuscript.

Use of Al statement

None.

References

[1] Gutsche, C. D. Calixarenes: An Introduction, 2nd ed.; RSC
Publishing: Cambridge, 2008.

[2] Kumar, R.; Lee, Y. O.; Bhalla, V.; Kumar, M.; Kim, J. S. Recent
developments of thiacalixarene based molecular motifs. Chem. Soc.
Rev. 2014, 43, 4824-4870.

[3] Bohmer, V. Calixarenes, macrocycles with (almost) unlimited
possibilities. Angew. Chem., Int. Ed. 1995, 34, 713-745.

[4] Creaven, B. S.; Donlon, D. F.; McGinley, J. Coordination chemistry
of calix[4]arene derivatives with lower rim functionalisation and their
applications. Coord. Chem. Rev. 2009, 253, 893-962.

[5] Morohashi, N.; Narumi, F.; ki, N.; Hattori, T.; Miyano, S.
Thiacalixarenes. Chem. Rev. 2006, 106, 5291-5316.

[6] Mislin, G.; Graf, E.; Hosseini, M. W.; Bilyk, A.; Hall, A. K
Harrowfield, J. M.; Skelton, B. W.; White, A. H. Thiacalixarenes as
cluster keepers: Synthesis and structural analysis of a magnetically
coupled tetracopper(Il) square. Chem. Commun. 1999, 373-374.

[7] Khariushin, 1. V.; Bulach, V.; Solovieva, S. E.; Antipin, I. S;
Ovsyannikov, A. S.; Ferlay, S. Thiacalix[4]arene macrocycles as
versatile building blocks for the rational design of high-nuclearity
metallic clusters, metallamacrocycles, porous coordination cages and
containers. Coord. Chem. Rev. 2024, 513, 215846.

[8] Bi, Y. F.; Du, S. C.; Liao, W. P. Thiacalixarene-based nanoscale
polyhedral coordination cages. Coord. Chem. Rev. 2014, 276, 61-72.

[9] Fuller, R. O.; Koutsantonis, G. A.; Ogden, M. 1. Magnetic properties
of calixarene-supported metal coordination clusters. Coord. Chem.
Rev. 2020, 402, 213066.

[10] Kajiwara, T.; Wu, H. S.; Ito, T.; Iki, N.; Miyano, S. Octalanthanide
wheels supported by p-tert-butylsulfonylcalix[4]arene. Angew. Chem.,
Int. Ed. 2004, 43, 1832—1835.

[11] Xiong, K. C.; Jiang, F. L.; Gai, Y. L.; Zhou, Y. F.; Yuan, D. Q.; Su,
K. Z.; Wang, X. Y.; Hong, M. C. A series of octanuclear-nickel(Il)
complexes supported by thiacalix[4]arenes. [norg. Chem. 2012, 51,
3283-3288.

[12]Bi, Y. F.; Wang, X. T.; Liao, W. P.; Wang, X. F.; Wang, X. W.;
Zhang, H. J.; Gao, S. A {Cos,} nanosphere supported by p-tert-
butylthiacalix[4]arene. J. Am. Chem. Soc. 2009, 131, 11650-11651.

[13] Liu, M.; Liao, W. P.; Hu, C. H.; Du, S. C.; Zhang, H. J. Calixarene-
based nanoscale coordination cages. Angew. Chem., Int. Ed. 2012, 51,
1585-1588.

[14] Xiong, K. C.; Jiang, F. L.; Gai, Y. L.; Yuan, D. Q.; Chen, L.; Wu, M.
Y.; Su, K. Z.; Hong, M. C. Truncated octahedral coordination cage
incorporating six tetranuclear-metal building blocks and twelve linear
edges. Chem. Sci. 2012, 3,2321-2325.

[15] Guan, Z. J.; Hu, F.; Yuan, S. F.; Nan, Z. A.; Lin, Y. M.; Wang, Q. M.

Polyoxometalates, 2026, 5, 9140141

9140141 (10 of 12)

The stability enhancement factor beyond eight-electron shell closure
in thiacalix[4]arene-protected silver clusters. Chem. Sci. 2019, 10,
3360-3365.

[16] Wang, Z.; Zhu, Y. J.; Ahlstedt, O.; Konstantinou, K.; Akola, J.; Tung,
C. H.; Alkan, F.; Sun, D. Three in one: Three different molybdates
trapped in a thiacalix[4]arene protected Ag;, nanocluster for structural
transformation and photothermal conversion. Angew. Chem., Int. Ed.
2024, 63, €202314515.

[17] Wang, H. S.; Chen, Y.; Hu, Z. B.; Long, Q. Q.; Yin, C. L.; Zhang, Z.
C.; Pan, Z. Q. A Dy-based complex with the magnetic relaxation
behavior regulated by enclosing one Dy"™ ion into a Calix[8]arene
ligand. Inorg. Chem. Commun. 2019, 105, 76-81.

[18] Zhang, Y. Y.; Gao, W. X.; Lin, L.; Jin, G. X. Recent advances in the
construction and applications of heterometallic macrocycles and
cages. Coord. Chem. Rev. 2017, 344, 323-344.

[19]Li, Q. Q.; Zou, Y. H.; Mao, D. A.; Tian, H. R.; Hang, X. X.; Bi, Y. F.
Thiacalixarene-supported M,,Vg (M = Fe, Co, Ni) square pyramid
nanocages for visible light photothermal catalysis. Chem. Commun.
2025, 61, 9266-9269.

[20]Bi, Y. F.; Li, Y. L.; Liao, W. P.; Zhang, H. J.; Li, D. Q. A unique
Mn,Gd, tetranuclear compound of p-tert-butylthiacalix[4]arene.
Inorg. Chem. 2008, 47, 9733-9735.

[21] Zhao, Q.; Mao, D. A.; Huang, L. L.; Zhou, K.; Tian, H. R.; Chen, B.
K.; Bi, Y. F. Thiacalix[4]arene-functionalized molecular clusters
involving the Keggin-type PM;Mog (M = Co, Ni) motif:
Electrochemical and  photothermal  conversion  properties.
Polyoxometalates 2025, 4, 9140091.

[22] Meng, R. X.; Zhao, L. C.; Luo, L. P.; Tian, Y. Q.; Shao, Y. L.; Tang,
Q.; Wang, L. K.; Yan, J.; Liu, C. Atomic-level engineering of single
Ag" site distribution on titanium-oxo cluster surfaces to boost CO,
electroreduction. Chem. Sci. 2025, 16, 6845-6852.

[23] Su, K. Z.; Jiang, F. L.; Qian, J. J.; Wu, M. Y.; Xiong, K. C.; Gai, Y.
L.; Hong, M. C. Thiacalix[4]arene-supported kite-like heterometallic
tetranuclear Zn"Ln"; (Ln = Gd, Tb, Dy, Ho) complexes. /norg. Chem.
2013, 52, 3780-3786.

[24]Li, X. B.; Ma, Y.; Gao, E. Q. Random Co(IT)-Ni(I) ferromagnetic
chains showing coexistent antiferromagnetism, metamagnetism, and
single-chain magnetism. Inorg. Chem. 2018, 57, 7446-7454.

[25] Sun, S. B.; Dong, Y. J.; Lai, X. L.; Yuan, Z. Y.; Zhang, H.; Xie, J. L.;
Wang, L. S.; Lei, P. X. Syntheses, structures, and luminescence of
H,BTC,A-CH;0H and [Ag(PPh;),](H;BTC,A)-DMF (H,BTC,A = p-
tert-butylthiacalix[4]arene). Russ. J. Coord. Chem. 2023, 49, 176—
183.

[26] Kumagai, H.; Hasegawa, M.; Miyanari, S.; Sugawa, Y.; Sato, Y.;
Hori, T.; Ueda, S.; Kamiyama, H.; Miyano, S. Facile synthesis of p-
tert-butylthiacalix[4]arene by the reaction of p-tert-butylphenol with
elemental sulfur in the presence of a base. Tetrahedron Lett. 1997, 38,
3971-3972.

[27] Sheldrick, G. M. SHELXT 2018, program for solution of crystal
structures. University of Géttingen, Germany, 2018.

[28] Sheldrick, G. M. SHELXL 2018 program for refinement of crystal
structures. University of Gottingen, Germany, 2015.

[29] Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.;
Puschmann, H. OLEX2: A complete structure solution, refinement and
analysis program. J. Appl. Cryst. 2009, 42, 339-341.

[30] Juillard, J. Dimethylformamide: Purification, Tests for Purity and
Physical Properties; Pergamon Press: Oxford, 1977.

[31] Chen, L.; Jiang, F. L.; Wu, M. Y.; Li, N.; Xu, W. T.; Yan, C. F.; Yue,
C. Y.; Hong, M. C. Half-open hollow cages of pentadecavanadate and
hexadecavanadate compounds with large -O-V-O-V- windows.
Cryst. Growth Des. 2008, 8, 4092-4099.

[32] Salionov, D.; Semivrazhskaya, O. O.; Casati, N. P. M.; Ranocchiari,
M.; Bjeli¢, S.; Verel, R.; van Bokhoven, J. A.; Sushkevich, V. L.
Unraveling the molecular mechanism of MIL-53(Al) crystallization.
Nat. Commun. 2022, 13,3762.

[33] Zhu, X. F.; Wang, S. T.; Han, H. T.; Hang, X. X.; Xie, W. B.; Liao,
W. P. Assembly of metal-calixarene compounds with a ditetrazole
linker: From isolated cluster, coordination chain to coordination cage.
Cryst. Growth Des. 2018, 18, 225-229.

[34] Alvarez, S.; Alemany, P.; Casanova, D.; Cirera, J.; Llunell, M.; Avnir,

77w | Sci@pen

Tsinghua University


https://doi.org/10.1039/c4cs00068d
https://doi.org/10.1039/c4cs00068d
https://doi.org/10.1002/anie.199507131
https://doi.org/10.1016/j.ccr.2008.06.008
https://doi.org/10.1021/cr050565j
https://doi.org/10.1039/a809184f
https://doi.org/10.1016/j.ccr.2024.215846
https://doi.org/10.1016/j.ccr.2014.06.011
https://doi.org/10.1016/j.ccr.2019.213066
https://doi.org/10.1016/j.ccr.2019.213066
https://doi.org/10.1002/anie.200353449
https://doi.org/10.1002/anie.200353449
https://doi.org/10.1021/ic202737h
https://doi.org/10.1021/ja9034939
https://doi.org/10.1002/anie.201106732
https://doi.org/10.1039/c2sc20264f
https://doi.org/10.1039/C8SC03756F
https://doi.org/10.1002/anie.202314515
https://doi.org/10.1016/j.inoche.2019.04.041
https://doi.org/10.1016/j.ccr.2016.09.010
https://doi.org/10.1039/D5CC02007G
https://doi.org/10.1021/ic801086n
https://doi.org/10.26599/POM.2025.9140091
https://doi.org/10.1039/D4SC07186G
https://doi.org/10.1021/ic302367q
https://doi.org/10.1021/acs.inorgchem.8b01053
https://doi.org/10.1134/S107032842370046X
https://doi.org/10.1016/S0040-4039(97)00792-2
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1021/cg800534v
https://doi.org/10.1038/s41467-022-31294-4
https://doi.org/10.1021/acs.cgd.7b01127
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141

Gao et al.

D. Shape maps and polyhedral interconversion paths in transition
metal chemistry. Coord. Chem. Rev. 2005, 249, 1693—1708.

[35] Llunell, M.; Casanova, D.; Cirera, J.; Alemany, P.; Alvarez, S.
SHAPE, Version 2.1; Universitat de Barcelona: Barcelona, 2013.

[36] Brese, N. E.; O'Keeffe, M. Bond-valence parameters for solids. Acta
Cryst. Sect. B1991, 47, 192-197.

[37] Naskar, J. P.; Hati, S.; Datta, D. New bond-valence sum model. Acta
Cryst. Sect. C 1997, 53, 885-894.

[38] Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. Handbook
of X-Ray Photoelectron Spectroscopy; Physical Electronics, Inc.: Eden
Prairie, 1995.

[39] Feng, L. L.; Fan, M. H.; Wu, Y. Y.; Liu, Y. P.; Li, G. D.; Chen, H.;
Chen, W.; Wang, D. J.; Zou, X. X. Metallic CooSg nanosheets grown
on carbon cloth as efficient binder-free electrocatalysts for the
hydrogen evolution reaction in neutral media. J. Mater. Chem. A

2016, 4, 6860—6867.

[40] Guo, Y. J.; Mao, D.; Zhou, K.; Chen, B. K.; Bi, Y. F.; Hang, X. X.
Post-metalation of thiacalix[4]arene-supported octahedral Coy,
coordination cage for visible-light photothermal conversion. Chin.
Chem. Lett., 2025, 113, 111534.

[41] Lever, A. B. P. Inorganic Electronic Spectroscopy, 2nd ed.; Elsevier:
Amsterdam, 1984.

[42] Wang, X. Y.; Gan, L.; Zhang, S. W.; Gao, S. Perovskite-like metal
formates with weak ferromagnetism and as precursors to amorphous
materials. Inorg. Chem. 2004, 43, 4615-4625.

[43] Juhdsz, G.; Matsuda, R.; Kanegawa, S.; Inoue, K.; Sato, O.;
Yoshizawa, K. Bistability of magnetization without spin-transition in
a high-spin cobalt(II) complex due to angular momentum quenching.
J. Am. Chem. Soc. 2009, 131, 4560-4561.

Tian Gao was born in 1997 and received her B.S. from Zhoukou Normal University in 2022 and M.S. from Hubei University of
Technology in 2026, respectively. She joined the Pharmaron Ningbo Co., Ltd. as a polymorph researcher at 2026. Her research
interests include molecular magnetic materials and coordination complexes based on calixarene.

Jiangchuan Yu was born in 2001 and had received his B.S. from Hubei University of Technology in 2024. He is currently pursuing
his M.S. at the School of Materials and Chemical Engineering in Hubei University of Technology. His research focuses on the
research of composite thermal insulation coatings and POMs chemistry.

Minglang Ye was born in 2005 and will receive her B.S. from Hubei University of Technology in 2027. She had taken part in the
research of calixarene at her sophomore year of college. Her research focuses on the synthesis and structural characterization and
functional research of coordination complexes based on thiacalix[4]arene ligands.

Yanling Liu was born in 2004 and would receive her B.S. from Hubei University of Technology at 2027. She had taken part in the
research of calixarene at her sophomore year of college. Her research focuses on the synthesis and structural characterization and
functional research of coordination complexes based on thiacalix[4]arene ligands.

Jian-Ping Ma received his B.S. degree from Shandong Normal University in 2000 and his M.S. degree in 2003 under the supervision
of Prof. Yu-Bin Dong. He subsequently joined Shandong Normal University and was appointed as a lecturer in 2005, promoted to
associate professor in 2010, and professor in 2016. He received his Ph.D. degree in 2013 under the supervision of Prof. Yu-Bin Dong.
His research interests focus on design, synthesis and applications of functional coordination compounds.

(& 727w | Sci@pen

poc

9140141 (11 of 12) Polyoxometalates, 2026, 5, 9140141


https://doi.org/10.1016/j.ccr.2005.03.031
https://doi.org/10.1107/S0108768190011041
https://doi.org/10.1107/S0108768190011041
https://doi.org/10.1107/S0108768197008240
https://doi.org/10.1107/S0108768197008240
https://doi.org/10.1039/C5TA08611F
https://doi.org/10.1016/j.cclet.2025.111534
https://doi.org/10.1016/j.cclet.2025.111534
https://doi.org/10.1021/ic0498081
https://doi.org/10.1021/ja808448j
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141

Gao et al. 0oCC

Longsheng Wang received his B.S. from Shandong Normal University in 2000 and his Ph.D. from the Fujian Institute of Research on
the Structure of Matter (FJIRSM), Chinese Academy of Sciences, in 2006. He subsequently undertook postdoctoral research at
Tsinghua University (2006-2009) and later served as a research fellow at Trinity College Dublin (2009-2010). In 2011, he joined
Hubei University of Technology as a Chutian Young Scholar in inorganic chemistry, and was promoted to a full professorship in 2025.
His research interests lie primarily in organically derivatized polyoxometalates and functional crystal materials. He has served as
principal investigator on more than 10 projects, including a Young Scientist Fund from the National Natural Science Foundation of
China (NSFC), and has authored over 70 SCI-indexed papers and filed more than 20 patents.

Yamin Li is a professor at the College of Chemistry and Molecular Sciences, Henan University. She received her B.S. from Guilin
University of Technology in 2001, her Ph.D. from the Fujian Institute of Research on the Structure of Matter, Chinese Academy of
Sciences, in 2006, and spent one year as a visiting scholar at Emory University (USA) in 2016. She has been a faculty member at
Henan University since 2006. Prof. Li has long been dedicated to the research of crystalline proton-conducting materials, with her
research systems encompassing polyoxometalates (POMs), hydrogen-bonded organic frameworks (HOFs), and metal-organic
frameworks (MOFs), as well as extending to related studies on composite proton exchange membranes. Her primary research interests
focus on the design, synthesis, and structural regulation of novel proton-conducting materials, and their applications in energy fields
such as fuel cells. She has published over 60 SCI papers in internationally renowned academic journals, including Advanced
Functional Materials and Chemistry of Materials.

Polyoxometalates, 2026, 5, 9140141 9140141 (12 of 12) (&) 27w | Sci@pen


https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141
https://www.sciopen.com/article/10.26599/POM.2026.9140141

	1 Introduction
	2 Experimental
	2.1 Materials and measurements
	2.2 General synthesis procedure of compounds 1–5
	2.2.1 {[Ni8(TC4A)2(μ6-CO3)2(μ2-CH3CO2)3(μ2-CO3)(DMA)4]}∙(CH3CN)2 (1)
	2.2.2 {[Ni5.81Co2.19(TC4A)2(μ6-CO3)2(μ2-HCO2)2(μ2-Cl)2(DMA)4]}∙2DMF∙2CH3CN (2)
	2.2.3 {[Ni4.06Co3.94(TC4A)2(μ6-CO3)2(μ2-HCO2)2(μ2-Cl)2(DMA)4]}∙2DMF∙2CH3CN (3)
	2.2.4 {[Ni2Co6(TC4A)2(μ6-CO3)2(μ2-HCO2)2(μ2-Cl)2(DMA)4]}∙2DMF∙2CH3CN (4)
	2.2.5 {[Co8(TC4A)2(μ6-CO3)2(μ2-HCO2)2(μ2-CO3)2(DMA)4]}∙4DMF (5)

	2.3 X-ray crystallographic analyses

	3 Results and discussion
	3.1 XPS spectra
	3.2 FTIR spectroscopy
	3.3 SEM and EDS
	3.4 Electron absorption spectroscopy
	3.5 PXRD
	3.6 TGA
	3.7 Magnetic measurements

	4 Conclusion
	Electronic Supplementary Material
	Data availability
	Acknowledgements
	Declaration of competing interest
	Author contribution statement
	Use of AI statement
	References

