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Abstract: A new metal–organic framework {[Mn4(Cx)3(etdipy)5]·2ClO4}n (1) was prepared via
the complexation of manganese ion from a Mn(ClO4)2 source with 1,3-bis(carboxypropyl)
tetramethyldisiloxane (Cx) and 1,2-di(4-pyridyl)ethylene (etdipy) in the presence of 2,4-lutidine as a
deprotonating agent. The single-crystal X-ray diffraction analysis revealed a dense 3D framework
structure. The presence in the structure of flexible tetramethyldisiloxane moieties, which tend to
orient themselves at the interface with the air, gives the compound a highly hydrophobic character,
as indicated by the result of the water vapor sorption analysis in the dynamic regime, as well as the
shape and stability of the water droplet on the crystalline mass of the compound. The compound is an
electrical insulator, and due to its hydrophobicity, this characteristic is unaffected by environmental
dampness. The thermal analysis indicated thermal stability up to about 300 ◦C and an unusual
thermal transition for an MOF structure, more precisely a glass transition at 24 ◦C, the latter also
being attributed to the flexible segments in the structure. The magnetic studies showed dominant
antiferromagnetic interactions along the metal ion chain in compound 1.

Keywords: siloxane moiety; carboxylate ligand; manganese(II); 3D MOF; magnetic properties

1. Introduction

Metal–organic frameworks (MOFs) are porous polymeric coordination structures built
from the assembly of inorganic sub-units (a single metal center, a cluster, or a chain) and
organic linkers of various types (carboxylates, phosphonates, azolates, etc.); there are
numerous options for altering the precursors’ characteristics and combinations of those
precursors, enabling the precise adjustment of the final material’s structure and properties.
A number of factors, including the connectivity of the organic building blocks, coordination
geometry of metal ions, reaction temperatures, solvents, pH, and presence of auxiliary
ligands, may have an impact on the outcomes [1–6]. Due to their extreme porosity and
stiffness, which result in intriguing features and possible uses, these materials are of tremen-
dous interest [7] in a variety of fields, including gas storage [8], gas capture [9], molecular
sensing [10], separation [11], and catalysis [12]. Although the high absorption capabilities of
porous MOFs are well known, different functionalities (such as magnetic [13], electrical [14],
or optical [15]) can be added to them by carefully selecting the functional nodes and organic
linkers and choosing how they relate to one another, or by including functional molecules in
the pores. Polycarboxylic acids, generally the rigid aromatic ones (terephthalic, isophthalic,
trimesic, etc.) and pyridyl derivatives, are the ligands most widely approached for the
construction of MOFs to ensure their porosity, stability, and crystallinity [16–20], while
monocarboxylic ligands are more suitable for building clusters. In the case of manganese
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complexation, for example, with monocarboxylic acids, clusters capable of functioning as
single molecular magnets (SMM) were obtained [21–23]. Manganese complexes with car-
boxylic ligands have been widely studied, with the literature providing a significant volume
of structural data on such complexes, due to the structural diversity (both chemical and
magnetochemical) generated by the varied nuclearity (from Mn1 to Mn18) and the mode
of coordination of the carboxylate ions (e.g., monodentate–bidentate, bridging–terminal,
syn–anti). Most of these structures are obtained either directly via self-assembly, often
using additional ligands or polycarboxylic acids, or by using preformed clusters [24,25].

Unlike the widely studied MOFs based on rigid ligands, MOFs based on flexible
ligands are much less addressed, although they too could present some interesting behav-
iors [26]. On the one hand, the conformational flexibility of the ligand can either facilitate
the manifestation of most of the possible supramolecular interactions, and as a result the
formation of a structure with low porosity, or on the contrary it can allow the formation of
large pores, which may collapse during the activation process. Therefore, the BET surface
area and actual sorption capacity values are often found to be much lower than the theoret-
ical estimates. This is why efforts are being made to limit this shortcoming or to find areas
of application for which this peculiarity is of interest, such as for proton conduction [27–30]
or for carbonization leading to highly porous carbons [16,31,32].

In recent years, we have used a dicarboxylic acid with a long and flexible spacer,
1,3-bis(carboxypropyl)tetramethyldisiloxane (Cx), as a ligand to obtain coordination poly-
mers of various metals (Cu, Co, Mn, or Zn as the acetate or perchlorate) of the 1D [33]
or 2D type, in the latter case in the presence of co-ligands based on nitrogen heterocy-
cles (4,4′-azopyridines [34,35], imidazole [35,36], or derivatives of bipyridyl [37]), often in
the presence of a small amount of lutidine as a deprotonating agent. In this manuscript,
we report for the first time a 3D structure based on Mn with this ligand and 1,2-di(4-
pyridyl)ethylene (etdipy) by slightly changing the reactant ratio. The structure is identified
using a single-crystal X-ray diffraction analysis supported by spectral and elemental anal-
yses. The compound is evaluated from the point of view of the surface, thermal, and
magnetic behaviors.

2. Results

The reaction of Mn(ClO4)2 with Cx and etdipy in the presence of 2,4-lutidine, as
depicted in Scheme 1, led to a complex structure 1, as 2D yellow crystals.
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2.1. FTIR Spectroscopy

The spectrum variations of the molecule (Figure S1) in comparison to the starting
compounds provide the first cues about the formation of complex 1, namely the disappear-
ance of the absorption band characteristic to the carboxyl group from 1709 cm−1 and the
appearance of bands from 1547 and 1427 cm−1, assigned to the νas(COO−) and νs(COO−)
vibration bands in carboxylate, respectively. The analysis revealed the presence of asymmet-
ric and symmetric stretching and deformation bands characteristic of tetramethyldisiloxane
fragments (837 cm−1 (C–H from Si–CH3 stretching), 1090 (Si–O–Si stretching), and 1252
(C–H deformation in Si–CH3)) and the band specific to nitrogen atoms from the aromatic
ring (1609 cm−1). Since a split signal appears in the 1590–1515 cm−1 region, the area
characteristic of the asymmetric carboxylate band, the IR spectrum was deconvoluted,
with three bands characteristic of the carboxylate groups being highlighted. The bands
from 1546 and 1430 cm−1 are assigned to the chelated carboxylate group, and those from
1572 and 1449 cm−1 bands correspond to the bridged carboxylate group, while those
from 1564 and 1412 cm−1 correspond to a possible bridged or monodendate carboxylate
group based on the difference of υas(COO−)—υs(COO−) (carboxyl-end group polymer)
(Figure 1). The υas(COO−) and υs(COO−) bands corresponding to the Na salt appear at
1566 and 1414 cm−1, respectively. Considering these aspects, based on the IR analysis, a
structure can be proposed in which the metal atoms present a chelated and bridge-type
environment (with the possibility of a second type of bridging; see the next X-ray section
for details). The obtained results are consistent with similar data from the literature [38,39].
The interpretation based on the IR data is sustained by the single-crystal X-ray analysis.
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Figure 1. The deconvoluted IR spectra in the 1515–1595 cm-1 (a) and 1360–1480 cm−1 (b) carboxylate
band region of polymer 1.

2.2. X-ray Crystallography

The single-crystal X-ray diffraction analysis revealed compound 1 to be built from
cationic 3D coordination polymers and ClO4

− anions. The asymmetric unit (Figure 2)
comprises two Mn2+ ions in the general positions, 1.5 double deprotonated ligands (Cx)2−,
2.5 etdipy molecules, and one perchlorate counter-anion. The eight positive chargers
from four Mn(II) ions are counterbalanced by eight negative charges from three deproto-
nated Cx2− ligands and two ClO4

− out-of-sphere anions, so that the charge balance is in
agreement with the formation of {[Mn4(Cx)3(etdipy)5]·2ClO4}n species.
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Figure 2. View of the asymmetric part showing the coordination of the Mn(II) atoms in compound 1.
The out-of-sphere ClO4

− atoms are not shown. The symmetrical atoms are drawn with faded colors.
Symmetry codes: (i) 1 − x, 1 − y, − z; (ii) x, 1/2 − y, 1/2 − z; (iii) − x, − 1/2 + y, 1/2 − z; (iv) − 1 + x,
1/2 − y, − 1/2 + z; (v) − 1 + x, 1/2 − y, − 1/2 + z.

Both Mn(II) atoms are six-coordinated, but have different coordination geometries.
The coordination polyhedron of Mn1 is described as a slightly distorted N3O3 octahedron.
As for Mn2, considering that the three dentate-bridging carboxylate groups occupy only
one coordination position, it could be assumed that the coordination geometry is a distorted
trigonal bipyramid.

The analysis of the structure also revealed that the carboxylate groups fulfill three dif-
ferent bridging structure functions, being coordinated as syn-syn bidentate, syn-anti biden-
tate, and tridentate bridging ligands, which generate the formation of the one-dimensional
array, as shown in Figure 3. The Mn1···Mn2 and Mn1···Mn2i separations within the 1D coor-
dination polymer are at 5.7190(14) Å and 3.8556(13) Å, respectively. The further interconnec-
tion of 1D chains occurs through Cx2- and etdipy linkers to form a dense three-dimensional
coordination network, as shown in Figure 4. The Mn···Mn separations across etdipy and
Cx linkers are in the range of 13.9104(18) ÷ 13.9282(11) Å and 12.7381(19) ÷ 15.008(2) Å
(Figures S2 and S3), respectively. The presence of the π-π stacking interaction (Figure 5),
which is evidenced by the short centroid-to-centroid distance of 3.67516(14) Å between the
centro-symmetrically related etdipy units, is also noted.
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The high density of the above-mentioned 3D network, along with the presence of
ClO4

− out-of-sphere counter-anions and statistically disordered highly flexible siloxane
fragments, facilitate a drastic reduction in the solvent-accessible areas in the crystal, while
according to the Mask routine, those accessible in Olex2 represent less than 2.3%. The
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BET surface estimated on the basis of nitrogen sorption isotherms is extremely low, at
0.478 m2/g. According to the ToposPro [40] analysis (Figure S4), the bitopic ligands Cx
and etdipy coordinated to Mn(II) ions generate a new type of three-periodic net that
is 4-nodal net connected with (4-c)2(4-c)(5-c)2(6-c)2 stoichiometry and point symbols
{4.52.63.73.8}2{4.53.65.75.8}2{42.52.72}2{53.62.7}.

2.3. Hydrophobic Behaviour

Since the MOFs’ sensitivity to moisture restricts their practical application in some
domains, hydrophobicity is a desired property for MOFs generally. MOFs that maintain
their integrity after longer storage lengths can be obtained using three-dimensional stiff
shielding ligands [41]. Using Cx as a ligand, the dimethylsiloxane moieties’ high flexibility
(Si-O bond length and Si-O-Si angle) [42–45], the long bond length of Si-CH3 (1.7–1.9Å),
and the incapability of CH3 groups to create intermolecular physical interactions because of
their extremely non-polar character [46] result in the latter migrating and densely packing
the material’s surface, providing it with surface hydrophobicity.

The dynamic water vapor sorption results and optical images (Figure 6) evidenced the
hydrophobic behavior of compound 1. The water sorption–desorption dynamic analysis
indicated a sorption capacity of 1.4% at room temperature, with a BET area of 13.17 m2/g
(calculated with the IGA sorption device software), higher than that estimated based on
the sorption of larger and non-polar nitrogen molecules. The final mass of the sample,
after the sorption–desorption cycle, is not the same with the initial one because some of
the sorbed water remains in the sample. The rolling of the water drop on the compound’s
surface, entrapping material particles on the surface, sustains the hydrophobicity of the
tested compound. When the material’s roof collapses, the drop maintains its spherical
shape until all of the water has evaporated [47]. Rolling water droplets imply a contact
angle >150◦, which equates to a superhydrophobic substance according to the literature
reports [48]. The attachment of the material particles to the water drop’s surface and their
persistence during its rolling, however, point to a paradoxical occurrence that might be
related to the petal effect—a very sticky superhydrophobicity [49,50]. Instead, the oil quickly
covers the entire mass of the material on which the drop was deposited.
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2.4. Thermal and Dielectric Behaviors

The thermogravimetric analysis was conducted to evaluate the thermal stability of
compound 1 at a heating rate of 10 ◦C min−1 (Figure 7). The thermogravimetric curve
presents three weight loss steps. The first weight loss registered below 100 ◦C of only 1%
corresponds to the desorption of physically absorbed water and remaining solvents. The
second weight loss, which is the main one, of about 43% in the 300 ◦C÷ 350 ◦C temperature
range, is attributed to the thermal decomposition of the ligand. The last stage of weight loss
of 17% in the 390 ÷ 700 ◦C range is attributed to the decomposition of the Si-O-Si structure
and metal-based moiety with the formation of SiO2 and MnOx.
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Figure 7. Thermogravimetric analysis of compound 1.

The DSC traces for compound 1 in the range of −150 ÷ +150 ◦C reveal the presence
of a glass transition at 24.34 ◦C (Figure 8), which is unusual for an MOF and is assigned
to the tetramethyldisiloxane spacer from the Cx ligand, which makes up the amorphous
part of the structure and is highly flexible and unable to form meaningful intermolecular
connections. The glass transition is influenced by the presence of hydrogen bonds [51].
Methylsiloxane substrates are characterized by very low glass transition temperatures due
to their inability to form hydrogen bonds; hence, the increase in Tg is attributed totally
to the attached polar groups, namely −COOH or C=O, which are capable of forming
such bonds.
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Being that this study is about a compound that contains metal in structure, we had
the idea to investigate the electrical properties. The results indicate an insulating material
(σ = 10−14 ÷ 10−8 S/cm) with an almost constant dielectric permittivity value (ε’ ≈ 3)
throughout the studied frequency range (100 ÷ 106 Hz) under normal temperature and
humidity conditions. When the humidity reaches 80% RH, the conductivity is unaffected
but a slight increase in permittivity is shown (Figure S5).

2.5. Magnetic Properties

The temperature dependence of the magnetic susceptibility of the polymer chain was
measured in the temperature range of 2÷ 300 K under a magnetic field of 0.1 T (Figure 9). At
room temperature (300 K), the χT value per Mn(II) is 4.267 cm3 mol−1 K, which is slightly
lower than theoretically expected for the magnetically decoupled Mn(II) ion (S = 5/2,
4.375 cm3 mol−1 K, assuming g = 2.0) [52]. Upon cooling, the product of χT gradually
decreases and reaches a value equal to 0.307 cm3 mol−1 K at 2 K. Such behavior suggests the
presence of a dominant antiferromagnetic interaction along the chain. The magnetization
curves measured at T = 2, 3, 4, and 5 K with the applied magnetic field varying from 0 to
5 T show the linear dependence of the magnetization (Figure S6), which is characteristic of
the presence of an antiferromagnetic interaction.
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According to the single-crystal X-ray diffraction analysis, the polymer consists of 1D
chains of Mn(II) ions alternately linked by two and one carboxylic ligand (Figure 3). For
the alternating chains of isotropic spins Si = 5/2, the following model was proposed based
on the Hamiltonian function [53]:

H = −J1 ∑ S2iS2i+1 − J2 ∑ S2i+1S2i+2 (1)

The exchange parameters J1 and J2 reflect the magnetic couplings between the Mn(II)
ions via the bridging carboxylate ligands. The numerical expression for the tempera-
ture variation of the magnetic susceptibility that derives from the Hamiltonian function
(Equation (1)) is presented in the Supporting Information.



Inorganics 2023, 11, 21 9 of 13

The best-fitting parameters obtained were J1 = −1.69(1) K, J2 = −0.64(1) K, and
g = 2.009(3), which are represented as solid lines in Figure 9. The obtained values cor-
respond to the two types of bridging in the chain. Both magnetic interactions are anti-
ferromagnetic, with J1 probably reflecting the interaction through two carboxylic groups
and J2 for the bridge made through a single carboxylic bridge. Similar models have been
applied for different alternated Mn(II) 1D polymeric chains [54–56]. It is known that the
magnetic interaction with Mn(II) through carboxylates is always small and depends on the
coordination mode and conformation of the bridging carboxylate groups [57–60].

3. Materials and Methods
3.1. Materials

The 1,3-bis(carboxypropyl)tetramethyldisiloxane, Cx, C12H10N2, M = 306.51 g/mol
(Gelest, Inc., Bucks County, PA, USA); 1,2-di(4-pyridyl)ethylene, etdipy, M = 182.22 g/mol
(Aldrich); 2,4-lutidine, M = 107.15 g/mol, (Aldrich); and Mn(ClO4)2, methanol, and ethylic
ether were purchased from Aldrich.

3.2. Methods of Characterization

The Fourier transform infrared (FTIR) spectra in transmission mode (400–4000 cm−1

spectral range, 2 cm−1 resolution, with the accumulation of 32 scans, room temperature)
were recorded on a Bruker Vertex 70 FT-IR spectrometer. The carbon, hydrogen, and nitro-
gen contents were determined on a Perkin–Elmer CHNS 2400 II elemental analyzer. The
single-crystal X-ray diffraction measurements were carried out with an Oxford-Diffraction
XCALIBUR E CCD diffractometer equipped with graphite-monochromated MoKα radia-
tion. The single crystals were positioned at 40 mm from the detector and 330 frames were
measured for 200 s over a 1◦ scan width for compound 1. The unit cell determination
and data integration processes were carried out using the CrysAlis package from Oxford
Diffraction [61]. The structures were solved by Intrinsic Phasing using Olex2 [62] software
with the SHELXT [63] structure solution program and refined by full-matrix least-squares
on F2 with SHELXL-2015 [64] using an anisotropic model for non-hydrogen atoms. All
H atoms were introduced in idealized positions (dCH = 0.96 Å). Table 1 gives the main
crystallographic data with the refining details, while in Table S1 a selection of bond lengths,
angles, and hydrogen bonds is provided. The powder X-ray diffraction analysis was
performed on a Rigaku Miniflex 600 diffractometer using CuKα emission in the angular
range of 2–50◦ (2θ), with a scanning step of 0.01◦ and a recording rate of 2◦/min. The
BET surface area was estimated from nitrogen sorption–desorption isotherms recorded
on a Quantachrome NOVA analyzer. The moisture sorption behavior of the sample was
studied in the dynamic regime at 25 ◦C, in the 0–90% relative humidity (RH) range, using
an IGAsorp fully automated gravimetric analyzer fabricated by Hiden Analytical, War-
rington (UK). The thermogravimetric analysis (TGA) was performed on a Mettler Toledo
851 derivatograph in a nitrogen atmosphere within a 29–800 ◦C temperature range. The
differential scanning calorimetry (DSC) curves were recorded with a Mettler–Toledo DSC 1
system operating under nitrogen flow (150 mL/min) from 25 ◦C until reaching the stability
limit of compound. The dielectric permittivity and conductivity were evaluated on the
basis of the measurements recorded on a Novocontrol Concept 40 Broadband Dielectric
Spectrometer device equipped with an Alpha-A High-Performance Frequency Analyzer, in
a broad frequency range (100 ÷ 106 Hz) at room temperature. The Dc magnetic suscepti-
bility data (2–300 K) were collected on powdered samples using a SQUID magnetometer
(Quantum Design MPMS-XL), applying a magnetic field of 0.1 T. All data were corrected
for the contribution of the sample holder and the diamagnetism of the samples estimated
from Pascal’s constants [52,65]. The field dependence of the magnetization (up to 5 T) was
measured between 2.0 and 5.0 K. The fitting of the magnetic properties was carried out
in MATLAB (R2021a) software based on the mathematical expressions presented in the
Supporting Information.
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Table 1. The crystal data and details of the data collection process.

empirical formula C96H122Cl2Mn4N10O23Si6
Fw 2243.23
space group P21/c
a [Å] 15.9092(8)
b [Å] 22.2710(6)
c [Å] 17.8188(9)
α [◦] 90
β [◦] 112.866(6)
γ [◦] 90
V [Å3] 5817.3(5)
Z 2
ρcalcd [g·cm−3] 1.281
crystal size [mm] 0.15 × 0.09 × 0.05
T [K] 293(2)
µ [mm−1] 0.599
2Θ range 3.444 to 50.054
reflections collected 35246
independent reflections 10185 [Rint = 0.0743]
data/restraints/parameters 10185/161/616
R1 0.0980
wR2 0.2706
GOF 1.020
Largest diff. peak/hole [e·Å−3] 1.33/−0.74
CCDC 2222958

3.3. Procedure for the Synthesis of Coordination Polymer 1

To a solution of 1,3-bis(carboxypropyl)tetramethyldisiloxane (0.1125 g, 0.3675 mmole)
in MeOH (10 mL), a solution of 1,2-di(4-pyridyl)ethylene (0.066 g, 0.3675 mmole) in MeOH
(5 mL) was added. The mixture was stirred at room temperature for 30 min, followed by
the addition of 50 µL 2,4-lutidine with heating at reflux for 2 h. A solution of Mn(ClO4)2
(0.375 mmole) in H2O (5 mL) was added over the reaction mixture, which was again heated
at reflux for 1 h and stirred at room temperature overnight. Then, the reaction mixture was
allowed to slowly (ca. one month) evaporate the solvents, resulting in yellow rectangu-
lar plate crystals (suitable for the single-crystal X-ray diffraction analysis), which further
were washed with water, methanol, and ethylic ether. The specific IR absorption bands
were as follows (KBr, cm−1): 3441 m, 3063 w, 2951 m, 2924 m, 2895 m, 1609 vs, 1566 vs,
1547 vs, 1503 m, 1427 s, 1315 w, 1252 s, 1223 m, 1169 w, 1103 vs, 1090 vs, 1011 s, 978 m, 837 s,
797 s, 696 w, 621 m, 552 s, 507 w, 488 w, 465 w. Anal. Calcd. for C96H122Cl2Mn4N10O23Si6
(M = 2243.23 g/mol), %: C, 51.4; H, 5.48; N, 6.24. Found: C, 50.97; H, 5.49; N, 6.19. The
phase purity of the isolated bulky material was confirmed by the X-ray powder diffrac-
tion patterns of compound 1 recorded at room temperature. As shown in Figure S7, the
experimental pattern is consistent with the simulation one obtained from the single-crystal
diffraction data.

4. Conclusions

The synthesis, structure, hydrophobic behavior, surface, thermal, dielectric, and
magnetic properties of a new 3D coordination polymer, built from the reaction between
1,3-bis(carboxypropyl)tetramethyldisiloxane, 1,2-di(4-pyridyl)ethylene, and 2,4-lutidine in
the presence of Mn(ClO4)2, have been reported. The single-crystal X-ray diffraction analysis
revealed that the 3D coordination polymer has a dense 3D framework structure, as also
confirmed by the BET analysis. The hydrophobic character of the studied compound was
evidenced by the low sorption capacity, and the integrity of the water drop was maintained
while it was rolled on the compound’s surface. The polymer demonstrated stability in an in-
ert atmosphere up to 300 ◦C, with a glass transition at 24 ◦C. The compound is an electrical
insulator, and due to its hydrophobicity, this characteristic is not affected by environmental
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humidity. The magnetic results indicated dominant antiferromagnetic interaction along the
chain in polymer, evidencing presence of two types of bridging in the chain.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11010021/s1. Figure S1: FTIR spectra for Cx, Cx-Na,
and polymer 1. Figure S2: Polymer structure from the perspective of the etdipy moiety (perchlorate
counterion and siloxane moiety were omitted for clarity). Figure S3: Polymer structure from the
perspective of the siloxane moiety (perchlorate counterion and etdipy moiety were omitted for clarity).
Figure S4: Topology of the polymer network. In the topological analysis, the disordered part of
the structure was omitted. Figure S5: Dielectric properties of compound 1, including the relative
permittivity (ε′), dielectric loss (ε′′), and conductivity (σ). Figure S6: Magnetization curves versus
applied magnetic field for compound 1. Figure S7: PXRD diffractogram (blue) vs. the one simulated
based on single crystal X-ray diffraction data (red). Table S1: Selected bond lengths [Å], angles [◦],
and hydrogen bonds for compound 1.
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