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Pentacosaple-CO;? bridged hexacontaoctanuclear lanthanide-
alkali barrels derived from octacosanuclear discs’
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DOL: 10.1039/%0X%00000 Phosphonate lanthanide carbonate cages are highly sought after in the development of multifunctional molecular-based
materials due to their rigid framework and the inherited properties of metal ions. However, the synergistic coordination of

www.rsc.org/ phosphonates and carbonates with lanthanide ions limits their systematic exploration. Here, we developed an efficient
method to synthesize the necessary phosphonate lanthanide carbonate compound with a three-shell topology through a
stepwise procedure that employs a strategy involving the assembly of several multicomponent systems, aimed at the
distinctive C,-symmetric double hydrazone-based co-ligands. The resulting an octacosanuclear disc [Dy1¢K12(1a-O3PCyoH5),
(Ms-03PC1oH7)12(Me-03PCioH7)2(L)4(a-COO)4(,-COO0)1(13-0)4(DMF)g(MeOH),(H,0),]-8DMF-4MeCN-8H,0  (DyycKs,), and an
hexacontaoctanuclear barrel  [Dy;sNays(pa-03PCi1Ho)s(p7-03PCa1Ho)s(17-CO3)12(Hs-CO3)13(L?)s(ke-Cl)2(H2-OH)s(DMF)g(H20)s]
-2DMF-6MeOH-9H,0 (Dy,4Na4s), were achieved by leveraging the benefits of incorporating mixed chloride and carbonate
templating anions along with the replacement of alkali metal ions. In the molecular structure of compound Dy,4Na,,, twenty-
five carbonate and two chloride anions not only occupy the central cavity of the barrel-shaped framework but also act as
crucial bridging units in assembling the molecular topology. Furthermore, the drastic changes in supramolecular structures
directly affect magnetic dynamics phenomena, from field-induced complex relaxation phenomenon to zero-field single
relaxation phenomenon. This work represents an efficient approach for synthesizing phosphonate lanthanide carbonate
cages, thereby broadening the pathway for the ultimate customization of functions.

molecular cages is relatively small.17-22 This is primarily due to
Introduction the multifunctional coordination behavior of phosphonates and
their capacity to bond with multiple metal ions, resulting in the
formation of metal phosphonates with

Encouraged by the enzyme binding pockets formed by amino
acid residues in biological processes for selective catalysis, the
chemical synthesis of high-nuclearity metal compounds with
polyhedral cage-like patterns has gained increasing attention in
recent years.!® Among these, high-nuclearity lanthanide
supramolecules have made significant progress in areas such as
chiral induction, catalysis, and magnetic materials.1%-16 Despite
these encouraging advancements, there remain numerous
synthesis-related challenges that urgently need to be tackled,
with the controllable synthesis of coordinating components
being a major challenge.

Through a review and analysis of scientific papers published
over the past two decades on metal phosphonates and metal
carbonates, two key findings emerge: the vast majority of metal
phosphonates exhibit extended structures, while the number of
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Scheme 1 Graphical representation of Dy;¢K;, and Dy,4Nag,.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins



mailto:liuhouting@163.com
mailto:lihaiye2010@163.com
https://doi.org/10.1039/d5qi01403d

Published on 22 August 2025. Downloaded by Y unnan University on 8/23/2025 9:46:43 PM.

Inorganic Chemistry Frontiers

structures.?322 Among the approximately 130 reported metal
synthesizing target compounds by intentionally adding NaHCOs3,
Na,COs, or other simple carbonates as carbonate bridges are
quite rare.*%4! This rarity is mainly attributed to the rigid
structure, specific geometry, and reactivity of carbonate ions in
aqueous environments, which often leads to the formation of
insoluble and amorphous compounds as the most common
reaction pathway.

Due to the coordination tendency of phosphonate and
carbonate ligands being difficult to curtail, the development of
metal phosphonate/carbonate cages has lagged far behind their
extended structures. Chemists are committed to achieving this
goal through three synthetic strategies. The first strategy
involves designing and synthesizing phosphonate ligands with
larger steric hindrance to limit the nuclearity, thereby
assembling metal phosphonate cages. The second strategy is to
utilize ancillary ligands to block coordination sites on metal ions,
thus reducing the likelihood of phosphonate ligands
participating in metal assembly. The third strategy is to use
metal compounds formed with specific labile ligands as
precursors, which, with the assistance of phosphonate ligands,
increases the nuclearity.22225 Strategies 2 and 3 are also
applicable to the synthesis of metal carbonate cages.

Our strategy for synthesizing phosphonate lanthanide
carbonate cages designing bulky 1-
naphthylphosphonate and

involves
1-naphthylmethylphosphonate
ligands to assist in expanding the simple precursor with C,-
symmetric double hydrazone-based co-ligand pre-assembly. In

this process, Na,COs is intentionally added to provide carhonate
anions (Scheme 1), facilitating the encap8§atio AW syrEHesis
of the target compound. Herein we have succeeded in
assembling an octacosanuclear disc [Dy1gK1,(ta-O3PCqoH7)2(us-
O3PCy0H7)12(Hg-03PC10H7)2(L1)4(1ta-COO)4(u,-COO), (13-
0)4(DMF)g(MeOH),(H,0),]-8DMF-4MeCN-8H,0 (DyssKs), and a
hexacontaoctanuclear barrel [Dy24Nasa(tia-0O3PCy1Hg)g(17-
03PC11Ho)s(17-COs)12(Us-CO3)13(L?)s(16-Cl)2(12-OH)g
(DMF)g(H,0)s]-2DMF-6MeOH-9H,0 (DyzsNaas), where HyLY, H,L2,
C10H;PO3H, and C11HgPO3H, are N'2,N'6-bis((E)-2-
hydroxybenzylidene)pyridine-2,6-dicarbohydrazide, N'2,N'6-
bis((E)-2-hydroxy-3-methoxybenzylidene)pyridine-2,6-
dicarbohydrazide, 1-naphthylphosphonic acid and 1-
naphthylmethylphosphonic acid, respectively. In compound
Dy16K1,, sixteen Dy atoms and sixteen phosphonate ligands are
separated by twelve potassium atoms in a cross-linked manner,
while in compound Dy;4Nay,, twenty-four Dy atoms and sixteen
phosphonate ligands are separated by forty-four sodium atoms
in an outer embedded arrangement. The C,-symmetric double
hydrazones play a role in truncating the co-ligands during the
assembly process by introducing different substituents.
Compound Dy,4Nags encapsulates twenty-five carbonate anions
and two chloride ions, with the proportion of carbonate being
the highest reported in cluster compounds to date. The changes
in the cage-shaped cores based on the phosphonate lanthanide
carbonate units directly lead to complex slow relaxation
phenomena and significantly expand the structural diversity of
the three-shell coordination clusters.

Table 1. Summary of crystallographic and refinement data for Dy;¢K;, and Dy,sNag,.

Compound Dyi16K1> Dy,sNag, Compound Dyi6K12 Dy,4Nag,

formula C302H30aDY16K12N380108P16  Ca21Ha10Cl.DY2aNausNso021,P16  Z 18 2

M, 9758.59 15040.01 plg cm?3] 1.289 1.546

cryst size [mm?3] 0.15x0.14x0.14 0.13x0.12x0.12 29[deg] 3.5-66.6 1.6 —66.6

TI[K] 100.00(12) 100.00(10) F(000) 77076 14112

crystal system Trigonal Tetragonal reflns collected 860476 162226

space group R-3c #167 P4/n #85 unique reflns 40336 27537

a[A] 48.8720(1) 34.0254(1) Rint 0.132 0.099

b [A] 48.8720(1) 34.0254(1) GOF 1.01 1.06

c[A] 99.4107(3) 26.9880(2) R1[I>20()]? 0.0507 0.0696

al’] 90 90 WwR?2 (all data)® 0.1513 0.1937

8[°] 90 90 (AD)mars (AP)win/[e A3]  2.41,-0.89 2.65,-1.73

vl 120 90 CCDC number 2456379 2456380

VA3 205628.7(10) 31244.8(3)

(3.9036 g, 20 mmol) was suspended with 2-

ExPerimental section hydroxybenzaldehyde (4.8848 g, 40 mmol) in MeOH (50 mL),
Syntheses of the phosphonate ligands: 1- and then the mixed solution was stirred for 24 h at ambient

naphthylphosphonic acid (C10H7PO3H,) and 1-
naphthylmethylphosphonic acid (C;;H9POsH,) were synthesized
as the literature method.#243

Synthesis of N'2,N'6-bis((E)-2-hydroxybenzylidene)pyridine-
2,6-dicarbohydrazide (H4L'). Pyridine-2,6-dicarbohydrazide

2| J. Name., 2012, 00, 1-3

temperature. Pale yellow solid was obtained through filtration,
yielding 76%. Elemental analysis (%) calcd for C,;H17N504: C,
62.53, H, 4.25, N, 17.36: found C, 61.72, H, 4.10, N, 16.94. IR
(KBr, cm™): 3302(m), 3274(w), 1697(vs), 1682(vs), 1611(w),
1593(m), 1571(m), 1529(s), 1489(w), 1446(m), 1364(w),

This journal is © The Royal Society of Chemistry 20xx
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1297(m), 1271(s), 1256(w), 1206(m), 1158(w), 1120(m),
1088(m), 1032(m), 1001(w), 955(w), 919(m), 870(s), 844(m),
776(w), 752(s), 647(m), 567(m), 481(m), 426(m).

Synthesis of N'2,N'6-bis((E)-2-hydroxy-3-methoxybenzylidene)
pyridine-2,6-dicarbohydrazide (Hal?). Pyridine-2,6-
dicarbohydrazide (3.9036 g, 20 mmol) was suspended with 2-
hydroxy-3-methoxybenzaldehyde (6.0861 g, 40 mmol) in MeOH
(50 mL), and then the mixed solution was stirred for 24 h at
ambient temperature. Pale yellow solid was obtained through
filtration, yielding 91%. Elemental analysis (%) calcd for
Cy3H21NsOg: C, 59.61, H, 4.57, N, 15.11: found C, 57.98, H, 4.51,
N, 14.86. IR (KBr, cm™): 3457(w), 3242(w), 1673(vs), 1654(s),
1608(w), 1590(w), 1577(w), 1541(vs), 1460(s), 1446(w),
1367(w), 1302(w), 1251(vs), 1235(m), 1168(w), 1080(s),
999(m), 988(m), 944(m), 886(w), 836(w), 775(w), 732(s),
653(w), 524(m).

Synthesis of [DycKi2(1a-O3PCioH7)2(1s-O3PCioH7)12(16-03PCyg
H7)2(LY)4(144-COO0)4(12-COO),(13-0)a(DMF)s(MeOH),(H,0)4]
-8DMF-4MeCN-8H20 (Dy;6Ki12). A mixture of CyoH;POsH,;
(0.0375 g, 0.18 mmol) and dysprosium perchlorate hexahydrate
(0.1422 g, 0.25 mmol) in 30 mL of a 2:2:1 DMF/MeOH/MeCN
mixture was heated with potassium hydroxide (0.0101 g, 0.18
mmol) at 100 °C. After 5 h, H4L! (0.0605 g, 0.15 mmol) was
gradually added to the resulting pale-yellow solution to
generate a yellow solution. The solution is transferred to a
Teflon-lined autoclave and placed in a drying oven to crystallize
at 100 °C. Pale-yellow plates were isolated in 41% yield after 15
days. Elemental analysis (%) calcd for C3p2H304Dy16K12N350108P16:
C, 37.17, H, 3.14, N, 5.46: found C, 36.52, H, 3.06, N, 5.39. IR
(KBr, cm): 3415(w), 3052(m), 2929(m), 1658(vs), 1614(w),
1566(w), 1539(w), 1505(m), 1472(s), 1447(w), 1384(m),
1344(m), 1252(m), 1200(m), 1180(m), 1149(s), 1097(vs),
1068(vs), 1013(s), 968(w), 902(w), 828(m), 801(w), 776(w),
758(w), 676(w), 626(m), 601(m), 584(s), 573(w), 551(m),
518(w), 490(w), 465(m), 459(m), 441(m).

Synthesis of [Dy;sNaga(ts-03PC11Hg)s(17-03PC11Hg)s(Us-COs)s
(p7-CO3)12(ps-CO3)13(L2)s(1e-Cl)2(p2-OH)s(DMF)g(H,0)s]- 2DMF
-6MeOH-9H,0 (Dy24Na44). A mixture of C11HgPO3H, (00399 g,
0.18 mmol) and dysprosium perchlorate hexahydrate (0.1422 g,
0.25 mmol) in 30 mL of a 2:2:1 DMF/MeOH/MeCN mixture was
heated with sodium hydroxide (0.0072 g, 0.18 mmol) at 100 °C.
After 5 h, HsL? (0.0695 g, 0.15 mmol), sodium chloride (0.0058
g, 0.10 mmol) and sodium carbonate (0.0105 g, 0.10 mmol) was
gradually added to the resulting yellow solution to generate a
yellow-orange solution. The solution is transferred to a Teflon-
lined autoclave and placed in a drying oven to crystallize at
100 °C. Yellow pillars were isolated in 24% vyield after 10 days.
Elemental analysis (%) calcd for C451H410Cl;Dy24Nas4N50051,P16:
C, 33.62, H, 2.75, N, 4.66: found C, 32.59, H, 2.61, N, 4.45. IR
(KBr, cm™): 3416(w), 3049(m), 2927(m), 1612(vs), 1566(s),
1468(s), 1396(m), 1357(w), 1338(m), 1271(m), 1236(w),
1218(vs), 1168(m), 1104(vs), 1069(vs), 1018(w), 984(s), 948(w),
860(w), 831(m), 801(m), 779(w), 738(w), 689(m), 670(m),
644(m), 560(m), 504(m).

Results and discussion

This journal is © The Royal Society of Chemistry 20xx
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Structure information. Dysprosium perchlorate was dissqlved
in a 2:2:1 mixture of DMF, MeOH, and IN&CN1OPRE F9sEribly
process from the disc-shaped octacosanuclear Dy;gK;; to the
barrel-shaped hexacontaoctanuclear Dy,;sNaz4 involves four key
changes: First, C;1H9sPOsH, was used to replace C;oH;PO3H,,
introducing the rotatability of the P-C bond, which makes the
phosphonate ligand easier to adjust its coordination position
around the lanthanide cage; second, H4L? replaced H,L%, and the
introduction of dimethoxy groups further extended the C,-
symmetric double hydrazone coordination sites, thereby
expanding the structure of the lanthanide cage; third, sodium
hydroxide was used instead of potassium hydroxide, and the
reduction in alkalinity slowed the deprotonation rate of the
phosphonate and the hydrazone ligands, facilitating the
formation of the high-nuclearity lanthanide cage; finally,
additional sodium carbonate and sodium chloride were added,
and the introduction of the mixed templating anions not only
participated in the construction of the lanthanide cage but also
embedded into the central cavity of the cage based on a certain
directive function during the synthesis process.

The octacosanuclear disc DyigK;, crystallizes in the trigonal
R 3c space group (number 167), with unit cell volume of 2.06 x
105 A3 (Table 1). As shown in Figure 1 and S6, despite the very
large unit cell volume, the corresponding asymmetric unit is
relatively small. Compound Dy;¢K3, is as large as 25.19 x 25.19
A2 with height of 19.12 A, featuring novel three-shell cyclic core
structure and possessing a threefold axis of symmetry (Figure
1a and S6a). The complete molecule consists of the disc-shaped
cationic  core  [DyieKia(Us-COO)4(1,-COO);  (13-0)4)%,
16C,oH,PO3H, ligands, 4H4L' co-ligands, 6DMF molecules,
together with 2 molecules of MeOH and 4 water molecules. A
further detailed analysis of this structure reveals a sequence of
layers arranged from the inside out: the innermost layer is a
cubane-shaped K404 unit formed by two K1 and two K2 atoms
connected by four formate groups and eight phosphonate
oxygen atoms (Figure 1d and S7a). The middle layer is a bowl-
shaped Dy4K; unit, constructed from four identical parts
connected in a welding manner, with each part containing two
Dy atoms (Dy3 and Dy4) and one K3 atom. These Dy and K atoms
are interconnected by forty phosphonate oxygen atoms (Figure
S7b). The outermost Dy;,K; unit can be simplified into a ring
structure composed of four fan-shaped structures. Each fan-
shaped structure is formed by three Dy atoms (Dy5, Dy6, Dy7)
and two K atoms (K4, K5) interconnected by thirty phosphonate
oxygen atoms (Figure 1d).

The four outermost C,-symmetric double hydrazones chelate
three Dy atoms through their tetradeprotonated forms via
three larger internal coordination pockets, while bridging two K
atoms using the smaller coordination pockets at both ends,

J. Name., 2013, 00, 1-3 | 3
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Figure 1. Ball and stick view of Dy;¢K;, (a).Highlighting four L! ligands (b) and sixteen C;,H,;PO3% ligands (c). The [Dy;6K12(O03P)16(H4a-COO)4(p3-O)a( M-
0)1,]%%* core (d). The coordinating water, methanol and DMF molecules are omitted. The rod-shaped linker mode connects the nearest two
molecules through -1t interactions (e). Three-shell cyclic clusters assembled into a six-membered ring (f). The ultimate two-dimensional Kagomé

topology (g)-

adopting the same us-n?:nt:n%:n*:n?:n*:n? coordination modes
(Figure 1b and S8a). This essentially acts as an inhibiting co-
ligand, effectively preventing the formation of dysprosium
phosphonate coordination polymers. Simultaneously, this
suggests that if such hydrazones can be rationally designed, it
may be possible to control the aggregation and growth of disc-
shaped compounds.

Hexadecaple phosphonate ligands are alternately arranged in
a plane between the outer layer and the middle layer, exhibiting
three distinct coordination modes (Figure 1c and S8b): The first
is us-C10H,PO3%, which coordinates with three Dy atoms and
one K atom, presenting a us-n':n*:n? coordination mode,
involving 2 phosphonate ligands; the second is ps-C1oH;PO3%,
which coordinates with three Dy atoms and two K atoms,

This journal is © The Royal Society of Chemistry 20xx

displaying a us-n*:n*:n? coordination mode, involving 12
phosphonate ligands; the third is pg-CioH;,POs%, which
coordinates with four Dy atoms and two K atoms,
demonstrating a ug-n*:n%:n3 coordination mode, involving 2
phosphonate ligands.

Despite the presence of up to eight crystallographically
independent Dy atoms in the asymmetric unit, the coordination
numbers of these Dy atoms are only eight and nine. Analysis
using CShM software**45 revealed three types of coordination
geometries. Specifically, the four Dy atoms in the middle layer
exhibit a triangular dodecahedron (D,q) with an Oy
environment, the eight Dy atoms at the outer layer connection
points display a pentagonal bipyramid (Ds,) with an Og
environment, while the four Dy atoms at the outer layer vertices

J. Name., 2013, 00, 1-3 | 4
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present a biaugmented trigonal prism (C,,) with an NO;
environment (Figure S7b and Table 2 and S5).

Further analysis of the crystal packing structure reveals that
two adjacent molecules are positioned face-to-face, with the
naphthyl groups of the phosphonate ligands aligned parallel to
the pyridinyl groups of the H4L! ligands, exhibiting an average
centroid-to-centroid distance of 3.8767(1) A and an interplane
angle of 7.698°, indicative of r-it stacking interactions. These -

{DyNa,}BB
Distorted tetrahedron

Mixed 25 CO,* and 2 CI- templates

Heterometallic Dy,;Na,,

ARTICLE

T interactions form rod-shaped linkages (Figure, ,le). that
assemble into chair six-membered rings [Pigitré039)DTRO KRG
six-membered rings stack along the crystallographic c-axis,

ultimately generating a two-dimensional Kagomé topology
(Figure 1g).6
The Dy;6K1, core exhibits significant differences in local

(%
Na;;@Dy,,@Na,g

Figure 2. Ball and stick view of Dy,sNaz4 (a).Highlighting eight L? (b) and sixteen C;;HoPO32 ligands (c). The [Dy,4Nags(7-CO3)12(He-CO3)13]%6 core (d).
The coordinating water, methanol and DMF molecules are omitted. The barrel-shaped framework of the anion-templated cluster showing the
CO;3% and ClI templates (e). The heterometallic planar and curved tetragonal SBUs derived from the [DyNas] BB (f). The core structure of Dy,sNag,

showing its vertex- and edge-sharing tetrahedral BBs (g). The three-shell structure of Dy,sNa, with the showing of its barrel-shaped structural

correlation (h).

symmetry between the inner and outer layers: the K; in the
inner layer and the Dy4K; square wheel in the middle layer
display approximately Dy, local symmetry, while the outer layer
Dy1,K4 shows C4, symmetry. This difference suggests that the
symmetry breaking may be a crucial factor in inhibiting the
further growth of the cyclic
Additionally, the increase in surface tension ultimately

coordination clusters.*”
suppresses the epitaxial growth of the core. The H,L! co-ligand
coordinates with the outer layer of Dy and K atoms around the
core in a head-to-tail manner, effectively truncating growth;
meanwhile, C;oH,POsH, ligand alternates as a cap between the
outer and inner layer's annular region. Since the naphthyl group

This journal is © The Royal Society of Chemistry 20xx

is directly connected to the P atom of the phosphonate ligand,
its flexibility is significantly restricted. Consequently, we
modified the ligand structure: incorporating ortho-methoxy
substituents on both sides of the HyL! co-ligand, and replacing
C10H7PO3H; ligand with C;;HgPO3H, ligand; simultaneously, KOH
was substituted with Na,CO; to incorporate carbonate anion
templates, complemented by a chloride anion template. This
ultimately led to the successful isolation of another type of
yellow pillar-like crystal, indicating the formation of a new
metallosupramolecular aggregate.

The hexacontaoctanuclear barrel Dy,gNas, crystallizes in the
tetragonal P4/n space group (number 85), with unit cell volume

J. Name., 2013, 00, 1-3 | 5
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of 3.12 x 10% A3 (Table S1). As shown in Figure S14, compound
Dy,4Nay, is as large as 29.59 x 29.59 A2 with height of 26.44 A,
featuring novel three-shell barrel-shaped core structure and
possessing a fourfold axis of symmetry. The complete molecule
consists of the barrel-shaped cationic core [Dy,sNags(ps-
CO3)12(Mg-CO3)13(Me-Cl)2(H2-OH)s]?%*,  16C13HoPOsH,  ligands,
8H4L?2 co-ligands, 8DMF molecules and 8 water molecules
(Figure 2a). Compared to the H4L! co-ligand, the H4L? co-ligand
incorporates methoxy groups at both sides, which chelate three
Dy atoms in the three large coordination pockets in the internal
while the two carboxylate oxygen atoms further bridge two Na
atoms. The two small coordination pockets formed by the two
terminal methoxy and phenolic hydroxyl groups chelate an
additional two Na atoms, exhibiting a Uz~
n*:n%:n*:n3:n*:n3:n*:n%n" coordination mode (Figure 2b and
S11a). This structure can still act as a co-ligand to inhibit the
formation of dysprosium phosphonate coordination polymers,

but its inhibitory effect is significantly weaker thap that of the
H4L! co-ligand. Additionally, the H,L? collighhd1pFayiscaroléen
suppressing the formation of carbonate coordination polymers
and/or insoluble compounds, which is also the direct reason for
the isolation of the Dy,aNas4 compound.

Although compound Dya.;Nas; has the same number of
hexadecaple phosphonate ligands as compound Dy;6K;,, the
flexible modification of the naphthyl groups of the the
phosphonate ligands results in a 4 x 4 x 4 x 4 vertical distribution
pattern of its C;;H9POsH, ligands (Figure 2c and S11b). These
ligands exhibit only two coordination modes: the first involves
eight p,-C;1HgPO3? located at the top and bottom of the barrel-
shaped structure, coordinating in a us-n*:n%:n? fashion (three Dy
and one Na atoms); the second involves eight u;-C;1HgPO3%
located in the middle of the barrel-shaped structure,
coordinating in a uy;-n?:n3:n3 fashion (three Dy and four Na
atoms).

Table 2. Summary of coordination geometries of the dysprosium atoms and bonding modes of the components in Dy;¢K;, and Dy,4Nags.

compound Dy;6Ki2 Dy,4Nag,

Formula [Dy16K12(Ma-O3PCioH7)a(Ms-O3PCioHy)12(Me-O3PCaoHy)a (L) (s [Dy24Nags (Ha-03PCyiHo)g(M7-05PCyi Ho)g(M7-COs)12(Me-CO3)13(L2)s
CO0)4(1,-CO0),(U3-0)4(DMF)g(MeOH),(H,0),]-8DMF-4MeCN (16-Cl)2(1,-OH)g(DMF)g(H,0)5]- 2DMF-6MeOH-9H,0
-8H,0

Phosphonate 2 pe-ntintin?, 12 ps-ntinZn?, 2 pentinzn? 8 u-ntinzn?, 8 prnZindin?

Carbonate - 12 w-n:2n:3:in3, 13 pg-n:3n:3ind

Hydrazone 4 us-nz:ntnZnt:inzntin? 8 w-nt:nZntn®:ntn3ntinZnt

Coordination
Geometries

2 BTPR-8 (Cyy), 2 COC-7 (Cyy), 2 PBPY-7 (Dsp), 2 TDD-8 (D)

2 BTPR-8 (Cy,), 1 CSAPR-9 (Cyy), 1 MFF-9 (C;), 2 TDD-8 (D,q),

More importantly, by proactively adopting Na,COs; as a
replacement for KOH, we successfully encapsulated 25 CO3%
anions within the barrel-shaped structure of compound
Dy,4Naz, (Figure 2d and S13). Based on the following three
pieces of evidence, we identified the coordination modes of
these CO3?- anions: (i) 25 distinct trigonal fragments were clearly
observed in the diffraction data; (ii) these sites requires 25
dianions to maintain electrical neutrality; (iii) characteristic
infrared stretching bands of coordinated carbonates were
detected at 1566 cm™ and 1338 cm™ (Figure S2b).*® These
anions exhibited a vertical gradient distribution of 6 x 13 x 6:
the carbonate anion (twelve) located at the top and bottom of
the barrel-shaped structure bridges three Dy and four Na atoms
using a uy-n:2n:3:n® heptadentate coordination mode. The
carbonate anion (thirteen) positioned in the middle of the
structure adopt a ug-n:3n:3:n° octadentate coordination mode,
connecting one Dy and seven Na atoms. Therefore, the
incorporation of twenty-five carbonate anions into the
structure effectively guided and accelerated the subsequent
aggregation and growth of the cluster.

In-depth analysis of this complex high-nuclear structure requires a
systematic deconstruction of the three-layered, barrel-shaped
polyhedral core supported by carbonate and chloride (Figure 2e and
S15), based on {DyNas} building blocks (BBs). Each {DyNas} BB is
arranged with vertex-sharing, forming two planar tetragonal

6 | J. Name., 2012, 00, 1-3

heterometallic secondary building units (SBUs) connected by octuple
COs3% bridges; when arranged with edge-sharing, it results in four
curved tetragonal heterometallic SBUs linked by quadruple COs2~ and
single ClI~ bridges (Figure 2f). These two types of SBUs alternate to
ultimately form a three-shell barrel-shaped topology (Figure 2g and
2h). The following considerations apply from the inside to the
outside: (i) The innermost layer consists of sixteen Na atoms linked
by two us-Cl atoms, twelve carbonate oxygen atoms, and eight u,-O
oxygen atoms, forming a Na¢Cl,0,5 barrel-shaped core (illustrated
in inner turquiose in Figure 2g); (ii) the middle layer is constructed
from twenty-four Dy atoms linked by thirty-six carbonate oxygen
atoms, thirty-two phosphonate oxygen atoms, and sixteen
hydrazone carboxylate oxygen atoms from the HyL? ligands, resulting
in a Dy,40g4 barrel-shaped core (illustrated in middle violet in Figure
2g); (iii) the outer Na,gOgp barrel core (illustrated in outer turquiose
in Figure 2g) is formed through cross-linking of twenty-eight Na
atoms with twenty-four carbonate oxygen atoms, sixteen
phosphonate oxygen atoms, and sixteen hydrazone phenolato
oxygen atoms from the HyL? ligands.

In contrast to Compound Dy;¢Kj;,, although the number of central
Dy atoms increases from 16 to 24, the number of Dy atoms in the
asymmetric unit decreases from 8 to 6. These Dy atoms exhibit only
coordination numbers of eight and nine and display three different
coordination geometries (Figure S12b): the eight Dy atoms located at
the top and bottom of the barrel-shaped structure exhibit a

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 13


file:///D:/Dict/7.5.2.0/resultui/dict/%3Fkeyword=phenolic
file:///D:/Dict/7.5.2.0/resultui/dict/%3Fkeyword=hydroxyl
file:///D:/Dict/7.5.2.0/resultui/dict/%3Fkeyword=group
https://doi.org/10.1039/d5qi01403d

Published on 22 August 2025. Downloaded by Y unnan University on 8/23/2025 9:46:43 PM.

ganic Chemistry, Frontiers:

Journal Name

triangular dodecahedron (D,4) with an NO; environment, the eight

Dy atoms at the connecting sides exhibit a muffin (C;) with an NOg
environment, while the eight Dy atoms in the center exhibit a
biaugmented trigonal prism (C,,) with an NO; environment. Despite
the doubling of the number of hydrazone co-ligands, the deeper
analysis of the crystal packing structure did not observe the
formation of supramolecular polymers due to the changes in the
flexibility of the phosphonate ligands.

The most prominent structural feature of these two giant Dy;gKs,
and Dyy4Nas, cages lies in the key differences among the
phosphonate ligands surrounding the structure, the terminal C,-
symmetric double hydrazone-based co-ligands, and the mixed
templating anions. This feature indicates that precise control over
the size of the cage can be achieved by regulating the relative
proportions of the three components. This strategy is a classic
method for modifying crystal morphology,*®->! just as the selective
addition of additives to rapidly growing faces of polyhedral crystals
can expand the diameter of the cages and increase the ligand
content, attempts to isolate larger-sized cages at various ratios have
been unsuccessful. It is important to note that the flexibility and
steric hindrance of the R groups in the phosphonate ligands and
hydrazone co-ligands, along with the selection of mixed templating

ARTICLE

anions, play a crucial role in the construction of the fina| structure.
Essentially, the electrostatically dominated coO6rdivatigh/inteYa¢tions
between the lanthanides and the ligands take precedence, while the
-7 interactions between the naphthyl groups of the phosphonate
ligands and the pyridyl groups of the hydrazone co-ligands operate
in synergy, facilitating the transformation from a three-shell cyclic
structure to a three-shell barrel-shaped structure.

DC magnetic properties. After a comprehensive structural
elucidation of the rare octacosanuclear and hexacontaoctanuclear
metallosupramolecular assemblies, we systematically examined
their magnetic properties and assessed their potential as high-
nuclearity Ln-SMMs.215259 The temperature-dependent magnetic
susceptibility of DygKi; and DyyyNass was performed on
microcrystalline sample in a 1.0 kOe dc magnetic field (Figure S16).
At room temperature, their yuT values were 224.91 (Dy;6K;,) and
336.86 (DyasNass) emu-K/mol, respectively, which align with the
theoretical expected values for sixteen and twenty-four free Dy(lll)
ions (S=5/2,L =5, ®Hys), €= 14.17 emu-K/mol with g = 4/3). As the
temperature was cooled to 56 K, the y,T values gradually decreased
t0 208.27 (Dy16K12) and 307.69 (Dy,4Nass) emu-K/mol, and continued
to decline rapidly with further cooling, reaching a
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Figure 3. Out-of-phase component of the magnetic susceptibility (x»") for Dy;6Ki, (a) and Dy,sNagy, (c) collected under different external dc field. Plots of
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magnetic relaxation time t versus H for Dy;¢K;, (b) and Dy,4Nag, (d). Cole-Cole plots for DyyeKs, (b, inset) and Dy,sNag, (d, inset). Data were\gte)\llleActe %Mhe

rticle ine

temperatures of 0 T to 0.4 T. The solid lines represent fits to the data using the generalized Debye model with two-step or one-step telaxatiopgrofites pdtv)

plots for Dy;6Ky5 (e, T, i, j) and Dy,sNags (M, n) collected under zero and 0.2 T applied dc field. Cole-Cole plots for Dy;¢Ki, (g, k) and Dy,4Nag, (0). Data were
collected at the temperatures of 1.8 K to 6 K. Plots of magnetic relaxation time In(t) versus 1/T for DyeK;, (h, I) and Dy,4Nay,, (p). Turquiose, green, gray and

red dashed lines represent individual Orbach, Raman, Direct and quantum tunneling fits. Black lines represent the overall fits, as described in the main text.

minimum of 139.09 (Dy;¢K1,) and 208.96 (Dy,sNass) emu-K/mol at
1.8 K. The downward trend at high temperatures can be attributed
to the thermal depopulation effect of the excited Stark sublevels of
the Dy(lll) ions,®%-%3 while the decrease at low temperatures suggests
the presence of possible antiferromagnetic interaction between the
Dy(l1l) ions.64-6¢

Under a strong magnetic field of 7 T at 2.0 K, the magnetization
(Figure S16, inset) of Dy;16K1; and Dy,4Nag, reached 79.27 and 119.69
ug, respectively, both significantly lower than the saturation
magnetization values for sixteen and twenty-four free Dy(lll) ions (g,
x J=4/3x 15/, =10 ug per Dy(lll) ion). This difference is mainly due to
the magnetic anisotropy of the Dy(lll) ions and their crystal field
effects, which together result in the elimination of the sixteen-fold
degenerate of the ®H;s;; ground state.®” The experimental data on
magnetization as a function of external field could not be normalized
to a single master curve, further confirming the presence of
significant magnetic anisotropy in both compounds or/and the
existence of low-lying excited states.®®7! For Dy,;¢K3,, @ minor open
hysteresis loop with a coercive field of 0.15 kOe was observed at 1.8
K. This hysteresis loop gradually narrowed with increasing
temperature and completely disappeared at 2.9 K. In stark contrast,
Dy,4Nagz, exhibited a characteristic butterfly-shaped hysteresis loop
at 1.8 K that persisted until 2.6 K before vanishing (Figure S17). This
behavior aligns with the rapid quantum tunneling of magnetization
process.’?7> The significant difference in hysteresis loop
characteristics between the two compounds most likely arises from
the complex magnetic interactions induced by the dramatic increase
in nuclearity.

AC magnetic properties. High-nuclearity lanthanide clusters
generally exhibit highly symmetric topologies, where the overall
magnetic anisotropy is frequently canceled out, rendering the
detection of slow relaxation phenomena in magnetization
particularly challenging.>%>%76 Within a static magnetic field range of
0 T to 0.4 T, we conducted nine sets of variable-frequency (1.0-999
Hz) ac magnetic susceptibility measurements on powdered
microcrystalline samples of compounds Dy;6K;; and DyysNag, at a
temperature of 2 K (Figure 3a and S18a). The measurement results
revealed that under zero-field conditions, Dy;eKi, exhibited a
significant out-of-phase susceptibility (xm”) in the high-frequency
region, although no distinct peak was observed. As the magnetic field
increased, the high-frequency yu” signal shifted notably towards the
low-frequency direction, reaching an optimal value at a magnetic
field strength of 0.2 T, which corresponded to a faster relaxation
phase (FR), after which the signal intensity gradually weakened.
Meanwhile, the low-frequency yu” signal continued to increase with
the enhancement of the magnetic field, displaying a slower
relaxation phase (SR), but no peak shift phenomenon was observed.

8| J. Name., 2012, 00, 1-3

The emergence of this two-step relaxation process is not
coincidental; it can be attributed to the presence of multiple spin
centers in Dy;K31;, as well as the complex weak magnetic interactions
among the Dy(lll) ions. We employed the CC-FIT2 code’’7° based on
the modified Debye function (eqn 1) to fit and analyze the Cole-Cole
data (Figure 3b, inset and Table S10), extracting the magnetic field-
dependent relaxation time parameters tsg and Tg.

_ Axy
Xac(w) = xs+ ka 1
Xs = ZkXsk Axx = XTk— Xsk

In this function, the sum of the adiabatic susceptibilities for the two
magnetic relaxation processes is denoted by ys = xs1 + xs- The
difference between the isothermal susceptibility (xrx) and the
adiabatic susceptibility (xs ) for each magnetic relaxation process is
denoted by Ay. The a represents the distribution coefficient of the
relaxation time t, while w is expressed as 2nv.80 As the dc field
increases to 0.4 T, T increases monotonically, while tsg reaches its
longest relaxation time at 0.2 T and then decreases with further
increases in the dc field (Figure 3b). This suggests that applying a dc
field can effectively slow down the magnetic relaxation process.

The magnetic field-dependent ac magnetic susceptibility of
Dy,4Naa, shows significant differences compared to Dy;6K;, (Figure
3c and S18b). The yu” signal for Dy,sNass exhibits a pronounced
peak-shift in the high-frequency region. However, as the magnetic
field increases, the intensity of this high-frequency signal gradually
weakens and shifts to higher frequency regions, with no low-
frequency signals ever appearing. This phenomenon is consistent
with the characteristics of a one-step slow magnetic relaxation
process, primarily resulting from the cancellation of magnetic
anisotropy in its highly symmetric three-shell barrel-shaped
topology. The extracted magnetic field-dependent relaxation time
parameters exhibit a monotonically decreasing trend (Figure 3d and
Table S11), indicating that the application of the dc field on the
system is limited,?! further confirming that the tunneling of Dy,sNas,
is weaker than that of Dy;¢Kj,.

To further investigate the complex magnetic dynamic behavior of
Dy16K1,, the frequency-dependent ac susceptibility was measured in
the temperature range from 1.8 K to 18 K under zero dc field (Figure
3e, 3f and S19). The yu”(v) curves did not exhibit a peak even at the
highest frequency of 999 Hz, indicating that there is no significant
barrier in the relaxation process. This is primarily attributed to zero-
field tunneling caused by intramolecular hyperfine coupling or
dipole-dipole interactions.82 The Cole-Cole plot was fitted using the
generalized Debye model (Figure 3g and Table S12), yielding the
relaxation time. The natural logarithm of the relaxation time
gradually deviates from a linear relationship as the temperature

This journal is © The Royal Society of Chemistry 20xx
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decreases (Figure 3h), which is a typical manifestation of the
relaxation pathways involving Raman, direct, and tunneling
processes. Applying eqn (2) provided well fits for the In(t) versus 1/T
data, resulting in the following parameters: C = 8.60(5) x 102 s!
K722, n=7.22(4), A=5.49(6) x 103 s K1, and Tyynnel = 6.32(2) x 10
s (Table 3).

Ing = —In(CT™ + AT + ¢inel) (2)

Considering the Raman, direct, and tunneling processes of Ln-SMMs,
parameters C, n, A and znne are all within reasonable ranges.?3 For
the sake of caution, an Orbach process was not applied. We have also
performed isolated fitting for the three relaxation mechanisms of the
relaxation time, and the relevant parameters are summarized in
Table S7.

To investigate the field-induced slow relaxation of Dy;eKiy, we
applied an optimal dc field of 0.2 T (Figure 3i, 3j and S20). The yu"(v)
curve exhibited a distinct double-peak feature: the high-frequency
peak shifted significantly with increasing temperature, displaying SR
characteristics; whereas the low-frequency peak only diminished in
intensity with rising temperature but remained in the same position,
demonstrating FR characteristics, which is a typical representation of
tunneling.®* By fitting a series of asymmetric Cole-Cole plots using eq
1 (Figure 3k and Table S13), we obtained two sets of parameters, asg
and o, with values ranging from 0.28(1) to 0.44(5) and 0.40(3) to
0.51(8), respectively, indicating a broad distribution of relaxation
times for each relaxation phase.” The fast relaxation parameter ez
is approximately an order of magnitude faster than the slow
relaxation parameter T, further

confirming the significant

Inerganic Chemistry, Frontiers

difference between the direct process and the tunpeling, progess
(Figure 3lI). When evaluating the SR processOWwe0 ¢6rvprehensively
considered the Orbach, Raman, direct, and tunneling processes, and
fitted the relaxation time using eq 3, yielding the results: Ugs =
23.39(6) K, 7,=1.65(4) x 107 s, C = 4.58(4) x 102 s K5°1, n = 6.91(4),
A=9.82(1) x 103 s K1 and Ziynnel = 7.86(4) x 104 s (Table 3).

Int= —ln(ro_lexp( - %) + CT™ + AT + Tﬁllnnel) (3)

All six parameters fell within acceptable ranges for fitting Ln-SMMs,8>
and the previously mentioned data were fitted independently using
four distinct mechanisms. The resulting fitting outcomes are
presented in Table S8.

Compared to the zero-field slow relaxation process of Dy;gKs,, the
xm”(v) curve for Dy,sNass shows significant peaks that vary with
temperature. The highest peak occurs at 454 Hz at a temperature of
1.8 K, and as the temperature rises, the peak gradually shifts towards
higher frequencies; by 5.0 K, the peak moves out of the measuring
window (Figure 3m-3p and S21). The low temperature of the peak
indicates that the slow relaxation pathway is mainly governed by
Raman, direct, and tunneling processes. The parameter value of a is
approximately 0.16, clearly showing that the relaxation time
distribution is narrow.%° Fitting the relaxation time data (eq 2) yields
the parameters: C = 4.05(8) x 102 s K624, n = 6.24(6), A = 8.49(5) x
103 s K1 and zynnel = 8.91(2) x 10 s (Table 3 and S14). The obtained
parameters fall within a reasonable range for analyzing Ln-SMMs,
and the fitting parameters for the three isolated processes are
presented in Table S9.

Table 3. Parameters used to fit temperature-dependent relaxation times for Dy;¢K;, and Dy,4Na,, extracted from ac magnetic susceptibility.

Compound Dy16Kia Dy,sNay,

Hy (T) 0 0.2 0

Magnetic relaxation channel slower slower faster slower

% (s) - 1.65(4) x 107 - —

Uer (K) - 23.39(6) - -

C (st K™) 8.60(5) x 10?2 4.58(9) x 10?2 - 4.05(8) x 10?2
n 7.22(4) 6.91(4) - 6.24(6)

Trunnel () 6.32(2) x 10" 7.86(4) x 10" 1.03(5) x 10 8.91(2) x 10"
A (s1K1) 5.49(6) x 103 9.82(1) x 103 - 8.49(5) x 103

A comparative analysis of the magnetic properties of the three-shell
cyclic core structure of Dy;eKy, and the three-layer barrel-shaped
core structure of Dy,4Nag, reveals significant differences between
the two, highlighting a close relationship between molecular
structure and magnetic properties. Static magnetic susceptibility
below 56 K, both compounds exhibit
antiferromagnetic interactions among the Dy(lll) ions within the

indicates  that

molecules. However, it is noteworthy that within the temperature
range of 300 K to 56 K, the yuT curve of Dy;¢K;, shows only a slight
decrease, while Dy,4Nass demonstrates a significant reduction. This
difference may be related to the numerous aggregates of the Dy(lll)

This journal is © The Royal Society of Chemistry 20xx

ions. AC magnetic susceptibility reveals significant differences in the
relaxation dynamics of the two compounds: At zero applied field,
compound Dy;6K;, shows no clear out-of-phase peak at 1.8 K, while
compound Dy,4Nags exhibits a distinct high-frequency peak below
5.0 K. Upon applying a small dc field of 0.2 T, compound Dy;¢Kji,
displays a two-step relaxation process, whereas compound Dy,4Nag,
remains stable. These disparities primarily arise from two key
structural factors: Firstly, during the structural transition from
compound Dy;6K;, to compound Dy,4Nags, there are numerous
changes in the coordination geometry of the Dy" ions. Additionally,
the strong intermolecular hydrogen bonding and m-m stacking
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interactions in compound Dy;¢Kj, (resulting in a Dy--Dy distance
approximately 2.96 A shorter than in the latter) sharply contrast with
the weaker intermolecular interactions in compound Dy,zNass.
These structural differences affect the magnetic anisotropy of the
system and ultimately lead to the distinctly different magnetic
relaxation behaviors of the two compounds.

Conclusions

In summary, this work successfully constructed complex relaxation
dynamics of disc-shaped Dy;¢Ki, and barrel-shaped Dy,sNag,
phosphonates by employing a mixed anion template strategy, along
with terminally modifiable C,-symmetric double hydrazone-based
co-ligands. The flexibility of the naphthyl group in the phosphonate
ligand plays a crucial regulatory role during the assembly process. A
significant breakthrough was achieved by substituting sodium
carbonate for potassium hydroxide, resulting in the aggregation of
large negative charges within the cages, thereby yielding high-
nuclearity coordination clusters. The hexacontaoctanuclear Dy,4Nag,
compound contains up to twenty-five carbonate and two chloride
anions. Both clusters not only exhibit complex slow relaxation
behaviors but also elucidate the regulatory mechanisms of relaxation
dynamics through systematic structure-property relationship
analyses. This synthetic strategy, which integrates phosphonate,
carbonate, halide, hydrazone, and strongly uniaxial anisotropic
lanthanide ions, offers a new approach for developing high-
nuclearity three-shell systems with fascinating and multifunctional
properties.
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