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ABSTRACT: Achieving an accurate control on the final structure of Metal-Organic Frameworks (MOFs) is mandatory to obtain 
target physical properties. Here we describe how the combination of a metalloligand design strategy and a post-synthetic 
method is a versatile and powerful approach to success on this extremely difficult task. In a first stage, a novel oxamato-based 
tetranuclear cobalt(III) complex with a tetrahedron-shape geometry is used, for the first time, as metalloligand toward cal-
cium(II) cations to lead a diamagnetic Ca(II)-Co(III) three-dimensional (3D) MOF (1). In a second stage, in a single-crystal to 
single-crystal manner the calcium(II) ions are replaced by terbium (III), dysprosium(III), holmium(III) and erbium(III) ones 
to yield four isostructural novel Ln(III)-Co(III) [Ln = Tb (2), Dy (3), Ho (4) and Er (5)] 3D MOFs. The direct-current (dc) 
magnetic properties for 2–5 reveal behaviors as expected for the ground terms of the magnetic isolated rare-earth ions [7F6 
(TbIII), 6H15/2 (DyIII), 5I8 (HoIII) and 4I15/2 (ErIII)]. The analysis of the χMT data indicates that the lowest MJ value is the ground 

state, that is MJ = 0 (2 and 4) and 1/2 (3 and 5). Incipient frequency-dependent alternating current magnetic susceptibility 
signals are observed for the Kramers’ ions (3 and 5) under an external applied magnetics field, supporting the presence of 
slow magnetic relaxation typical of single-molecule magnets.

Metal-Organic Frameworks (MOFs)1–6 are a class of crystal-
line porous materials with fascinating high-dimensional struc-
tures and interesting chemical and physical properties,7–12 
which have shown applications in such diverse fields as gas 
separation and adsorption,13–15 catalysis,16,17 molecular recog-
nition,18,19 drug delivery,20,21 magnetism22,23 and water remedi-
ation.24,25 The exponential growth of MOFs, to some extent, is 
related to (i) the achieved precise control over the size shape 
and functionality of MOF’s channels26–28 and (ii) their high crys-
tallinity, which offers the possibility to use X-ray crystallog-
raphy as characterization tool.29–31  Although a total control of 
MOF structure it is not always possible to achieve, during the 
last decade great synthetic efforts have been devoted to imple-
ment rational design strategies, underpinned by X-ray crystal-
lography, that allows having control on MOF dimensionality 
and topology, and consequently on MOF properties.32–35 

Single-Molecule Magnets (SMMs),36–43 which also include the 
so-called Single-Ion Magnets (SIMs), have been traditionally 
related to paramagnetic high-spin coordination complexes 
with a high magnetic anisotropy that exhibit slow relaxation of 
the magnetization –recently, some exciting examples of SMMs 
have been found for compounds with the lowest MJ value as 
ground state–, and represent the ultimate limit of miniaturiza-
tion in the emergent field of Molecular Spintronics.44–46 The po-
tential applications of magnetic molecules on high-density 

magnetic memories and quantum information processing have 
attracted the attention of researchers working in the fields of 
Molecular Magnetism and Multifunctional Magnetic Materi-
als.47–51 In fact, through rational molecular-based design strat-
egies, during the last years commendable advances have been 
achieved on the increase of the temperature to observe mag-
netic bistability and phase memory time.52,53 However, there 
are several daunting challenges that need to be addressed to 
move toward building molecular-based devices. One of the 
most complex is the controlled spatial organization of magnetic 
molecules to build large-scale ordered arrays. 

The unique properties of MOFs make them, a priori, excellent 
platforms to take a leap forward toward gaining some insight 
on this complex issue.54,55 In fact, seminal investigations exist 
on the use of MOFs as reticulating agents to organize SMMs.56–

62 The main strategies of these works are either the direct self-
assembly of appealing polytopic donor ligands with metal 
ions63–66 and the structuration/encapsulation of preformed 
SMMs.67–72 Here, on the basis of our previous investigations on 
the metalloligand design strategy and Post-Synthetic Method-
ologies (PSMs) to build robust oxamate-based MOFs with in-
teresting physical properties,73–76 we propose the combined 
use of both approaches for the controlled organization of lan-
thanides metal ions into a 3D network. Despite subtle changes 
on lanthanide coordination geometry could affect, enormously, 
the magnetic properties of the resulting SIM-MOFs, we con-
sider the first steps of this approach, showed hereafter, could 



 

be highly beneficial for the further development of Molecular 
Spintronics. 

Synthesis and X-ray Crystal Structure. We report herein the 
combined application of the metalloligand design strategy and 
PSMs to obtain a novel family of water-stable 3D MOFs of for-
mulae {CaII6(H2O)24[CoIII4(tpatox)4]} . 44H2O (1), 
{[TbIII6(H2O)24[CoIII4(tpatox)4]](NO3)6} . 49H2O (2) 
{[DyIII6(H2O)24[CoIII4(tpatox)4]](NO3)6} . 53H2O (3), 
{[HoIII6(H2O)30[CoIII4(tpatox)4]](NO3)6} . 44H2O (4) and 
{[ErIII6(H2O)24[CoIII4(tpatox)4]](NO3)6} . 58H2O (5), where tpa-
tox6– is the N,N’,N’’-tris(4-phenyl)aminetris(oxamate) ligand. 
Interestingly, the reported post-synthetic metal exchange pro-
cess is reflected in a change of the magnetic properties of the 
original precursor (1) to afford, as theoretically expected, two 
novel examples of MOFs of the bimetallic oxamate family exhib-
iting SIM behavior (3 and 5). The direct reactions between 
Na12[CoIII4(tpatox)4] . 6H2O and Ln(NO3)3 . 5H2O result into un-
successful attempts to obtain by direct synthesis 2–5. 

1 was obtained as dark brown cubes by slow diffusion of 
aqueous solutions of the tetranuclear Co(III) complex 
Na12[CoIII4(tpatox)4] . 6H2O and CaCl2 (2 : 3 molar ratio) in H-
shaped tubes at room temperature. Here, it is worth noting that 
this is the first time that a preformed tetranuclear complex is 
used as metalloligand to build oxamate-based MOFs –where 
commonly preformed mono- or dinuclear complexes are used, 
and lately, one-dimensional rod-like secondary building 
units.77–80 2–5 were obtained through a post-synthetic, solid-
state, metal exchange process by immersing crystals of 1 in sat-
urated aqueous solutions of M(NO3)3 . 5H2O [M = Tb (2), Dy 
(3), Ho (4) and Er (5)] for two weeks. The whole process was 
monitored visually and no crystal dissolution was observed. 
The final crystals shown the same size and shape as the pristine 
ones.  

The crystal structures of 1 and 3–5 could be determined by 
single-crystal X-diffraction (Figures 1-3 and S1-S5). Isostruc-
turality of 2 with 3–5 have been confirmed by cell parameters 
determination (see Table S1 in Supporting Information). 1 and 
3–5 are isostructural and crystallize in the Fm(-3) space group 
of the cubic system with a cell volume of ca. 50000 Å3. Their 
structures consist of tri-nodal (3,12,2)-connected  3D networks 
(vide infra) of calcium(II)-cobalt(III) in 1 or Ln(III)-cobalt(III) 
metal ions, [Ln =  Dy (3), Ho (4) and Er (5)] featuring [Co4(tpa-
tox)4]12- tetrahedral cages (Figure 1a) connected by Ca(II) (1) 

(Figure 1b) or Ln(III) ions (Figure 2), which built highly porous 
structures with virtual diameters of ca. 0.9 nm, where a vastly 
solvated nanospace contributes to stabilize metal ions environ-
ment (Figures 1c, 3 and S1-S4). 

Scheme 1. Chemical structures of the tris(4-phenyl)ami-
netris(oxamate) ligand (a), highlighting the potential coordina-
tion sites and the corresponding tetranuclear cobalt(III) com-
plex with a tetrahedron geometry (b). 

 

The tripodal tpatox-ligand (Scheme 1 and Figures 1 and S4a) 
built up highly robust tetrahedral cages being coordinated to 
Co(III) from oxamate groups. In this way, each Co(III) is che-
lated by three tpatox-ligand in a distorted octahedral environ-
ment with the same Co-O and Co-N bond lengths in 1 with val-
ues of 1.934(3) and 1.932(2) Å, respectively. Those values fluc-
tuate in the ranges 1.923(8)-1.963(11) Å and 1.940(12)-
1.958(8) Å in 3–5. The Co(III)···Co(III) separation within the 
cages are of 11.74, 11.69, 11.67 and 11.80 Å for 1 and 3–5, re-
spectively (Figure S4b). Each tetrahedral cage is linked to 
twelve Ca(II) (1) or Ln(III) (3–5) through oxamate groups of 
the tpatox ligand (Figures 1b, 2 and S1 and S4b), where Ca(II) 
or Lanthanides ions act as 2-conneted nodes of the whole net. 
The Ca(II) and Ln(III)-O distances exhibit averaged values of 
2.484(3), 2.44(1), 2.431(9) and 2.42(1) Å, for 1, 3–5, respec-
tively. Water molecules (not entirely detected from density 
maps) in 1, together with nitrate counter ions (in 3–5) com-
plete the coordination environment of each 2-c node (Support-
ing Information and Figure S5), which exhibit a final eight co-
ordination geometry [or nine for Ho(III)]. A higher coordina-
tion number cannot be ruled out because of either the presence 
of messy peaks on density maps which cannot be modelled for 
high thermal disorder or thermogravimetric analysis (TGA) 
(see sections below).  

 

 

Figure 1. a) Perspective view of [Co4(tpatox)4]12- tetrahedral cages of 1 and b) cages connected by twelve Ca(II) metal ions; c) Per-
spective view along a crystallographic axis of porous structure of 1 (the detected crystallization water molecules are omitted for 



 

clarity). Ligands from the network are depicted as gray sticks, cobalt(III) and calcium(III) ions from the network are represented as 
cyan polyhedral and blue spheres, respectively. 

 

In the geometries around the Dy(III) (3), and Er(III) (5) the 
deviation from the ideal eight-coordinate polyhedron, has been 
evaluated using the program SHAPE (Table S3). The same cal-
culation has been done to evaluate deviation from the ideal 
nona-coordination around Ho(III) (4) (Table S4).81–83 From the 
calculation it is evidenced that dysprosium(III) are less dis-
torted than Erbium(III) ions showing biaugmented trigonal-
prismatic geometries (C2v) with the estimated deviation pa-
rameters of 0.536 and 2.027 for 3 and 5, respectively. The cal-
culation for Holmium(III) suggests a muffin-like shaped geom-
etry (Cs) around Ho(III) with an estimated deviation from that 
of 1.845. 

A topological analysis of such highly connected framework, 
by applying the concept of the simplified underlying net,84 was 
performed using the computer program TOPOSPRO.85 It con-
cerns the tripodal tpatox ligands as 3-connected nodes and the 
[Co4(L)4] tetrahedral cages as 6-connected nodes (with twelve 
links, but each cage is connected through two links to an adja-
cent cage). Therefore, each triangular tpatox ligand acts as a 3-
connected node and connects to three [Co4(L)4] tetrahedral 
cages (Figure 2b, 3 and S4a-b), whereas each [Co4(L)4] cage is 
linked by twelve Ca2+ metal ions (or Dy, Ho and Er in 3, 4 and 
5, respectively) to six cages (Figure S4c-d). In this description, 
the resulting topology is a (3,6)-connected 3D framework. The 
resulting 3D network can be assigned to an unusual binodal 
(3,6)-c topology (Figure S4a,d).  

 

Figure 2. a-d) Perspective view of [Co4(tpatox)4]12- tetrahe-
dral cages coordinated by twelve 2-c nodes consisting of Ca(II) 
or Dy(III), Ho(III) and Er(III) post-synthetically exchanged, 
building isoreticular nets. Ligands from the networks are de-
picted as gray sticks, cobalt(III), calcium(II), dysprosium(III), 
holmium(III) and erbium(III) ions are represented as cyan pol-
yhedral and purple, magenta and gold spheres, respectively. 

 

Figure 3. Perspective view along c crystallographic axis of po-
rous structure of 5 (the detected crystallization water mole-
cules are omitted for clarity). Ligands from the network are de-
picted as gray sticks, cobalt(III) and erbium(III) ions from the 
network are represented as cyan polyhedral and gold spheres, 
respectively. 

Without found solvent molecules, the effective free volumes 
of 1 and 3–5 are calculated by PLATON analysis to be 70% and 
65% of the crystal volume (35373.8 and 31732.4, 31516.2, 
31691.3 Å3 of the 50989 and 48791, 48330, 48940 Å3 of the 
unit cell volume for 1 and 3–5, respectively). In accordance 
with SCXRD analysis, the channels of 1 and 3–5 are entirely 
filled by solvent guests (1) together with nitrate anions (3–5), 
(Figure S5 and crystallographic details in Supporting Infor-
mation). 

Thermogravimetric Analysis and X-Ray Powder Diffraction. 
The water content of 1–5 were determined by thermogravi-
metric analysis (TGA) under a dry N2 atmosphere. All five com-
pounds show a qualitatively similar behavior, with a fast mass 
loss from room temperature to ca. 473 K, followed by a plateau 
in the mass loss until decomposition starts. The estimated per-
centage weight loss values of 33 (1), 27 (2), 28 (3), 27 (4) and 
29 (5) at 473 K (Figure S6 in the Supporting Information), 
which correspond to 68 (1), 73 (2), 77 (3), 74 (4) and 82 (5) 
H2O molecules. Powder X-ray diffraction (PXRD) studies for 1–
5 show a total loss of crystallinity for 1, when it is removed from 
water solution. In contrast, 2–5 remain crystalline when ex-
posed to air, but also, they became amorphous with very mild 
heating. Thus, the PXRD experiments were performed in water 
suspensions to preclude the partial loss of water molecules and 
the consequent collapse of the structure in 1–5. The pureness 
of the bulk sample, in each compound, was confirmed by the 
consistency between the experimental PXRD patterns and the 
theoretical ones extracted from the single crystal X-ray diffrac-
tion (Figure 4).  



 

 

Figure 4. Experimental (solid lines) and calculated (black bold 
lines) XRPD pattern profiles of the hydrated phases of 
1 (black), 2 (green), 3 (blue), 4 (red) and 5 (purple) measured 
as water suspensions in the 2θ range 2.0–40.0° at room tem-
perature.  

Magnetic Properties. The magnetic behavior of 2–5, in the form 
of the MT vs T plot [M being the molar magnetic susceptibility 
per mole of Ln(III) ion] are represented in Figures 5–8. At room 
temperature, the values of MT are 11.41 (2), 13.54 (3), 13.18 
(4) and 10.64 (5) cm3 mol-1 K. Upon cooling, the MT values of 
2 and 3 practically follow a Curie law until ca. 115 K and then 
start to decrease, meanwhile 4 and 5 steadily decrease from 
room temperature, to reach values of 7.09 (2), 7.43 (3), 6.40 
(4) and 5.21 (5) cm3 mol-1 K at 1.9 K. This behavior agrees with 
the expected one for the ground term of these trivalent rare-
earth metal ions, 7F6 (TbIII), 6H15/2 (DyIII), 5I8 (HoIII) and 4I15/2 
(ErIII). 

 

Figure 5. Thermal dependence of the χMT () product for 2. 
The dashed and solid lines represent the theoretical curves cal-
culated through the Hamiltonian of eq. 1 with the best-fit pa-
rameters (see Table 1 and text) as a function of different posi-
tive and negative values of expressed in reciprocal centime-
ters. (inset) Field dependence of M () for 2 at T = 2.0 K. 

 

Figure 6. Thermal dependence of the χMT () product for 3. 
The dashed and solid lines represent the theoretical curves cal-
culated through the Hamiltonian of eq. 1 with the best-fit pa-
rameters (see Table 1 and text) as a function of different posi-
tive and negative values of expressed in reciprocal centime-
ters. (inset) Field dependence of M () for 3 at T = 2.0 K. 

The magnetic properties of 2–5 have been analyzed thor-
ough the Hamiltonian of eq. 1, which assumes a ligand-field of 
axial symmetry for the lanthanide ions,  

𝐻 = 𝜆�̂�𝑆 ̂ + ∆ [�̂�𝑧
2 −

1

3
𝐿(𝐿 + 1)] + 𝛽𝐻(−𝜅�̂� + 2�̂�) (1) 

where the first term describes the spin-orbit coupling, the sec-
ond one accounts for an axial ligand-field component (x = y  
z), and the last one is the Zeeman effect.  is the spin-orbit cou-
pling parameter,  describes the energy gap between the ML 
components, and  is an orbital reduction parameter. The best-
fit parameters obtained through the Hamiltonian of eq. 1 by us-
ing the VPMAG program86 are listed in Table 1. These parame-
ters provided a quite good match between the experimental 
and calculated curves, as seen in Figures 5–8. For comparative 
purposes, it has been also performed several theoretical curves 
calculated from different  values. 

Table 1. Best-fit parameters for 2–5 

Compound , cm-1 , cm-1  

2 -623(4) 19.7(1) 0.987(3) 

3 -327(1) 31.3(2) 0.998(3) 

4 -699(3) 69.6(3) 0.997(3) 

5 -705(8) 61.5(4) 0.989(3) 



 

 

Figure 7. Thermal dependence of the χMT () product for 4. 
The dashed and solid lines represent the theoretical curves cal-
culated through the Hamiltonian of eq. 1 with the best-fit pa-
rameters (see Table 1 and text) as a function of different posi-
tive and negative values of expressed in reciprocal centime-
ters. (inset) Field dependence of M () for 4 at T = 2.0 K. 

 

Figure 8. Thermal dependence of the χMT () product for 5. 
The dashed and solid lines represent the theoretical curves cal-
culated through the Hamiltonian of eq. 1 with the best-fit pa-
rameters (see Table 1 and text) as a function of different posi-
tive and negative values of expressed in reciprocal centime-
ters. (inset) Field dependence of M () for 5 at T = 2.0 K.  

From the analysis of the thermal dependence of the χMT 
product, the most relevant information we can extract is that 
the sign of  is clearly positive and with a magnitude of a few 
tens of inverse centimeters for all the studied compounds. As it 
can be observed from the theoretical curves, negative  values 
would imply a very different shape of χMT curves and a very 
different magnetic moment for the ground state.  > 0 values 
imply that the lowest MJ value is the ground state, that is MJ = 
0 for 2 and 4, and MJ =  ½ for 3 and 5. The fact that the values 
of at low temperature are very close to those expected through 

the Hamiltonian of eq. 1 is indicative of the absence of any im-
portant magnetic interaction between the Ln(III) ions, which 
could strongly influence the spin dynamics (see below). These 
very weak, if any, magnetic interactions agree with the rela-
tively large metal-metal separation through the possible ex-
change pathways (across diamagnetic CoIII ions) present in this 
compound. 

Interestingly, 3 and 5 exhibit incipient out-of-phase ac sig-
nals (Figures 9–10), under an applied dc magnetic field of 0.1 
mT, which is an indicative feature that these compounds could 
present slow magnetic relaxation of the magnetization below 
2.0 K. No out-of-phase signal (χM”) of the ac magnetic suscepti-
bility was observed for them in absence of an external magnetic 
field, which it is a common outcome in this type of compounds 
when a fast quantum tunneling of the magnetization (QTM) is 
operating. In contrast, 2 and 4 did not show any out-of-phase 
ac signal, with or without the application of an external mag-
netic field, as expected for a rare-earth metal ion with a MJ = 0 
as ground state. 

 

Figure 9. Frequency dependence of the out-of-phase ac suscep-
tibility for 3 under an applied static field of Hdc = 1000 G with 
a 5.0 G oscillating field at frequencies in the range of 0.075–10 
kHz. (Inset) Natural logarithm of the χM”/χM’ ratio vs. 1/T at 
different frequencies. 

Indeed, traditionally, it has been associated the presence of 
magnetic slow relaxation in complexes that combine a strong 
uniaxial magnetic anisotropy and a ground state with a high-
spin value.87,88 However, 3 and 5, with the lowest MJ value as 
ground state, exhibit slow magnetic relaxation under an exter-
nal dc field. Even this could sound counterintuitive, recently, it 
has been reported slow magnetic relaxation in some Kramers 
ions with dominant easy-plane magnetic anisotropy –but only 
under an external magnetic field–, as well as in a series of lan-
thanides(III) ions with MJ = 1/2 as ground state.89–93 The 
magnetic behavior of 3 and 5 resembles closely that found in 
these reported systems. 

The absence of maxima in the χM” curves have precluded the 
analysis of the out-of-phase signals with commonly use meth-
ods.94–96 However, taking the assumption that the SMM relaxa-
tion has just one characteristic time –corresponding to a Debye 



 

relaxation process driven by one activation energy (Ea)– the re-
laxation time () may be written in terms of the Arrhenius law 
 = 0 exp (Ea/kBT).97 Then, taking into account that χM”/χM’ = 
2 where is the experimental ac field exciting frequency, it 
is possible to roughly evaluate the values of Ea and 0 through 
the expression ln(χM”/χM’) = ln() + Ea/kBT. The values ob-
tained for Ea and 0 were 3.24(4) (3) and 9.90(7) (5) cm-1 and 
3.2(2) x 10-6 (3) and 1.5(2) x 10-7 (5) s, respectively, which are 
similar to the ones of other SMMs previously analyzed through 
this method (inset Figures 9 and 10).98,99 

 

Figure 10. Frequency dependence of the out-of-phase ac sus-
ceptibility for 5 under an applied static field of Hdc = 1000 G 
with a 5.0 G oscillating field at frequencies in the range of 5–
10 kHz. (Inset) Natural logarithm of the χM”/χM’ ratio vs. 1/T at 
different frequencies. 

Conclusions 

We report the combined use of the metalloligand design 
strategy and post-synthetic methodologies for the controlled 
organization of lanthanides metal ions into a 3D network. In a 
first stage, we use a preformed novel oxamato-based tetranu-
clear cobalt(III) complex with a tetrahedron-shape geometry 
as metalloligand toward calcium(II) cations to lead the diamag-
netic Ca(II)-Co(III) 3D MOF 1. Then, in a single-crystal to sin-
gle-crystal process, calcium(II) ions are replaced by terbium 
(III), dysprosium(III), holmium(III) and erbium(III) ones to 
yield a family of four isostructural novel Ln(III)-Co(III) [Ln = 
Tb (2), Dy (3), Ho (4) and Er (5)] 3D MOFs. Interestingly, the 
MOFs with Kramers’ ions (3 and 5) show incipient frequency-
dependent alternating current magnetic susceptibility signals 
under an external applied magnetics field, which –after a care-
full analysis– support the presence of slow magnetic relaxation 
typical of single-molecule magnets. Overall, this work presents 
a two-fold relevance: (i) the use, for the first time, of a pre-
formed oxamato-based tetranuclear complex with tetrahedron 
geometry as metalloligand, and (ii) a step forward toward the 
controlled organization of magnetic molecules to build large-
scale ordered arrays. 

Preparation of {CaII6(H2O)24[CoIII4(tpatox)4]} . 44H2O (1). A 
multigram scale synthesis of 1 was carried out by direct reac-
tion of water solutions of Na12{Co4(tpatox)4} . 6H2O and CaCl2: 

a 15 mL portion of the CaCl2 solution (0.66 g, 6 mmol) was 
added dropwise over 20 mL of another solution containing 
Na12{Co4(tpatox)4} . 6H2O (2.62 g, 1 mmol). The mixture was 
stirred at r.t. for 24 h. The resulting dark brown polycrystalline 
powder was filtered off, gently washed with water and air-
dried. Yield: 3.15 g, 85 %; Anal.: calcd for C96H184Ca6Co4N16O104 
(3702.7): C, 31.14; H, 5.01; N, 6.05%. Found: C, 31.11; H, 5.04; 
N, 6.09%; IR (KBr): ν = 1602 cm–1 (C=O). 

X-ray quality dark brown cubic prisms of 1 could be obtained 
by slow diffusion of aqueous solutions containing stoichio-
metric amounts of Na12{Co4(tpatox)4} . 6H2O (0.262 g, 
0.1 mmol) and CaCl2 (0.066 g, 0.6 mmol) in a H-shaped tube 
standing at 18 °C after several weeks.  

Preparation of {[LnIII6(H2O)m[CoIII4(tpatox)4]](NO3)6} . nH2O 
[2: Ln = Tb, m = 24, n = 49; 3: Ln = Dy, m = 24, n = 53; 4: Ln 
= Ho, m = 30, n = 44; 5: Ln = Er, m = 24, n = 58]: Well-formed 
dark brown cubic prisms of 2–5, suitable for X-ray diffraction, 
were obtained by immersing crystals of 1 for 2 weeks in satu-
rated aqueous solutions of Ln(NO3)3 . 5H2O [Ln = Tb (2), Dy 
(3), Ho (4) and Er (5)]. 2: Yield: 94%; Anal.: calcd (%) for 
C96H194Co4N22O127Tb6 (4877.9): C, 23.64; H, 4.01; N, 6.32. 
Found: C, 23.67; H, 4.06; N, 6.41; IR (KBr): ν = 1604 cm–1 
(C=O). 3: Yield: 92%; Anal.: calcd (%) for 
C96H202Co4Dy6N22O131 (4971.4): C, 23.19; H, 4.10; N, 6.20. 
Found: C, 23.17; H, 4.15; N, 6.31; IR (KBr): ν = 1605 cm–1 
(C=O). 4: Yield: 94%; Anal.: calcd (%) for C96H196Co4 
Ho6N22O128 (4932.1): C, 23.38; H, 4.01; N, 6.25. Found: C, 23.48; 
H, 4.05; N, 6.21; IR (KBr): ν = 1603 cm–1 (C=O). 5: Yield: 93%; 
Anal.: calcd (%) for C96H212Co4Er6N22O136 (5090.1): C, 22.65; H, 
4.20; N, 6.06. Found: C, 22.60; H, 4.17; N, 6.01; IR (KBr): ν = 
1604 cm–1 (C=O).  

Single-Crystal X-ray Diffraction. Diffraction data for 1 and 3–
5 were collected on a Bruker-Nonius X8APEXII CCD area detec-
tor diffractometer using graphite-monochromated Mo-Kα radi-
ation ( = 0.71073 Å). Crystal data for 1–5: cubic, space group 
Fm(-3), T = 90(2) K, Z = 8.  

1: C96H184Ca6Co4N16O104, a = 37.082(3) Å, V = 50989(13) Å3; 
3: C96H202Co4Dy6N22O131, a = 36.541(8) Å, V = 48791(31) Å3; 
4: C96H196Co4Ho6N22O128, a = 36.426(6) Å, V = 48330(24) Å3; 
5: C96H212Co4Er6N22O136, a = 36.578(11) Å, V = 48940(44) Å3.  
Further details can be found in the Supplementary Information.  

CCDC 1938635, 1938636–1938638 for 1, 3–5, respectively 
contain the supplementary crystallographic data for this paper.  

X-ray Powder Diffraction. Polycrystalline sample of 1–5 was 
introduced into 0.5 mm borosilicate capillary prior to being 
mounted and aligned on a Empyrean PANalytical powder dif-
fractometer, using Cu Kα radiation (λ = 1.54056 Å). Five re-
peated measurements were collected at room temperature (2θ 
= 2–40°) and merged in a single diffractogram. 

Thermogravimetric analysis. The TGA measurements were 
performed on a crystalline sample of 1–5 under a dry N2 atmos-
phere with a Mettler Toledo TGA/STDA 851e thermobalance 
operating at a heating rate of 10 ºC min–1. 

Magnetic Measurements. Variable-temperature (2.0–300 K) 
direct current (dc) magnetic susceptibility measurements un-
der an applied field of 100 G (T < 30K) and 5.0 kG (T > 30 K), 
and variable-field (0–5.0 T) magnetization measurements at 
2.0 K were carried out for 2–5 with a Quantum Design MPMS-
XL7 SQUID magnetometer. 

Variable-temperature (2.0–12 K) alternating current (ac) 
magnetic susceptibility measurements under ± 5.0 G oscillat-
ing field at frequencies in the range of 1–10.0 kHz were carried 



 

out for 2–5 under an applied static field of 1.0 kG with a Quan-
tum Design Physical Property Measurement System (PPMS). 
Static dc magnetic measurements were carried out for 2–5 by 
powdering and restraining the sample in order to prevent any 
displacement due to its magnetic anisotropy, whereas the dy-
namic ac magnetic measurements were carried out by using 
frozen aqueous solutions of polycrystalline samples of 2–5. The 
susceptibility data were corrected for the diamagnetism of the 
constituent atoms and the sample holder. 

Additional preparations and physical characterization data. 
Additional Figures (Figures S1-S8). Crystallographic details 
and refinement for 1–5 (Table S1). CCDC 1938635-1938638. 
This material is available free of charge via the Internet at 
http://pubs.acs.org.  
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Experimental Section 

Materials. All chemicals were of reagent grade quality. They were purchased from 

commercial sources and used as received. The synthesis of tris(4-nitrophenyl)amine and 

tris(4-aminophenyl)amine were prepared according literature procedure.1 

H3Et3-(tpatox) [N,N’,N’’-tris(4-phenyl)aminetris(oxamate)]: tris(4-

aminophenyl)amine (4.35 g, 15.0 mmol) was dissolved in 200 mL of tetrahydrofuran 

under N2 atmosphere and charged with triethylamine (6.25 mL, 45.0 mmol). To the 

resulting reaction mixture, another solution containing ethyl chlorooxacetate (5.0 mL, 

45.0 mmol) in tetrahydrofuran (25 mL) was added dropwise under vigorous stirring at 

0 °C on an ice-bath to give a yellow suspension. The reaction mixture was heated to reflux 

for 4 h. After cooling, the small amount of white solid (Et3NHCl) formed was filtered off 

and the resulting yellow solution was then concentrated in a rotatory evaporator to afford 

an orange oil that solidified when water (50 mL) was added. After 1 h of stirring, the 

yellow solid obtained was filtered off, washed with a small amount of diethyl ether and 

dried under vacuum. Yield: 8.15 g, 92%; Anal. calcd (%) for C30H30N4O9 (590.6): C 

61.01, H 5.12, N 9.48; found: C 61.11, H 5.23, N 9.52; 1H NMR (CDCl3): 1.36 (t, 9H; 

3CH3), 4.35 (q, 6H; 3CH2), 6.99 (d, 6H; 6CH), 7.46 (d, 6H; 6CH), 8.78 (s, 3H; 3NH); IR 

(KBr): ν = 3292 (N-H), 3120 and 3052 cm–1 (C-H), 1750, 1705 and 1690 cm–1 (C=O). 

Na12{Co4(tpatox)4} . 6H2O: A water suspension (50 mL) of H3Et3-(tpatox) (2.96 g, 5 

mmol) was treated with aqueous NaOH (1.2 g, 30 mmol; 25 mL). The suspension was 

maintained under vigorous stirring and heating to 50 oC until complete solubilization of 

the ligand. Another aqueous solution (25 mL) of Co(NO3)2 
. 6H2O (1.46 g, 5 mmol) was 

then added dropwise while the reaction mixture was stirred. The resulting deep brown 

solution was concentrated to a volume of 50 mL in a rotary evaporator. The mixture was 

then allowed to stand at 0 °C on an ice-bath for 30 minutes, and finally it was filtered to 

remove solid particles. The solvent of the resulting deep brown solution was removed in 

a rotatory evaporator to afford a brown polycrystalline solid that was gently washed with 

acetone filtered off and dried under vacuum. Yield: 2.79 g, 85%; Anal.: calcd (%) for 

C96H60Co4N16Na12O42 (2621.20): C, 43.99; H, 2.31; N, 8.55. Found: C, 44.01; H, 2.28; 

N, 8.51; IR (KBr): ν = 3438 cm–1 (O-H), 3038 cm–1 (C-H), 1644 and 1620 cm–1 (C=O). 
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{CaII
6(H2O)24[CoIII

4(tpatox)4]} . 44H2O (1): A multigram scale synthesis of 1 was 

carried out by direct reaction of water solutions of Na12{Co4(tpatox)4} . 6H2O and CaCl2: 

a 15 mL portion of the CaCl2 solution (0.66 g, 6 mmol) was added dropwise over 20 mL 

of another solution containing Na12{Co4(tpatox)4} . 6H2O (2.62 g, 1 mmol). The mixture 

was stirred at r.t. for 24 h. The resulting dark brown polycrystalline powder was filtered 

off, gently washed with water and air-dried. Yield: 3.15 g, 85 %; Anal.: calcd for 

C96H184Ca6Co4N16O104 (3702.7): C, 31.14; H, 5.01; N, 6.05%. Found: C, 31.11; H, 5.04; 

N, 6.09%; IR (KBr): ν = 1602 cm–1 (C=O).  

X-ray quality dark brown cubic prisms of 1 could be obtained by slow diffusion of 

aqueous solutions containing stoichiometric amounts of Na12{Co4(tpatox)4} . 6H2O 

(0.262 g, 0.1 mmol) and CaCl2 (0.066 g, 0.6 mmol) in a H-shaped tube standing at 18 °C 

after several weeks.  

{[LnIII
6(H2O)m[CoIII

4(tpatox)4]](NO3)6} . nH2O [2: Ln = Tb, m = 24, n = 49; 3: Ln 

= Dy, m = 24, n = 53; 4: Ln = Ho, m = 30, n = 44; 5: Ln = Er, m = 24, n = 58]: Well-

formed dark brown cubic prisms of 2–5, suitable for X-ray diffraction, were obtained by 

immersing crystals of 1 for 2 weeks in saturated aqueous solutions of Ln(NO3)3 
. 5H2O 

[Ln = Tb (2), Dy (3), Ho (4) and Er (5)]. 2: Yield: 94%; Anal.: calcd (%) for 

C96H194Co4N22O127Tb6 (4877.9): C, 23.64; H, 4.01; N, 6.32. Found: C, 23.67; H, 4.06; N, 

6.41; IR (KBr): ν = 1604 cm–1 (C=O). 3: Yield: 92%; Anal.: calcd (%) for 

C96H202Co4Dy6N22O131 (4971.4): C, 23.19; H, 4.10; N, 6.20. Found: C, 23.17; H, 4.15; N, 

6.31; IR (KBr): ν = 1605 cm–1 (C=O). 4: Yield: 94%; Anal.: calcd (%) for 

C96H196Co4Ho6N22O128 (4932.1): C, 23.38; H, 4.01; N, 6.25. Found: C, 23.48; H, 4.05; N, 

6.21; IR (KBr): ν = 1603 cm–1 (C=O). 5: Yield: 93%; Anal.: calcd (%) for C96H212Co4Er6 

N22O136 (5090.1): C, 22.65; H, 4.20; N, 6.06. Found: C, 22.60; H, 4.17; N, 6.01; IR (KBr): 

ν = 1604 cm–1 (C=O). 

Physical Techniques. Elemental (C, H, N) and ICP-MS analyses were performed at 

the Microanalytical Service of the Universitat de València. 1H NMR spectra were 

recorded at room temperature on a Bruker AC 200 (200.1 MHz) spectrometer. FT–IR 

spectra were recorded on a Perkin-Elmer 882 spectrophotometer as KBr pellets. The 

thermogravimetric analysis was performed on crystalline samples under a dry N2 

atmosphere with a Mettler Toledo TGA/STDA 851 thermobalance operating at a heating 

rate of 10 ºC min–1. Scanning Electron Microscopy coupled with Energy Dispersive X–
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ray (SEM/EDX) was carried out with a XL 30 ESEM (PHILIPS) microscope equipped 

with a home-made EDAX energy dispersive X-ray detector.  

X-ray crystallographic data collection and structure refinement. Crystals of 1, and 

2-5 were selected and mounted on a MITIGEN holder in Paratone oil and very quickly 

placed on a liquid nitrogen stream cooled at 90 K to avoid the possible degradation upon 

dehydration. Diffraction data were collected on a Bruker-Nonius X8APEXII CCD area 

detector diffractometer using graphite-monochromated Mo-Kα radiation ( = 0.71073 Å). 

Unfortunately, the poor quality of crystals of 2 precluded any possibility for data 

acquisition, anyway it was possible to extract cell parameters confirming isostructurality 

with the whole family (Table S1). The data were processed through SAINT2 reduction 

and SADABS3 multi-scan absorption software. The structures were solved with the 

SHELXS structure solution program, using the Patterson method. The model was refined 

with version 2018/3 of SHELXL against F2 on all data by full-matrix least squares.4 

Bearing in mind that, crystals of 2–5, suitable for X-ray diffraction, were obtained by 

immersing crystals of 1 for 2 weeks in saturated aqueous solutions of Ln(NO3)3 
. 5H2O 

[Ln = Tb (2), Dy (3), Ho (4) and Er (5)], after a crystal-to-crystal transformation it is 

reasonable to observe a quite poor diffraction power of the samples even if in present of 

heavy atoms. However, the solution and refinement parameters are suitable, compared 

with MOFs structures generally reported, thus we are convinced that the structures found 

are consistent.  

In all samples, all non-hydrogen atoms were refined anisotropically with restraints 

applied on displacement parameters applied in some case on ligand fragments in 3 (SIMU 

and DELU) and on defined water molecules (ISOR). In samples 3, 4 and 5 the high 

maxima of density detected are due to absorption and can be considered as ripples of 

Ln(III). The solvent water molecules were highly disordered and only in few amount 

(respect to overall amount identified by TGA) detected from density maps and modelled. 

Moreover, NO3
- counter-anions could not be found from F map. The quite large 

channels featured by this series of MOFs likely account for that. The contribution to the 

diffraction pattern from the highly disordered solvent molecules (352, 424, 352 and 464 

molecules in 1, 3–5, respectively) and undetected NO3
- anions (48 anions for 3–5) located 

in the voids (that amount to 70% in 1 and 65% of the unit cell in 3–5, respectively) was 

subtracted from the observed data through the SQUEEZE method, implemented in 
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PLATON.5 Taking into account the further diffuse electron density related to coordinated 

water molecules exhibiting a large dynamical disorder, these values are in good 

agreement with recovered number of electrons (appended in CIFs) and TGA analysis 

(Figure S6). 

The hydrogen atoms of the ligand, were set in calculated positions and refined as riding 

atoms, whereas they were neither found nor calculated on defined water molecules.  

A summary of the crystallographic data and structure refinement for compounds is 

given in Table S1. The comments for the alerts A and B are described in the CIFs using 

the validation reply form (vrf). CCDC reference numbers are 1938635 and 1938636–

1938638 for 1 and 3–5, respectively. 

The final geometrical calculations on free voids and the graphical manipulations were 

carried out with PLATON implemented in WinGX,6 and CRYSTAL MAKER programs,7 

respectively.  

X-ray Powder Diffraction Measurements. The corresponding polycrystalline 

samples of 1–5 were introduced into 0.5 mm borosilicate capillaries prior to being 

mounted and aligned on an Empyrean PANalytical powder diffractometer, using Cu Kα 

radiation (λ = 1.54056 Å). For each sample, three repeated measurements were collected 

at room temperature (2θ = 2–40°) and merged in a single diffractogram. The spinning 

option was disabled due to the presence of water solvent within the capillaries, which 

accounts for the slight asymmetry observed in some of the peaks. The collected data were 

analyzed with the X’Pert HighScore Plus software. 

Magnetic Measurements. Variable-temperature (2.0–300 K) direct current (dc) 

magnetic susceptibility measurements under an applied field of 100 G (T < 30K) and 5.0 

kG (T > 30 K), and variable-field (0–5.0 T) magnetization measurements at 2.0 K were 

carried out for 2–5 with a Quantum Design MPMS-XL7 SQUID magnetometer. 

Variable-temperature (2.0–12 K) alternating current (ac) magnetic susceptibility 

measurements under ± 5.0 G oscillating field at frequencies in the range of 1–10.0 kHz 

were carried out for 2–5 under an applied static field of 1.0 kG with a Quantum Design 

Physical Property Measurement System (PPMS). Static dc magnetic measurements were 

carried out for 2–5 by powdering and restraining the sample in order to prevent any 



 ESI-6 

displacement due to its magnetic anisotropy, whereas the dynamic ac magnetic 

measurements were carried out by using frozen aqueous solutions of polycrystalline 

samples of 2–5. The susceptibility data were corrected for the diamagnetism of the 

constituent atoms and the sample holder. 
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Table S1. Summary of Crystallographic Data for 1–5. 
Compound 1 2

c
 3 4 5 

Formula C96H184Ca6Co4N16O104  C96H202Co4Dy6N22O131 C96H196Co4Ho6N22O128 
C96H212Co4Er6N22O13

6 

M (g mol–1) 3702.78  4971.50 4932.04 5090.14 

Å 0.71073 0.71073 0.71073 0.71073 0.71073 

Crystal system Cubic Cubic Cubic Cubic Cubic 

Space group Fm(-3) Fm(-3) Fm(-3) Fm(-3) Fm(-3) 

a (Å) 37.082(3) 36.52(1) 36.541(8) 36.426(6) 36.578(11) 

V (Å3) 50989(13) 48707(60) 48791(31) 48330(24) 48940(44) 

Z 8 8 8 8 8 

calc (g cm–3) 0.965  1.354 1.356 1.382 

µ (mm–1) 0.450  2.170 2.298 2.392 

T (K) 90 90 90 90 90 

 range for 

data collection 

(°) 

0.951 - 24.995  0.965 - 26.357 0.968 - 26.419 
0.964 - 26.000 

 

Completeness 

to   = 25.0 
100%  100% 100% 100% 

Measured 

reflections 
105390  175933 77472 69831 

Unique 

reflections 

(Rint) 

3956 (0.14)  4369 (0.10) 4360 (0.12) 4223 

Observed 

reflections [I > 

2(I)] 

2570  3173 
3746 

 
2853 

Goof 1.070  1.711 1.158 1.824 

R
a [I > 2(I)] 

(all data) 
0.0642 (0.1221)  0.1817 (0.2029) 0.1310 (0.1411) 0.1566 (0.1956) 

wR
b [I > 

2(I)] (all 

data) 

0.1743 (0.1978)  0.4762 (0.4992) 0.3881 (0.3810) 0.4840 (0.4977) 

aR = ∑(|Fo| – |Fc|)/∑|Fo|. bwR = [∑w(|Fo| – |Fc|)2/∑w|Fo|2]1/2. cThe poor quality of the crystals of 2 allowed 

only cell parameters determination. 
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Table S2. Selected data from the ICP–MS
a
 and SEM/EDX

b
. 

Compound 2 

Metal % mass
a
 Metal stoichiometry

a
 % mass

b
 Metal stoichiometry

b
 

Co 4.833 4.00 4.80 3.97 

Tb 19.646 6.03 19.48 5.98 

  Compound 3   

Metal % mass
a
 Metal stoichiometry

a
 % mass

b
 Metal stoichiometry

b
 

Co 4.73 3.99 4.71 3.97 

Dy 19.644 6.01 19.78 6.05 

  Compound 4   

Metal % mass
a
 Metal stoichiometry

a
 % mass

b
 Metal stoichiometry

b
 

Co 4.644 4.00 4.62 3.98 

Ho 19.527 6.01 19.75 6.08 

Compound 5 

Metal % mass
a
 Metal stoichiometry

a
 % mass

b
 Metal stoichiometry

b
 

Co 4.789 4.02 4.86 4.08 

Er 20.390 6.03 20.46 6.05 

a
Solid samples were digested with 0.5 mL of HNO3 69% at 60°C for 4 hours followed by the addition of 0.5 mL of 

HCl 37% and digestion 80°C for 1 hour. 
b
Scanning Electron Microscopy-Energy Dispersive X-ray spectroscopy. Solid 

samples were mounted on an electrically conductive carbon tape to perform the ananlysis. 
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Table S3. Possible geometries of eight- coordinated metal centers and deviation parameters calculated by 

SHAPE from ideal polyhedron in 3 and 5. 
 

  

IDEAL GEOMETRY SYMMETRY 3 5 

OP-8 Octagon D8h 26.195 32.310 

HPY-8 Heptagonal pyramid C7v 23.078 24.334 

HBPY-8 Hexagonal bipyramid D6h 17.936 16.509 

CU-8 Cube Oh 13.275 12.341 

SAPR-8 Square antiprism D4d 2.194 2.700 

TDD-8 Triangular dodecahedron D2d 2.563 2.259 

JGBF-8 Johnson - Gyrobifastigium (J26) D2d 13.908 13.906 

JETBPY-8 Johnson - Elongated triangular bipyramid 

(J14) 

D3h 27.158 28.374 

JBTPR-8 Johnson - Biaugmented trigonal prism (J50) C2v 1.280 2.027 

BTPR-8 Biaugmented trigonal prism C2v 0.536 13.293 

JSD-8 Snub disphenoid (J84) D2d 3.824 4.302 

TT-8 Triakis tetrahedron Td 13.770 13.087 

JGBF-8 Elongated trigonal bipyramid D3h 13.908 13.906 
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Table S4. Possible geometries of nona- coordinated metal centers and deviation parameters calculated by 

SHAPE from ideal polyhedron in 4. 

 

IDEAL GEOMETRY SYMMETRY 4 

EP-9 Enneagon D9h 30.269 

OPY-9 Octagonal pyramid C8v 20.080 

HBPY-9 Heptagonal bipyramid D7h 17.500 

JTC-9 Triangular cupola (J3) = trivacant cuboctahedron C3v 13.467 

JCCU-9 Capped cube (Elongated square pyramid, J8) C4v 10.969 

CCU-9 Capped cube C4v 9.786 

JCSAPR-9 Capped sq. antiprism (Gyroelongated square 

pyramid J10) 

C4v 4.398 

CSAPR-9 Capped square antiprism C4v 2.891 

JTCTPR-9 Tricapped trigonal prism (J51) D3h 6.387 

TCTPR-9 Tricapped trigonal prism D3h 3.783 

JTDIC-9 Tridiminished icosahedron (J63) C3v 13.389 

HH-9 Hula-hoop C2v 9.309 

MFF-9 Muffin Cs 1.845 
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Table S5. Selected ac magnetic data under an applied static field of 1000 G
a
 for 2 and 3. 

 

 Compound 
b
 / s Ea

b
 / cm-1 

   

3 3.2 x 10-6 3.24 

   

5 1.5 x 10-7 9.90 

   
a
Applied dc magnetic field. 

b
Values of the preexponential 

factor () and activation energy (Ea) are calculated through 

the equation: ln (M’’/M’) = ln(0) + Ea/kBT (see text and 

Figures 9 and 10). 
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Figure S1. a) A portion of crystal structure of 1 along [111] direction showing [Co4(tpatox)4] tetrahedral 

cages of 1 connected by twelve Ca(II) metal ions residing in a bicapped trigonal prismatic geometry; in b) 

the cage’s voids have been evidenced by yellow sphere. Ligands from the network are depicted as gray 

sticks, cobalt(III) and calcium(II) ions from the network are represented as cyan spheres and blue polyhedra, 

respectively. 
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Figure S2. Perspective view along c crystallographic axis of porous structure of 3 (the detected 

crystallization water molecules are omitted for clarity). Ligands from the network are depicted as gray 

sticks, cobalt(III) and dysprosium(III) ions from the network are represented as cyan polyhedral and purple 

spheres, respectively. 
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Figure S3. Perspective view along c crystallographic axis of porous structure of 4 (the detected 

crystallization water molecules are omitted for clarity). Ligands from the network are depicted as gray 

sticks, cobalt(III) and holmium(III) ions from the network are represented as cyan polyhedral and magenta 

spheres, respectively. 
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Figure S4. a) A fragment of crystal structure of 1 showing tripodal tpatox ligands as 3-connected nodes 

and b) [Co4(L)4] tetrahedral cages with Co(III)···Co(III) separations underlined by cyan lines; c) 

Perspective view of a fragment of crystal structure showing eight cages connected by 2-c connected nodes; 

d) simplified underlying net obtained reducing tetrahedral cages as 12-connected nodes (depicted as yellow 

spheres). In a-c ligands from the network are depicted as gray sticks, cobalt(III) and calcium(II) ions from 

the network are represented as cyan and blue spheres, respectively. 

  



 ESI-16 

 

Figure S5. Perspective view of a fragment of crystal structure of 1 showing unit cell content (a); biggest 

pores underlined by yellow spheres in ball and sticks (b) and space filling (c) models; solvent accessible 

voids (close to 70% of the total volume) filled by solvent guests (red spheres) in 1 (d). Color code: calcium, 

blue, cobalt, cyan, carbon, grey, oxygen red, nitrogen sky blue. 
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Figure S6. Thermo-Gravimetric analysis (TGA) of 1 (black), 2 (green), 3 (blue), 4 (purple) and 5 (red) 

under dry N2 atmosphere. 
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Figure S7. Temperature dependence of M’ (left) and M’’ (right) of 3 under an applied static field of 

1000 G with a 5.0 G oscillating field in the frequency range of 0.075–10 kHz (from black to green). 
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Figure S8. Temperature dependence of M’ (left) and M’’ (right) of 5 under an applied static field of 

1000 G with a 5.0 G oscillating field in the frequency range of 5–10 kHz (from black to green). 
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