A fluorinated 2D magnetic coordination polymer
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Herein we show the versatility of coordination chemistry to design and expand a family of 2D materials by incorporating F

groups at the surface of the layers. Through of use of a prefuntionalized organic linker with F groups, it is possible to achieve

alayered magnetic material based on Fe(ll) centers that are chemically stable in open air, contrary to the known 2D inorganic

magnetic materials. The high quality of the single crystals and their robustness allow to fabricate 2D molecular materials by

micromechanical exfoliation, preserving the crystalline nature of these layers together with the desired functionalization.
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Introduction

Functionalization of two-dimensional (2D) materials, such as
graphene or transition metal dichalcogenides, is an important
feature to tune the physical properties of 2D materials, from
stability to processability, with the aim of improving their
properties. The most common way to successfully functionalize
a 2D material is arguably through reactions occurring in
solution.12 However, as typical 2D materials are very inert
compounds from a chemical point of view, the covalent
functionalization process requires a lot of energy. Therefore, it
is normally an uncontrolled step, thus causing defects, low
degree of functionalization and attachment of molecules in
random positions. Non-covalent functionalization is also an
alternative approach, but it typically lacks long-range order,
thus resulting in a material more similar to a composite.
Examples of high degree of covalent functionalization in
graphene3# and other 2D materials>7 have been reported in the
recent years, revealing the need of very particular conditions for
a successful incorporation of different molecular moieties.

To overcome this problem, the use of functionalized
precursors can be an appropriate solution.® For this reason,
fluorographene (FG), a perfluorinated hydrocarbon, took
interest in the community due to its reactivity and the
possibility to form several graphene derivatives through
nucleophilic substitution with high degree of conversion.®
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In this context, coordination chemistry, and reticular design
in particular, has given rise to a new route for the
functionalization of 2D materials thanks to its greater chemical
versatility and tunability, yielding to higher degrees of
functionalization, if compared with those achieved in purely
inorganic materials.19 Thus, the interest in finding 2D molecular
analogues has increased, as they can be chemically tuned by the
proper chemical design.'® The molecular nature of layered
coordination polymers (LCPs) permits, a priori, the
incorporation of different functionalization onto the 2D
molecular material. This is a common approximation in the field
of coordination polymers (CPs), including Metal-Organic
Frameworks (MOFs). These are crystalline materials that can be
functionalized in a post-synthetic manner in solution.12-14
However, the hybrid composition of these coordination
compounds allows also to modify the organic linker before the
synthesis of the material in order to incorporate a desired
functional group, a feature that is impossible, or extremely
difficult, to achieve in inorganic materials. In particular, the first
example was developed by Yaghi and co-workers using the
synthesis of several isoreticular compounds with different
functional groups based on the well-known MOF-5.15 That can
be extended for more systems, as is the case of MOF-74, which
can be prepared with different functional groups such as CHs or
NH, by just using a pre-functionalized organic linker.16 This
strategy preserves the crystal structure but modifies the
physical properties, as for example the CO; affinity of the pores.

Thus, this approach commonly used in MOFs can serve to
circumvent the problems of functionalization of 2D materials. In
addition, the possibility of avoiding solvents to obtain the
exfoliated material, i.e., combining the synthesis of a pre-
functionalized bulk layered material followed by its dry
micromechanical exfoliation, would allow to obtain 2D
materials with long-range functionalization order.

We have previously used this approach for designing robust

2D molecular materials, presenting an unprecedented



chemical/physical tunability!” and suitable to be integrated into
mechanical resonators.® This approach is based on the easy
synthesis of pre-functionalized bulk layered materials that are
micromechanically exfoliated. Thus, one can obtain an
isoreticular family of 2D molecular materials, presenting
different magnetic properties or wettability. Herein, we
describe the synthesis and characterization of the fluorinated
isoreticular analogue of this family, MUV-1-F, a 2D coordination
polymer analogous to fluorographene, with long-range
magnetic order and well-defined layered crystals, appropriate
to prepare 2D magnetic molecular materials.

Results and discussion

The solvent-free reaction of 5-fluorobenzimidazole (FbimH)
and ferrocene, adapting a previously described method for the
preparation of iron azolates,®18 yields colorless crystals of
around 400 pum in size (Fig. S1). Structure determination
through single crystal X-ray diffraction reveals a laminar
material of formula [Fe(Fbim);], denoted as MUV-1-F (MUV =
Material of the University of Valencia), consisting in distorted
tetrahedral Fe(ll) centers connected by Fbim~ bridges, thus
forming a neutral layered coordination polymer extended in the
ab plane (Fig. 1a), as also found in the isostructural systems
MUV-1-X.2 The inner part of the layers, i.e. the core, is
composed by Fe(ll) centres which are “sandwiched” by
benzimidazoles, which serve as an organic protection, resulting
in a stable and robust material. In each layer the Fe(ll) centers
form a square lattice with a metal-metal distance of 5.9 A (Fig.
S2a). The metal centers are connected via benzimidazolate,
which coordinate with the two nitrogen heteroatoms, each to a
different Fe(ll), with a Fe-N bond distance of 2.036(1) A. These
bonds define the short pathway Fe-N-C-N-Fe. The ligands which
connect these metallic nodes shape an angle of 47.7° between
the ab plane formed by the square lattice and the tilt of the
ligand (Fig. S2b). The position of the fluorine atom in the ligand
is indistinguishable between the 5th and 6th position due to the
deprotonation of the benzimidazole. These two positions
provoke a disorder in the crystal structure, originating an
infinite number of possibilities for the stacking of the layers.

The neutral layers weakly interact with each other through
van der Waals interactions (F--F interactions of 2.60 A). MUV-
1-F presents a layered morphology, as also found in the
isoreticular compounds MUV-1-X,8 regardless of the different
functional group, which do not influence the layered crystal
growth. This is clearly observed in the SEM images (Fig. 2c).

MUV-1-F shows a high thermal stability until decomposition
at around 350 °C (Fig. 2b). Importantly, the functional group of
this material forms part of the organic ligand and, as
thermogravimetric analysis measurement shows, there is no
mass loss due to the detachment of the functional group, as
observed in other 2D materials, where a mass loss
corresponding to the extrusion of the functional groups is
observed.>1? The functional groups are located at the surface,
thus playing an active role in the chemical behavior of the
molecular interface. In this sense, the use of halogen groups
enhances the chemical stability of the materials due to their
high hydrophobicity,2® preventing hydrolysis of sensible

materials, typical of Fe(ll) compounds. This behaviour was
measured by continuous contact angle (Fig. S3), presenting
values of contact angles of 135° (hydrophobic behaviour).

Fig. 1. a) The layered structure composed by neutral layers.
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b) The “sandwich” structure for the MUV-1-F layers, formed by
a core composed by the Fe(ll) centers and imidazole bridges,
locating the functionalities in the surface.

The magnetic properties for the MUV-1-F were investigated
in order to examine the influence of the different functional
groups in the magnetic ordering. As the functional groups are
relatively far from the metal centers and the metal-ligand
bridge, the electronic properties are not expected to be
affected by the different functional groups compared to the
reported MUV-1-X family (Fig. 1b). Fig. 3 shows the thermal
dependence of the magnetic susceptibility, exhibiting
antiferromagnetic interactions, confirmed by a negative Curie-
Weiss temperature (6 = -114 £ 3 K), and a sharp peak in y with
a maximum at ca. 19 K, indicating the phase transition to a
canted antiferromagnetic ordering. This magnetic scenario is
confirmed by the temperature dependence of the ac magnetic
susceptibility (Fig. 3b), where an out-of-plane ac signal is
observed below 20 K. The dc data is fitted to the Lines model
for a quadratic-layer antiferromagnet?! with S = 2 and H =
—]Xi;SiSj. The resulting parameters are J =19+ 1 cm~ and
g=2.06+0.23.
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Fig. 2. a) X-ray powder patterns of MUV-1-F. The experimental
pattern is shown in magenta and the calculated pattern from



single-crystal data is shown in black. b) Thermogravimetric
analysis of the MUV-1-F at a heating rate of 5 °C min—1 c)
Scanning electron micrographs of bulk-type MUV-1-F.

The Neel temperature and exchange coupling are in the range
of those obtained for the other members of the MUV-1-X family
(X = CI, H, Br, NHz, CH3 and F)8, thus demonstrating that the
magnetic properties are dominated by the metal center, their
connectivity, and the coordination environment, being
independent from the functional group, X.
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Fig. 3. Magnetic behaviour of MUV-1-F. a) Thermal dependence
of x. Inset: Thermal dependence of the XT product. The data
have been fitted (red line) following a Lines expansion for a
quadratic-layer Heisenberg antiferromagnet with S = 2.21 The
red line represents the prediction band with a confidence
interval of 95%. b) In-phase (left) and out-of-phase (right)
dynamic susceptibility measured at different frequencies.

Finally, we investigated the exfoliation of the MUV-1-F using
the micromechanical procedure to preserve the high quality of
the crystals. Using the Scotch tape methodology, MUV-1-F was
successfully exfoliated. The obtained flakes were deposited
onto silicon substrates with 285 nm of thermally grown SiO5. As
a result, a plethora of flakes with remarkable well-defined
rectangular shapes (lateral dimensions > 1 um) and different
thicknesses (ranging from few layers, 5 nm, up to hundreds of
layers) were obtained (Figure S4). In addition, they were
characterized by different microscopic techniques such as
atomic force microscopy (Fig. 4a) and transmission electron
microscopy (TEM), with the corresponding selected area
diffraction pattern, showing crystalline atomically-thin layers
with large lateral sizes (several um). This is remarkable for 2D
molecular compounds, whose lateral sizes are typically in the
order of hundreds of nanometers and lack of a complete
functionalization coverage. Raman measurements demonstrate
the chemical nature compared with the bulk measurements
(Fig. 4b) for thin-layers with different thicknesses. In the case of

MUV-1-F, which is chemically more complex than inorganic
materials, there is a higher number of vibrations. This factor
prevents the high accuracy for detecting changes in the
structure. However, we can unambiguously identify the
presence of the ligand for all the thin-layers, although with a
decrease of the signal intensity with the thickness up to a limit
near to 29 nm, revealing that the exfoliated flakes correspond
to the material.
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Fig. 4. a) Atomic force microscopy for the MUV-1-F, showing the
possibility to achieve few layers thickness with high-quality
flakes (lateral size and morphology). b) Raman study of
thickness of MUV-1-F flakes. c) TEM image of the diffracted area

with its corresponding selected area electron diffraction
pattern

Conclusions

A new 2D magnetic member of the MUV-1 family has been
reported, incorporating F groups at the surface of the layers.
The big size, high crystallinity and robustness of the pristine
crystals allows to explore the 2D limit. In general, the known 2D
inorganic magnetic materials (metal halides, for example) are
chemically unstable in open air. The MUV-1 family has shown
to be more stable than these inorganic layered materials
opening the door to construct mechanical/magnetic devices or
to study exotic phenomena in the 2D regime. Still, some
oxidation of the Fe(ll) has been detected in the exfoliated layers.
Here, the possibility of functionalizing the MUV-1 layers with
fluorine has enhanced the stability of these 2D
antiferromagnets, while keeping its magnetic properties. This
feature may be useful to prepare van der Waals
heterostructures based on these molecular magnetic layers, a
possibility that so far has only been exploited in inorganic layers.

Experimental section

Synthesis of MUV-1-F

Ferrocene (30 mg, 0.16 mmol) and 5-fluorobenzimidazole (46.3
mg, 0.34 mmol) were combined and sealed under vacuum in a
layering tube (4 mm diameter). The mixture was heated at 250



°C for 3 days to obtain crystals suitable for X-ray single-crystal
diffraction. The product was allowed to cool to room
temperature, and the layering tube was then opened. The
unreacted precursors were extracted with acetonitrile and
benzene, and the product was isolated as colorless crystals
(yield 80 %). Phase purity was established by X-ray powder
diffraction.

Structural characterization.

Single crystal X-ray diffraction data for MUV-1-F were collected
at a temperature of 100 K using Rigaku FR-X rotating anode
(Mo-ka, A =071073 A), equipped with a Hybrid Photon detector
HyPix-6000HE and an Oxford Cryosystems nitrogen flow gas
system. Data was measured and reduced using CrysAlisPro suite
of programmes. Absorption correction was performed using
empirical methods (SCALE3 ABSPACK) based upon symmetry-
equivalent reflections combined with measurements at
different azimuthal angles.222* The crystal structures were
solved and refined against all F2 values using the SHELXL and
Olex 2 suite of programmes.2>:26 Despite that the coordination
polymers are intrinsically chiral, the centrosymmetric space
group C2/c was found as result of the racemic distribution of the
disordered layers of the MUV-1-F coordination polymer, as also
observed for MUV-1-H, MUV-1-Cl, MUV-1-CH; and MUV-1-
NH,.8

X-ray powder diffraction and thermogravimetric analysis

A polycrystalline sample of MUV-1-F was lightly ground in an
agate mortar and pestle and used to fill a 0.5 mm borosilicate
capillariy that was mounted and aligned on an Empyrean
PANalytical powder diffractometer, using Cu Ka radiation (A =
1.54056 A). Three repeated measurements were collected at
room temperature (20 = 5-30 °) and merged in a single
diffractogram. Thermogravimetric analysis of MUV-1-F was
carried out with a Mettler Toledo TGA/SDTA851e/SF/1100
apparatus in the 25-600 °C temperature range under a
20°C:min~1 scan rate and an air flow of 30 mL-min-1.
Microscopic characterization

Scanning Electronic Micrographs were recorded in a Hitachi S-
4800. Optical images were obtained with a NIKON Eclipse LV-
100 Optical microscope and AFM images were performed with
a Nanoscope [Va Multimode Scanning Probe Microscope
Karlsruhe, Germany) in tapping mode.
mechanical exfoliated flakes were transferred onto a grid with
a membrane of amorphous SiN (50 nm thick) using a dry and
deterministic method (that involves the wuse of a
micromanipulator and PDMS/PPC polymers, as reported in
ref.27). This has been possible thanks to the robustness of MUV-
1-F, which has allowed a mechanical exfoliation and transfer
into silicon nitride membranes for TEM study. TEM images and
diffraction patterns were acquired with a JEOL JEM-2100F with
a field emission gun operating at 200 kV.

Raman spectroscopy

Raman spectra were acquired with a micro-Raman (model
XploRA ONE from Horiba, Kyoto, Japan) with a grating of 2400
gr/mm, slit of 50 um, and hole of 500 um. The employed
wavelength was 532 nm. The power density of the laser used
for spectra measured at 532 nm was 5.25 mW/um?2 (bulk
crystals) and 170 uW/um?2 (thin-layers).

(Bruker, Several

Magnetic characterization

Variable-temperature (2-300 K) direct current (dc) magnetic
susceptibility measurements were carried out in applied fields
of 1.0 kOe and variable field magnetization measurements up
to+ 5T at 2.0 K. The susceptibility data were corrected from the
diamagnetic contributions as deduced by using Pascal’s
constant tables. Variable-temperature (16-23 K) alternating
current (ac) magnetic susceptibility measurements in a +4.0 G
oscillating field at frequencies in the range of 1 - 997 Hz were
carried out in a zero dc field.
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