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Melamine-Induced Synthesis of a Structurally Perfect Kagomé 
Antiferromagnet 
Yongbing Shen*a, Kunihisa Sugimotob, Satoshi Yamashitac, Takefumi Yoshidad, Yasuhiro Nakazawac, 
Brian K. Breedlovea, Haitao Zhange and Masahiro Yamashita*a,f

We report here a structurally perfect kagomé lattice {[Cu3(bpy)6](SiF6)3(melamine)8}n (1), where bpy is 4,4′-bipyridine and 
[SiF6]2‒ is hexafluorosilicate anion. In comparison to general 1D linear, 2D layered and 3D cubic metal-organic frameworks, 
by using Cu2+ nodes and bpy ligands, a perfect kagomé lattice was synthesized by introducing C3 symmetrical melamine 
molecules. Magnetic susceptibility and low-temperature heat capacity measurements indicated weak antiferromagnetic 
interactions between the spins and no long-range magnetic ordering to 0.7 K. Using C3 symmetrical melamine molecules can 
be considered as a challenging synthetic strategy to afford new topological materials.

Two-dimensional metal-organic frameworks (2D MOFs) hold 
promise as models for exploring exotic quantum phenomena, such 
as conductivity and quantum-spin liquids (QSLs)1. The structures 
widely recognized as exhibiting QSL behaviours are 2D kagomé 
lattices because of their high degree of charge localization, which is 
crucial for understanding the mechanism of QSL state2. In the past 
decades, natural mineral Cu2+-based antiferromagnetic kagomé 
compounds, such as volborthite3, herbertsmithite4 and vesignieite5, 
have been regarded as the candidates for QSLs. These compounds 
exhibit 2D features, of which the kagomé layers are separated by the 
nonmagnetic oxides and solvents, yielding layered kagomé lattices. 
Nevertheless, a small amount of fractional magnetic Cu2+ impurities 
are present in the nonmagnetic layers, breaking the magnetic two-
dimensionality. Recently, K. Awaga et al. have used Cu2+ nodes and a 
C3 symmetric hexahydroxytriphenylene (HHTP) ligand to produce a 
weak kagomé antiferromagnet, Cu3(HHTP)2. From heat capacity 
measurement, there is no magnetic ordering to 0.03 K6. However, 
the potential π-π interactions in the layers could interfere with the 
pure 2D kagomé magnetism. Meanwhile, N. Jiang et al. have 
reported a d1-titanium (Ti3+) fluoride kagomé compound, 
(CH3NH3)2NaTiF12. By changing the magnetic interaction pathway, a 

perfect S = ½ kagomé antiferromagnet with no long-range magnetic 
ordering to 0.1 K was identified1d. 

Scheme 1. Synthesis of Cu(bpy)-based MOFs with/without adding 
melamine.

Although 2D kagomé compounds show interesting quantum 
phenomena, it is still difficult to systematically synthesize structurally 
perfect kagomé lattices. Therefore, exploring new synthetic 
strategies is necessary. Thus, we selected bipyridine as a ligand to 
synthesize a perfect kagomé compound by adding a symmetrical 
molecule. The bipyridine was chosen because it was shown to 
mediate the electronic effects between two paramagnetic centers7 
and because it could be used to prepare various architectures, 
including 1D linear, 2D square, and 3D cubic MOFs8 (Scheme 1). 
Interestingly, we found that the above-mentioned architectures can 
be structurally tuned by the addition of some symmetric molecules 
during the synthesis. Herein, we report a structurally perfect 2D 
kagomé lattice based on the Cu(bpy)2(SiF6) system, which has not 
been observed so far. By using C3 symmetrical melamine molecules, 
solvothermal synthesis produced hexagonal prism-like crystals, 
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Figure 1. Crystal structure at 300 K. (a) The structure of the kagomé layer with all Cu2+ ions coordinated by four bpy ligands crystallized in one plane. 
(b) The structure of the counter anion layer. Some short contacts (N‒H⸱⸱⸱F) were observed between melamine and [SiF6]2‒ ions. Meanwhile, 
(N‒H⸱⸱⸱N) hydrogen bonds between the melamine were observed. (c) Crystal packing in the bc plane.

whereas cubic crystals formed when melamine was not used in the 
previous works. From synchrotron X-ray (λ = 0.4132 Å) structure 
analysis, compound 1 crystallized in the hexagonal space group 
P6/mcc with the following cell parameters: a = b = 22.03(2) Å, c = 
17.14(3) Å and β = 120° at 300 K (Table S1). The single-crystal 
morphology was a well-shaped hexagon-like prism with a typical size 
(length × width × height ≈ 40 × 40 × 30 μm3) (Figure S1). The X-ray 
diffraction patterns indicated that the solvothermal method 
produced high-quality single-crystals (Figure S2). In the ab plane, 
Cu2+-based trihexagonal tiling patterns, consisting of equilateral 
triangles and regular hexagons, were observed (Figure 1a). This 
structural arrangement is called a kagomé pattern. The equilateral 
triangles contained three bpy molecules and three Cu2+ ions with 
Cu‒N bond lengths of 2.03 Å and ∠N-Cu-N of 86.46° and 93.65°. The 
coordination geometry around the Cu2+ ions is nearly square planar 
with D4h symmetry. The Cu···Cu distance between adjacent triangles 
was determined to be 11.0 Å. In the [SiF6]2‒ layer, one central dianion 
[SiF6]2‒ was surrounded by six melamine molecules via N‒H…F 
interactions (Figure 1b). The resulting hexagonal pattern of 
melamine molecules interacted with each other via N‒H…N hydrogen 
bonds. In addition, along the c axis, the bpy ligands interacted with 
melamine molecules via C-H…N contacts (Figure S3). In other words, 
it appears that melamine molecules played an important role in the 
formation of the kagomé lattice. The long-distance (2.509 Å) 
between Cu2+ and F‒ ions along the c axis indicates that there are 
weak van der Waals' forces between the kagomé and counter anion 
layers (Figure S4). Therefore, the separation between the two 
adjacent kagomé layers (8.57 Å) efficiently minimizes the interlayer 

spin interactions (Figure 1c). To determine the phase purities of the 
crystal structures, temperature-dependence of single-crystal X-ray 
diffractions were performed in the additional 200, 100, 80, 50 and 20 
K. The unit-cell parameters remained consistent in 20‒300 K (Table 
S2). The structural analysis clearly showed the presence of 
disordered melamine molecules to 20 K. The powder X-ray 
diffraction (PXRD) patterns indicated that there are no structural 
changes in 20‒300 K (Figure 2).

Figure 2. The PRXD patterns at various temperatures.

M. Verdaguer et al. have shown that the larger the nonorthogonal 
magnetic orbitals, the stronger the antiferromagnetic exchange 
interactions between metallic centres are.9 Antiferromagnetic 
coupling between two Cu2+  orbitals through the bpy ligands 𝑑𝑥2 ― 𝑦2
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Figure 3. (a) Temperature dependence of the magnetic susceptibility (χ) 
and χT in the temperature range of 1.8–300 K. The data were fitted by 
using Curie-Weiss law. (b) Temperature dependence of real part of 
alternating current magnetic susceptibility (χ′) in the temperature range 
of 1.8–20 K in various frequencies.

in a dinuclear system have been reported by M. Julve et al10. 
Therefore, we predicted that 1 would adopt an antiferromagnetic 
ground state in the kagomé lattice. Temperature-dependent 
magnetic susceptibility data (χ‒T, Figure 3a) in a 1000 Oe field 
indicated paramagnetic-like behaviour in the temperature range of 
1.8‒300 K. Fitting the data with the Curie-Weiss equation afforded a 
negative Curie-Weiss temperature (θCW) of ‒6.1 K (Figure S5), 
indicating that there is weak antiferromagnetic exchange coupling 
between the Cu2+ spin centres. The exchange coupling parameter J 
between adjacent spin centres was calculated for molecular solids 
with a molecular field solution by using the equation θCW = zJ, where 
z is the number of neighbours. J = ‒1.6 cm‒1, obtained with z fixed at 
4, and this value is similar to that for a dinuclear Cu2(bpy) metal 
complex (J = ‒ 0.7 cm‒1)10.  In addition, the low-temperature (1.8‒20 
K) real part of alternating current (ac) susceptibilities (χ′) at various 
frequencies in zero a field indicated that there was no magnetic 
ordering (Figure 3b)1d. L. Noodleman has proposed a theoretic model 
for low-spin states to estimate the J from broken-symmetry 
wavefunction11. The broken symmetry state is an equal mixture of 
the lowest and highest spin states, which is strictly valid only for 
broken symmetry determinants with two S = ½ centres in the weak 
overlap limit. We calculated the intralayer J' and interlayer J" by using 

density-function theory (DFT) B3LYP/def2TZVP basis set in two 
different structure models (Figure S6). The calculated intralayer 
J'(‒1.1 cm‒1) shows a comparable value to the experimental J. 
Meanwhile, J' is greater than the interlayer J" (0.017 cm‒1), indicating 
compound 1 is a 2D magnetic MOF. 

Figure 4. Temperature dependence of the total heat capacity in the T 
range of 0.7–12 K in several applied magnetic fields.

Like magnetic susceptibilities, heat capacities are useful for 
unearthing hidden magnetic phase transitions2,6. The total low-
temperature heat capacity, C, which includes both the magnetic and 
lattice contributions, were measured in 0, 4, 8 T magnetic fields 
(Figure 4). There were no sharp peaks in the range of 0.7–12 K, 
indicating the absence of long-range magnetic order in this 
temperature range1d,6,12. In other words, the combination of low-
temperature heat capacities and magnetic susceptibilities provide 
evidence for the absence of long-range magnetic ordering to 0.7 K. 
The frustration parameter2 f is defined as the absolute ratio of the 
Weiss temperature, ΘCW, over the Neel temperature, TN (f = 
|ΘCW|/TN) is greater than 8.9, indicating strong suppression of the 
magnetic ordering.

In summary, we demonstrated how a structurally perfect kagomé 
lattice based on the Cu(bpy)2(SiF6) system was synthesized by using 
C3 symmetrical melamine molecules. The low temperature magnetic 
and heat capacity measurements indicated that 1 had a mild 
magnetic frustrated ground state above 0.7 K. Compared to inorganic 
kagomé compounds, organic-inorganic hybrids such as MOFs 
potentially allow for a readily fine-tuning of parameters to 
manipulate the electronic properties. Adding such symmetrical 
molecules could be a challenging strategy for preparing new 
topological materials.
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