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Ln-substituted PONbs are still scarce. This work introduces high-nuclear iso-Ln-oxo clusters into the
PONb system. The first series of high-nuclear Ln-oxo clusters encapsulated heterometallic polyoxonio-
bates Hg[Na(H,0)4][Cu(en), ]10{Lng(3-OH)g(SiNb1g0s4)3}-18H, 0 (1-Ln, en = ethylenediamine, Ln =Dy, Gd,
Tb, Ho, Er, Tm, Yb, Lu) based on flower-like {Lng(u3-OH)s(SiNb1gOs4)3} ({LngSizNbss}) clusters have
been successfully synthesized via one-pot hydrothermal synthesis strategy. The flower-like polyoxoanion
{LngSi3Nbs,} is consisted of three heteropolyoxoniobate {SiNbgOs4} clusters and one unique planar equi-
lateral triangle-shaped {Lng(u3-OH)g} cluster, which presents the highest nuclear iso-Ln-oxo cluster in
POND chemistry. In {Lng(ut3-OH)s} cluster, each pair of p3-OH groups link three Dy3* ions to form a small
approximate equilateral triangle-shaped {Dy3(OH),} cluster. Furthermore, the three {Dy3;(OH),} clusters
comprise a bigger approximate equilateral triangle-shaped {Dyg(3-OH)g} cluster. The reported hexanu-
clear {Lng} cluster skeletons are mostly octahedral, however, such equilateral triangle-shaped skeleton of
the hexanuclear Ln-oxo cluster is first observed. The 1-Dy exhibits good water vapor adsorption capacity
and ferromagnetic properties.
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The introduction of lanthanide (Ln) ions into polyoxomet-
alates (POMs) to generate Ln-substituted POMs has attracted
great interest, mainly due to their fascinating structural diversi-
ties and intriguing electronic, magnetic, and catalytic properties
[1-6]. So far, a wealth of Ln-substituted POMs compounds
with various compositions, shapes and sizes have been re-
ported. However, the cases of high-nuclear Ln-substituted
POMs were mainly obtained in polyoxotungstates (POTs) sys-
tem, such as {[Ce;pOg(OH)g(CO3)(H20)11][(P2W160s9)l3} (7],
{As12Ce15(Hz0)36W 1480524} [8], {Cez0Ge19W1000376(OH)4(H20)30}
[9], {KgCe4Ge1aW1200444(0H)12(H20)64} [10],
{Dy30CogGe13W1080408(OH)42(H20)30} [11],
{Lny;Ge1oW1060406(0H)4(H20)24} (Ln=La and Ce) [12], and
{LH30Ge12W1070420(0H)2(H20)]4} (Ln=Sm and EU) [13] Compared
with Ln-substituted POTs, the development of Ln-substituted
polyoxoniobates (PONbDs) is still in its infancy, which may be due
to the narrow working pH range (10-12.5) and the low solubility
of niobate species [14-19]. Up to now, only seven types of non-
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isomorphic Ln-substituted PONbs have been reported, including
{El’-NbgCOg} [20], {Nd-Nb43CO3} [20], {LHGMsz30} (LH=EU, El'/Yb,
Dy; M =Al, Cr, Mn, Fe, Co) [21-23], {Ln1;W3Nb7,} (Ln=Y, La, Sm,
Eu, Yb) [24], {Ln3Nbyg} (Ln=Eu) [25], and two high-dimensional
structures based on {LnsNbyg} (Ln=Dy and Eu) [26]. Among
these compounds, only six Ln3* ions in the {LngM;Nbsg} can be
joined together by oxygen atoms to form a triangular antiprismatic
hexanuclear {Lng} cluster, and further this {Lng} cluster can be
connected with two metal ions to form a 3p/3d-4f heterometallic
cluster. However, apart from {LngM,Nbsg}, the Ln ions incorpo-
rated in these PONbs are spatially separated and magnetically
isolated from each other by PONb polyoxoanions.

As is known to all, the integration of Ln ions and PONbs is
challenging, and the known Ln-substituted PONbs are still scarce
because of the suitable reaction conditions for PONDb clusters are
carried out under strong alkalinity (usually pH value > 10), un-
der which Ln ions are more likely to precipitate as hydroxides.
Considering the promising applications of Ln-substituted PONbs
in the domains of luminescence, photocatalysis, base-catalyzed re-
actions, nuclear-waste treatment, magnetism, and etc. [14-19,27-
30], introducing high-nuclear iso-Ln-oxo clusters into the PONb
system is a very challenging and practical task. The majority of
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Fig. 1. (a, b) Polyhedral/ball-and-stick representations of {SiNbsg} subunit. (c-e) Structures of {Dyg(u3-OH)¢O24} cluster. (f-h) View of the flower-like {Dyg(u3-
OH)g(SiNbyg0s4)3} cluster. (i) View of the 1D wavy chain structure. Polyhedra key: SiOy4, olive; DyOg, yellow; NbOg, red.

hexanuclear {Lng} cluster skeletons in hexalanthanide complexes
are octahedral, while the quasi-planar hexagonal hexanuclear Lng
cluster was also observed in metal-organic frameworks materi-
als [31]. Meanwhile, the trigonal antiprismatic hexanuclear Lng
clusters were observed in the reported Ln-containing POMs [32].
However, the equilateral triangle-shaped hexanuclear {Lng} clusters
have not been reported so far.

Herein, we report a series of unprecedented high-nuclear
heterometallic = PONb  clusters  {Lng(u3-OH)g(SiNb1gOs4)3}
({LngSi3Nbss}) (Ln=Dy, Gd, Tb, Ho, Er, Tm, Yb, Lu), with the
following remarkable features: (1) The incorporated six Ln3+*
ions in {LngSi3Nbsy} form a rare hexanuclear planar equilateral
triangle-shaped {Lng(43-OH)g} cluster, which is the largest number
of iso-Ln-oxo cluster incorporated in PONb chemistry by far; (2)
The POND building cluster units in {LngSi3Nbs4} are three identical
siliconiobates {SiNb;g0s4}, which is first observed in Ln-containing
PONbs; (3) The {LngSisNbsy4} clusters can be connected by
[Cu(en), ]>* complexes and Na, O, clusters alternately, to form a 1D
wavy chain running along the [011] direction, which is isolated as
Ho[Na(H;0)4][Cu(en); ]1o{Lns(43-OH)s(SiNb1g054)3}-18H,0  (1-Ln,
en =ethylenediamine, Ln =Dy, Gd, Tb, Ho, Er, Tm, Yb, Lu).

Single-crystal X-ray diffraction analyses revealed that 1-Ln are
isostructural (Tables S1 and S2 in Supporting information), there-
fore, 1-Dy is used as a representative example for depicting the
crystal structure in detail. Compound 1-Dy crystallizes in the tri-
clinic space group P-1 and its asymmetric unit consists of two dis-
tinctive parts: three hetero-PONb clusters {SiNbgOs4} ({SiNbyg})
(Figs. 1a and b) and one planar equilateral triangle-shaped
dysprosium-oxygen cluster {Dyg(3-OH)g024} ({Dys}) (Figs. 1c-e).
{SiNbyg}, as one of the classic {XNb;gOs4} (X=Si, Ge, Al, Ga)
hetero-POND clusters [33-39], was first reported by Nyman group
in 2011 [33]. The crescent-like {SiNbyg} consists of two classical
Lindqvist-type {NbgO19} units bridged by a unique B-type hexa-
vacant {B-SiNbgO,¢} Keggin fragment (Figs. 1a and b). In {SiNbg},
the Si-O, Nb-O; (t=terminal), Nb-O, (b=bridging) and Nb-O
(c=central) bond lengths are in the range of 1.617(9)—1.668(9) A,
1.721(6)—1.773(0) A, 1.7674-2.5262 A and 2.177(6)—2.588(9) A, re-
spectively. These values are consistent with the reported values of
{SiNb1g0s4}-based compounds [33-39]. In the most of the reported
{XNbg0s4}-based compounds, the {XNb;30s4} moities are directly
connected by alkali metals ions or metal complexes to form ex-
tended structures, but it is not reported that the {XNb;g0s4}
moities can be used as secondary building units to aggregate high-
nuclear metal-oxo clusters to generate novel heterometallic PONb
clusters.

An interesting structural feature of 1-Dy is the formation
of hexanuclear planar equilateral triangle-shaped {Dyg(ut3-OH)g}
cluster. The six Dy3* ions are almost coplanar and connected by six
13-OH groups. Each pair of (3-OH groups link three Dy3+ ions to
form a small approximate equilateral triangle-shaped {Dy3(OH),}
cluster (Figs. 1c-e). The three {Dy3(OH),} clusters comprise a big-
ger approximate equilateral triangle-shaped {Dyg(u3-OH)g} clus-
ter, in which the three Dy3+ cations Dy4, Dy5, and Dy6 are ar-
ranged in the vertexes of the bigger equilateral triangle with the
Dy-Dy distances of 7.07, 701 and 7.00A and the angle of ~ Dy-
Dy-Dy of 59.61°, 60.67° and 59.72°, respectively (Fig. S1 in Sup-
porting information). These data show that the bigger triangle
is an approximate equilateral triangle. The remaining three Dy3+
cations Dy1, Dy2, and Dy3 are located at the midpoint of each
edge of the bigger approximate equilateral triangle (Fig. S1). To
the best of our knowledge, such planar equilateral triangle-shaped
{Dygs(3-OH)g} has not been reported in POM chemistry. All the
Dy3* ions exhibit eight-coordinated distorted square antiprism ge-
ometry: some oxygen atoms from {SiNbg} clusters, the remain-
ing oxygen atoms from 3-OH and the Dy-O bond distances range
from 2.284(4)—2.595(6) A (Fig. S2 in Supporting information). Fur-
thermore, after bond valence sum calculations, the valence states
of these u3-0 atoms are all —1 (Table S3 in Supporting informa-
tion), and six pu3-0 atoms are ultimately determined as six u3-OH
groups (Fig. S3 in Supporting information).

The {Dyg(ut3-OH)g} cluster is captured by three hetero-PONb
{SiNbyg} building blocks, where every linear Dys cluster in the
edge of the {Dyg(uu3-OH)g} equilateral triangle is inset in the va-
cancy of hexavacant {B-SiNbgO,s} Keggin fragment of the {SiNbg}
units to generate a novel flower-like high-nuclear Ln-oxo cluster
embedded heterometal PONb trimer {DygSi3Nbss}, with the di-
mensions 2.3 x 2.5 x 1.0 nm? (Figs. 1f-h). In {DygSisNbs4} cluster,
the hetero-POND cluster {SiNbqg} is used for the first time to cap-
ture the high-nuclear Ln-oxo cluster, so {DygSi3Nbs,} is a new type
of Ln-substituted PONb based on hetero-PONb cluster {SiNbg}
which is different from the reported iso-PONb-cluster-based Ln-
substituted PONDb [20-26]. A pair of centrosymmetric {DygSizNbs4}
moities are simultaneously bridged by a pair of [Cu(en),]** (Cus,
Fig. S4 in Supporting information) to form a dimer of {DygSi3Nbs,}.
These dimers are joint by Na,0, clusters to generate a 1D wavy
chain running along the [011] direction (Fig. 1i). Based on bond va-
lence sum calculations, the oxidation states of all Nb, Dy, Si and Cu
atoms were confirmed as +5, +3, +4 and +2, respectively (Tables
S4-S7 in Supporting information). To balance the charge, an addi-
tional 9 proton hydrogens need to be added. These protons cannot
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Fig. 2. Water vapor adsorption isotherm (298 K) of 1-Dy.

be located and are assumed to be delocalized over the framework,
which is a common phenomenon in POMs [40-42].

The phase purity of sample 1-Ln can be confirmed by powder
X-ray diffraction (PXRD) (Fig. S5 in Supporting information). Fur-
thermore, the stability behavior of solid 1-Dy in different pH and
organic solvents was also tested. As shown in Fig. S6 (Support-
ing information), 1-Dy can maintain its structural integrity with a
wide pH range from 3 to 13. Further, 1-Dy can also keep its struc-
tural stability in many organic solvents, such as DMF, DMA, CH5CN,
CH30H, C,H50H, and isopropanol after soaking for 24 h (Fig. S7 in
Supporting information). Thermogravimetric analysis (TGA) of 1-Ln
shows that the removal of guest molecules occurs in the tempera-
ture range of ca. 30-400 °C (Fig. S8 in Supporting information) and
the PXRD patterns confirm that 1-Dy maintains its crystallinity at
least up to 200 °C (Fig. S9 in Supporting information). Solid-state
diffuse reflectance UV-vis spectra of 1-Ln show two strong absorp-
tion bands in the range of 200-380nm and 420-800 nm, respec-
tively (Fig. S10 in Supporting information). The absorption peak
of 200-380nm can be attributed to the charge transfer of O—Nb
and the absorption peak of 420-800 nm can be ascribed to the d-d
transition of incorporated 3d Cu?* ions [17].

The calculation result with the PLATON program shows that the
solvent-accessible volume per unit cell of 1-Dy is 4413.8 A3 (31.0%
of the total unit cell volume). Subsequently, N, and water sorption
experiments were carried out to study its porosity. The N, adsorp-
tion isotherm at 77K shows no absorption (Fig. S11 in Supporting
information), while the water sorption isotherm at room tempera-
ture (298 K) proves that it has permanent microporosity. As shown
in Fig. 2, the water absorption of 1-Dy increased with increasing
relative pressure, and all data provide the type I isotherm charac-
teristic of a microporous solid. At P[Py =0.75, 1-Dy shows 120.87
cm3/g (9.7 wt¥%) water vapor uptakes, which exhibits a relatively
moderate water vapor adsorption capacity compared with other
POMs (Table S8 in Supporting information).

1-Dy may show fascinating magnetic properties due to the
single-ion orbital degeneracy of dysprosium atoms and the ex-
istence of equilateral triangle-shaped hexanuclear {Dyg(u3-OH)g}
clusters in 1-Dy. Under an external magnetic field of 1 kOe, the
magnetic susceptibility of 1-Dy was measured in the temperature
range of 2-300K. As shown in Fig. 3a, the experimental (xmT)
value at 300K is 85.95 cm?® K/mol, which is smaller than the theo-
retical value of 88.72 cm? K/mol for six Dy" ions (S=5/2, g=4/3,
C=14.17 cm3 K/mol) and ten Cu! ions (§=1/2, g=2, C=0.37 cm3
K/mol). During the cooling process, the T value first decreases
slightly and then begins to increase smoothly to the maximum
value of 90.04 cm3 K/mol at 16 K, which indicates the existence of
ferromagnetic interactions [43,44]. With further cooling, the x,T
value decreases sharply to a minimum of 83.40 cm3 K/mol at 2K,
which indicates the existence of antiferromagnetic interactions in
the range of 2-16K (Fig. 3a) [45,46]. Furthermore, the tempera-
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Fig. 3. (a) The temperature dependences of (xmT) measured for 1-Dy; (b, c)
Frequency-dependent behavior of x’ and xn"" for 1-Dy in zero static fields at 2-
10K, respectively.

ture (T) dependence of the reciprocal susceptibility (1/xm) can be
fitted with Curie-Weiss law at the temperature range of 2-300K,
with the Curie constants C=85.32 cm® K/mol and 6 =1.535K for
1-Dy, which further proves the existence of ferromagnetic interac-
tions for 1-Dy [43,44]. As far as we know, 1-Dy is the third PONb
compound with ferromagnetic properties [43,44].

Field-dependent isothermal magnetization M(H) of 1-Dy at 2K
displays a magnetization increase from 0 to 80 kOe. As shown in
Fig. S13 (Supporting information), the M value rapidly increases to
40 NB from 0 to 13 KOe at a very low field, and then gradually
increases to the maximum value of 52.83 NB at 80 kOe. The max-
imum value is less than the theoretical value of 70 NB for six Dyl
and ten Cu'! (10 NB for each Dy and 1 NB for each Cu'), which
may be due to the crystal field effect on Dy3* ions eliminating the
degeneracy of the ground state [47,48].

The difference between the observed and expected magnetiza-
tion saturation values indicates the existence of low excited states
and/or magnetic anisotropy [49,50]. In order to explore whether
the magnetic interaction in 1-Dy can cause the behavior of single-
molecule magnets (SMM), alternating-current (ac) magnetic sus-
ceptibility of 1-Dy at frequencies between 311 Hz and 2311 Hz was
performed under an external magnetic field of 3 Oe. As the fre-
quency increases, the dependent in-phase (xm’) signal shows a
slight decline, but the out-of-phase (xm’’) signal shows an obvi-
ous drop (Figs. 3b and c). The obvious frequency dependence ef-
fects of 1-Dy suggest that 1-Dy has slow magnetization relaxation,
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which may be the characteristic of single-molecule magnet (SMM)
behavior.

In summary, a series of unprecedented high-nuclear Ln-oxo
clusters encapsulated heterometallic PONb clusters {LngSi3Nbs,}
(Ln=Dy, Gd, Tb, Ho, Er, Tm, Yb, Lu) have been constructed
from one unique planar equilateral triangle-shaped hexanuclear
{Lng(u3-OH)g024} cluster and three hetero-PONb {SiNbgOs4} clus-
ters. The {LngSisNbs4} clusters contain the highest nuclear iso-
Ln-oxo cluster in PONb chemistry, and the hetero-PONb cluster
{SiNb1gOs4} is used for the first time to stabilize the {Lng(us-
OH)g0,4} clusters. The compound 1-Dy also exhibits good water
vapor adsorption capacity and ferromagnetic properties. This work
provides a promising strategy to construct new high-nuclear Ln-
oxo cluster-incorporated PONbs. These results enrich the very lim-
ited members of the lanthanide-containing PONb family, which
opens new perspectives for developing novel PONb composite ma-
terials.
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