Isoreticular two-dimensional magnetic coordination polymers prepared
through pre-synthetic ligand functionalization
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Chemical functionalization is a powerful approach to tailor the physical and chemical properties of
two-dimensional materials, increase their processability and stability, tune their functionalities and,
even, create new 2D materials. This is typically achieved through post-synthetic functionalization
by anchoring molecules on the surface of an exfoliated 2D crystal, but it inevitably alters the long-
range structural order of the material. Here we present a pre-synthetic approach that allows the
isolation of crystalline, robust, and magnetic functionalized monolayers of coordination polymers.
A series of five isoreticular layered magnetic coordination polymers based on Fe(Il) centres and
different benzimidazole derivatives (bearing a Cl, H, CH3, Br or NH;, side group) were first
prepared. On mechanical exfoliation, 2D materials are obtained that retain their long-range
structural order and exhibit good mechanical and magnetic properties. This combination, together
with  the possibility to functionalize their surface at willl, makes them
good candidates to explore magnetism in the 2D limit and to fabricate mechanical resonators for

selective gas sensing.



Since the isolation of graphene, there has been an explosion in the search for other atomically thin layers
(aka. 2D materials).' Most of these graphenoid compounds are layered inorganic materials that in bulk
show stacked structures with weak van der Waals interactions between adjacent sheets, but with strong
covalent bonding within each sheet. These materials cover a wide range of physical properties including
insulators (h-BN),? semiconductors (1T-ZrS,, 2H-MoS, or black phosphorous)f‘5 metals (1T-MoS,),°
and superconductors (Mo,C, 2H-NbSe; or 2H-TaS,).”” However, 2D magnetic materials (VsSg, FePSs,
Cr,Ge,Tes or Crls)'* " have remained elusive until recently, due to their unstability at ambient conditions
and the difficulty to experimentally detect magnetism in the 2D limit. In fact, this challenging issue has

only been achieved so far in the most favorable case (Ising ferromagnet)."

Recently, a new and less explored field has emerged with 2D organic polymers (including

1415 and 2D coordination

covalent organic frameworks, COFs, and conjugated aromatic polymers, CAPs),
polymers (enclosing coordination polymers, CPs, and metal-organic frameworks, MOFs),'® which have
been employed for membranes'’, gas separation'®, electronics'® and photoluminescence.”” However, due
to the fragility of the starting crystals, there are only a few examples that can be exfoliated
micromechanically, although with limited lateral dimensions,”?' being liquid exfoliation the most

common methodology.'”**

This prevents application of these exfoliated materials in areas where high-
quality layers are required (nanoelectronics, for example), the most recent uses being in the fields of

catalyisis” and membranes.**

A crescent interest in the field of 2D materials resides in their covalent functionalization, since
surface engineering can lead to the rational modification of surface properties (hydrophobicity, adhesivity
or wettability, among others), or electronic properties of the layers.”>*® As the surface modifications are
generally performed following a post-synthetic method, high rates of surface functionalization are often
challenging due to the poor reactivity and solubility of the inorganic surfaces.”” Therefore, the molecules
are anchored to the surface in a random way leading to a defective and incomplete functionalization of the

layered material. An alternative strategy for the chemical surface modification is the pre-synthetic method



where the bulk layered material is chemically modified prior to the exfoliation. This approach, unfeasible
in 2D inorganic materials, can be easily achieved in 2D coordination polymers due to the molecular
composition of these compounds. Thus, through the rational choice of the functional substituent of the
organic ligand, it is possible to achieve a periodically ordered decoration of the 2D coordination network,

i.e. a defect-free functionalized 2D material (Figure 1).
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Figure 1 | Schematic representation of the post-synthetic covalent functionalization vs. the pre-synthetic
functionalization used here. The top part exemplifies the commonly used strategy to functionalize two-
dimensional (inorganic) materials consisting on two steps: i) mechanical or liquid exfoliation of the bulk material;
i) functionalization in solution of the exfoliated material, yielding a random distribution of the functional groups,
represented in blue. This route can also produce ligand modifications, represented with a colour change from blue
to red. The bottom part indicates a pre-synthetic functionalization in which the functionalized bulk is first obtained
prior to be mechanically exfoliated, thus yielding a quasi-perfect array of unaltered functional groups attached to

the surface.



Here we present a new family of layered coordination polymers (LCPs), MUV-1-X (MUV =
Material of the University of Valencia), of general formula [Fe(bimX),] (HbimX = derivative of
benzimidazole, with X = H, Cl, Br, CH3, or NH») which exhibit cooperative magnetism and which are
robust enough to be micromechanically exfoliated down to the monolayer, while preserving their
crystallinity. The pre-synthetic modification of the materials through the convenient choice of the organic
substituent gives rise to a surface tunability ranging from hydrophilic to hydrophobic, albeit maintaining

the inner physical property (i.e. magnetic order) in all the derivatives of the family.
Results

Synthesis and characterization of the layered coordination polymers

The solvent-free reaction of 5-chlorobenzimidazole (HbimCl) and ferrocene, adapting a
previously described method for the preparation of iron azolates,*® yields large laminar colorless crystals
of formula [Fe(bimCl),] (abbreviated as MUV-1-Cl), consisting of distorted tetrahedral Fe" centers
connected by 5-chlorobenzimidazolate bridges (Figures 2a and 2b) forming a neutral layered coordination
polymer extended in the ab plane. These layers weakly interact with each other through van der Waals
interactions (Cl---Cl interactions). The compound is related to the diamagnetic Zn analogue [Zn(bimH),],
which was obtained via decomposition of a 3D MOF.'” In these atomically thin layers, the Fe' atoms are
located in the inner part of the layers whereas the Cl substituents are positioned at the surface (Figure 2a),
thus playing an active role in the chemical behavior of the molecular interface. A close-up view with
scanning electron microscopy (SEM) evidences the layered structure of MUV-1-Cl as the stacking of
multiple sheets (Figure 2c), with a typical size of 400 um approximately, whose purity is confirmed by
powder X-ray diffraction (Supplementary Fig. 8). The room temperature infrared and Raman spectra
present coincident peaks, indicating a non-centrosymmetric structure (Supplementary Fig. 40).
Furthermore, room temperature Mossbauer spectra consist of two doublets with the same relative area for

Fe", indicating the presence of two different Fe" sites with the same multiplicity (Supplementary Fig. 12).



These features are consistent with the space group C2, although the presence of a racemic mixture causes
a better refinement of the single crystal X-ray data in the C2/c space group. This is related to the weak
interlayer interactions, which prevent long range order in the ¢ direction, but which is advantageous for

exfoliation.
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Figure 2 | Bulk characterization of MUV-1-Cl. a, Layered structure of MUV-1-CI showing the CI atoms located
at the surface of the layers, represented as green planes. Iron centers shown in orange (polyhedral representation),
nitrogen atoms shown in blue, carbon atoms shown in black and chlorine atoms shown in green. Hydrogen atoms
have been omitted for clarity; b, Structure of a single layer of MUV-1-Cl viewed along the ¢ axis (i.e. ab plane).
Same color code as in panel a; ¢, Scanning Electron Micrograph of the bulk material, clearly showing the layered
structure; d, Temperature dependence of the in-phase (top) and out-of-phase (bottom) dynamic susceptibility of
MUV-1-Cl measured at different frequencies; e, Thermal dependence of the magnetic susceptibility in the
temperature range 2-300 K. The data have been fitted following a Lines expansion for a quadratic-layer Heisenberg

antiferromagnet with S = 2 *°. The yellow line represents the prediction bands with a confidence interval of 95%.



The short pathway between the iron centers, provided by the 5-chlorobenzimidazolate bridges,
facilitates the presence of magnetic exchange in MUV-1-Cl, as evidenced in the plot of the molar
magnetic susceptibility (y,) as a function of the temperature (Fig. 2d and Supplementary Section 5.2).
The y,, vs. T curve exhibits a broad maximum at 30.0 K and a sharp peak at ca. 20 K. In the plot of y,, T
vs. T, a ynT value of 2.94 emu-mol ™K is observed at room temperature, in agreement with that expected
for a high-spin Fe', S = 2 (3.0 emu-mol 'K where g = 2.0), which decreases upon cooling down to 20 K
(Supplementary Fig. 17). The behavior in this region indicates the presence of dominant
antiferromagnetic (AF) exchange coupling between the Fe'" centres, confirmed by a negative Curie-Weiss
temperature, 8 = —80.6 K (Supplementary Fig. 16). These data can be quantitatively reproduced using a

model for a quadratic-layer Heisenberg antiferromagnet™ with S =2 (H = — %i;JSi - S;) (Figure 2d and

Supplementary Fig. 15). The resulting exchange parameter is J = —22.9 cm . The abrupt increase in both
xm and y,T suggests the occurrence of a magnetic transition towards a canted spin structure below the
Neéel temperature, Ty, of 20 K. The presence of an out-of-phase susceptibility signal below 20 K in the ac
measurements confirms this kind of magnetic order (Figure 2e and Supplementary Fig. 18). Powder
neutron diffraction patterns collected at 1.8 K and 30 K, i.e. below and above the ordering temperature
(Supplementary Section 5.1), provide a further support on the antiferromagnetic ordering in this material.
Still, in the present case these measurements are unable to detect the presence of spin canting, which is
below the limit of detection of these measurements (Supplementary Section 5.1), mainly due to the small
value of the ferromagnetic component resulting from canting as deduced from susceptibility

measurements.
From bulk crystals to the 2D limit

The layered nature of MUV-1-Cl and the absence of strong intermolecular interactions between
adjacent layers prompted us to explore the possibility of mechanically exfoliating this material by the so-
called Scotch-tape method, a conventional approach usually employed for graphene and other two-
dimensional materials, but rather scarce in coordination polymers due to the fragile nature of the

6



21

crystals.” The advantage of this dry method over liquid exfoliation is the potential achieving of

atomically thin-layers with high crystallinity and larger lateral sizes.

Bulk crystals of MUV-1-Cl were exfoliated using a plastic tape (Ultron Systems) and deposited
onto a silicon substrate with 285 nm of thermally grown SiO,. As a result, a plethora of flakes with
remarkable well-defined rectangular shapes (lateral dimensions > 1 um) and different thicknesses
(ranging from a single layer up to hundreds of nanometers) were obtained, as can be clearly seen by
optical and atomic force (AFM) microscopies (Supplementary Fig. 22-28), thus being air-stable. This
contrasts with the lower quality nanosheets obtained in a Zn analogue compound by liquid exfoliation."’
Remarkably, a monolayer of dimensions 4 x 1.5 um?” has been isolated (Figure 3a and Supplementary
Section 6.2). The crystallinity, chemical composition and integrity of the exfoliated flakes was confirmed
through Transmission Electron Microscopy (TEM) and Raman studies on specimens of different
thicknesses (Figures 3b and 3d and Supplementary Section 6). To the best of our knowledge, this is the
first time that selected-area electron diffraction (SAED) patterns have been obtained in a top-down
micromechanically exfoliated LCP (Figure 3d), and previously this has only been achieved with inorganic

3931 There are some features that could be

materials, mainly members of transition metal dichalcogenides.
associated to diffuse scattering, resulting from the presence of a modulated commensurate structure in the
bulk material (see Supporting Information Sections 2 and 6.4). The indexation of these patterns indicates
that they correspond to the zone axis [0 0 1], confirming that the exfoliated flakes consist of one or
several layers whose stacking along the ¢ axis forms the original bulk material. The close resemblance
between the experimental and the simulated patterns (Figure 3d and Supplementary Section 6.4) provides
further evidence of that. Moreover, the well-defined Bragg peaks observed in the SAED patterns point out
that the exfoliation process does not damage the structure of the LCP, and the obtained flakes retain the
crystallinity of the bulk material. Note that some of the SAED patterns were obtained from layers as thin

as 20 nm, that is a remarkable result due to the molecular nature of the material. It was not observed any

thickness-dependence of the unit cell or Raman peaks shift, compared to their bulk counterparts.



The magnetic order of the atomically thin-layers deposited in a silicon substrate was inspected by
Magnetic Force Microscopy at Low-Temperatures (LT-MFM) in a dual-pass mode configured with a
phase locked loop (PLL) feedback on the cantilever oscillation (Supplementary Section 6.5). In this
configuration, the magnetic signal is related to the frequency shift (Af) in such a way that an attractive tip-
sample interaction is characterized by Af < 0 (red contrast) and a repulsive tip-sample interaction is
characterized by Af > 0 (blue contrast).’> For simplicity in the comparison of the magnetic images, we
have defined in this work the frequency shift to be 0 (green contrast) in the silicon substrate.” Below the
order temperature, the flakes are imaged with a smoothly red contrast, indicative of an attractive tip-
sample interaction, that disappears at temperatures above Tx (Figure 3c), in agreement with a transition
from a canted AF structure to a paramagnetic phase. In addition, as expected from the magnetic structure
of the material (weak ferromagnet due to an antiferromagnetic canted structure), this contrast is very
weak and furthermore it remains unaffected by the reversal of an applied in-plane external field (from +2
T to -2 T). Hence, from these measurements we cannot conclude that the signal has a pure magnetic
component as it may be also influenced by other forces as the electrostatic ones. Low-temperature nano-
MOKE measurements and Kelvin-probe microscopy on individual sheets will be performed in the future

to get further information on this issue.
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Figure 3 | Atomically thin layers of MUV-1-Cl. a, Atomic-force image with its profile of height for a flake of

MUV-1-Cl (see Supporting Section 6.2 for further information). Different number of exfoliated layers are
indicated in the image; b, Raman spectra for MUV-1-Cl flakes with different thicknesses; ¢, MFM measurements
of a 5.7 nm thick flake of MUV-1-Cl. (top) general topography image of the selected region with the flake
highlighted in dashed white line; (middle and bottom) MFM images of the flake highlighted in dotted black line
showing the difference in frequency shift below (middle panel) and above Ty (bottom panel). Note the change in
colour contrast below Ty, which indicates an attractive tip-sample interaction in the ordered state, that disappears at
temperatures above Ty. See Supplementary Section 6.5 for further information; d, I, Low-magnification TEM
image for MUV-1-Cl flakes, where darker gray areas are associated to thicker flakes. ii-iv, A selected area
(enclosed by a green circle on the TEM image in ii) for which the experimental SAED pattern was obtained that

corresponds to the [0 0 1] zone axis (iii), and which is in very good agreement with the simulated SAED pattern

@iv).

Surface modification



Surface engineering is a demanding challenge in 2D materials since it permits to tune the surface
chemistry at will (modifying, for example, the hydrophobicity/hydrophilicity) and, subsequently, opens
the door for the use of these systems in an industrial and technological relevant scale. However, many of
the reported processes to modify the surface of 2D materials lead to defective materials that change their
electronic or magnetic properties® because they generally involve post-synthetic methods. In order to
circumvent these problems, we present a pre-synthetic strategy for modifying the surface properties of
MUV-1-Cl with retention of the physical properties (magnetism). As a proof of concept, we have
changed, by chemical design, the substituent in the fifth position (Cl in MUV-1-Cl) by different groups
such as CH; (MUV-1-CH3), H (MUV-1-H), Br (MUV-1-Br) and NH, (MUV-1-NH;), thus tuning the
behavior of the surface in contact with water from hydrophobicity values for contact angle to
hydrophilicity (Figure 4). Alkane groups (H, CHs) present values of contact angles of 99 ° and 109 °
respectively (i.e. moderate hydrophobic behavior); the inclusion of halides substituents causes an increase
in the contact angle values (130° and 135° for Cl and Br, respectively), thus showing an increase in the
hydrophobic character. On the contrary, the inclusion of the amino group (NH;) causes a decrease of the
contact angle value to 0 °, indicating superhydrophilic properties.

The five different ligands successfully employed already demonstrates large tunability, although
we can anticipate that one of the possible limitations of this approach relies on the use of larger
substituents that can interfere with the formation of the crystalline layered structure. However,
preliminary results indicate that bulkier groups of up to 3 non-H atoms can also be incorporated with this

approach, although further studies are still on-going.
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Figure 4 | Surface modification in MUV-1-X. The atoms at the surface of MUV-1-X can be changed by chemical
design (X = Cl, H, CHs, Br, NH;) in a pre-synthetic manner in order to obtain different surface behaviors which
change the water contact angle. No changes in the magnetic properties are observed upon the chemical

modification (see Supporting Section 5).

The structural and magnetic properties of all these compounds have been characterized by X-ray
diffraction, SQUID measurements, Mossbauer and Raman spectroscopies, SEM and TEM
(Supplementary Information). Remarkably, the magnetic properties of the whole MUV-1-X family
remains unaltered under the different surface modifications, as can be seen in Supplementary Table 4 and
Supplementary Section 5.2. In addition, all the members from the MUV-1-X family have been exfoliated
successfully by mechanically methods and characterized in detail as MUV-1-Cl (Supplementary Section

6).

The ability to tailor the functionality of MUV-1-X, combined with its mechanical resonant

readout makes it attractive for sensing applications, because the resonance frequency and Q-factor of
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these suspended membranes are expected to depend strongly on the mass and adhesion of captured
molecules. To demonstrate this concept, we exfoliate and transfer thin flakes of MUV-1-Cl on top of a
Si/Si0, substrate with prepatterned circular cavities. In Figure 5a we show optical images of two
exemplary flakes transferred on top of cavities, forming suspended nanodrums. The AFM images of the
drums (areas enclosed by the red boxes) are shown in Figure 5b. The device shown in the left panel of
Figure 5a,b is 74 nm thick, whereas the thickness of the one shown in the right panel is measured to be 20
nm. In Figure 5c,d we show the mechanical frequency response of two MUV-1-Cl nanodrums (with
thicknesses of 70 — 80 nm). The measurements are performed in vacuum, using a laser interferometry
setup, described in the Methods section. The resonance frequencies of the drums are 38 MHz and 30.3
MHz, with quality (Q) factors in the range of 45 — 65. This variation may result from a combination of
different thicknesses and geometries of the drums. The Q factors are comparable to those reported in
nanomechanical resonators made of graphene and other two-dimensional materials.”*° The lower Q
factors may be due to viscoelastic damping in this polymer material. Because of the large diameter-to-
thickness ratio, the resonance frequencies of these nanodrums are mainly determined by the bending
rigidity of the material. For the given resonance frequencies and geometry of the drums, we thus estimate
the Young’s modulus of MUV-1-Cl to be 3 — 7 GPa, which is almost three orders of magnitude lower
than that of graphene and similar to that previously reported for a layered coordination polymer measured
by AFM nanoindentation.”” The results show that these polymer resonators, despite their low Young’s
modulus and despite potential viscous damping mechanisms, have surprisingly high Q factors and
resonance frequencies, which are comparable to graphene membranes. In combination with their low
weight and tunable functionalization these materials can be used to create future platforms for resonance

based sensing.
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Figure 5 | MUV-1-Cl suspended membranes. a Optical images of two MUV-1-Cl flakes transferred on top of
circular cavities on a Si/SiO, substrate (scale bars: 5 um). left, the flake is 74 nm height; right, the flake is 20 nm
height. The red boxes indicate the regions where AFM has been measured. b AFM images of the two drums taken
in the area enclosed by the red boxes in a (scale bars: 1 um). left, the drum corresponds to the flake of 74 nm height
shown in panel a, left; right, the drum corresponds to the flake of 20 nm height shown in panel, a, right ¢, Two
frequency-domain measurements on two different nanomechanical resonators made of MUV-1-Cl, with
thicknesses of 70 — 80 nm. These are similar to the ones shown in panels a,b. The extracted resonance frequencies

and quality factors of the two resonators are shown in the top right corner.

Discussion

In this work, we have presented a general strategy for the synthesis of crystalline layered
coordination polymers (LCP) exhibiting a magnetic order and providing an unconventional route to tune
at will the surface chemistry of the individual layers. In particular, by the election of different ligands, we
have obtained a new family of LCP denoted as MUV-1-X (where X = Cl, Br, H, CH3, or NH;), with
surface properties ranging from hydrophobic to hydrophilic, that retain their magnetic properties under
the different surface modifications. Interestingly and in contrast with most of the reported MOFs, large
crystals of these coordination polymers have been grown using a solvent-free synthesis. Such a possibility
together with the layered nature of these materials and the very weak van der Waals forces between the

layers have permitted isolation of micrometer size atomically-thin flakes down to the monolayer by
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mechanical and dry exfoliation methods. The high crystallinity, integrity and chemical composition of
these mechanically exfoliated layers has been confirmed by TEM and Raman studies on LCP of different

thicknesses.

On the other hand, and in contrast to what happens in the few examples of reported 2D
ferromagnets based on solid state chemistry,"” which have shown to be highly unstable in open air, this
coordination chemistry approach has afforded the isolation of robust 2D magnetic materials. Such a
robustness has also enabled us to study the mechanical properties of these atomically-thin layers, a
possibility that is unprecedented for coordination polymers. In fact, these 2D magnetic coordination
polymers can lead towards the preparation of high quality resonators, a fundamental aspect in order to
open up novel perspectives in the application of these materials in nanodevices. Thus, these results open
the door to the integration and application of 2D coordination polymers in different technological areas
like microfluidics, nanoelectronics, coatings, molecular sensing or mechanical magnetic membranes, and,
last but not least, it brings new candidates for the study of magnetism and phase transitions in the two-
dimensional limit. Finally, the variation of the wettability opens the possibility of creating complex
stacked structures, where the interface can determine the formation of the heterostructure. Importantly,
the pre-synthetic functionalization here described causes a perfect match with the periodicity of the 2D
crystal, i.e. a perfect ligand decoration of the monolayer is obtained. This can permit the combination of
this magnetic 2D material with superconductors or graphene, thus prompting to new materials where
unconventional physical phenomena might be present, such as Majorana fermions or photomagnon

couplings.
Methods

Synthesis of MUV-1-X. Ferrocene (30 mg, 0.16 mmol) and benzimidazole (or derivates) (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
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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. Energy dispersive X-ray analysis (EDAX) of

MUV-1-Cl from SEM and TEM show in both cases a 70:30 ratio for Cl:Fe.

X-ray Structural Studies. X-ray data for compounds MUV-1-H and MUV-1-Cl were collected at a
temperature of 100 K using a synchrotron radiation at single crystal X-ray diffraction beamline 119 in
Diamond Light Source, equipped with a Pilatus 2M detector and an Oxford Cryosystems nitrogen flow
gas system. Data was measured using GDA suite of programs. X-ray data for compounds MUV-1-Br,
MUV-1-CH; and MUV-1-NH; were collected at a temperature of 100/150 K using a Rigaku FR-X
rotating anode diffractometer, equipped with Hybrid Photon detector HyPix-6000HE and an Oxford
Cryosystems nitrogen flow gas system.

A summary of the data collection and structure refinements is provided in section 2 of the Supplementary
Information.

AFM. 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 (Bruker,

Karlsruhe, Germany) in tapping mode.

TEM. Several 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 use of a micromanipulator and
PDMS/PPC polymers, as reported in ref. *’). TEM images and diffraction patterns were acquired with a
JEOL JEM-2100F with a field emission gun operating at 200 kV. The simulated SAED patterns were

generated with SingleCrystal software.

Contact Angle (CA) Measurements. Static water contact angle measurements of the samples were
performed in air using a Rame-hart 200 standard goniometer equipped with an automated dispensing

system. The initial drop volume was 0.17 pL, increased by additions of 0.08 pL.
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MFM. Magnetic images were recorded with a commercial LT-MFM (attoMFM I, Attocube Systems AG)
with a commercial magnetic-coated cantilever (Nanosensors PPP-MFMR). The sample was cooled down

with an applied external out-of-plane field of +1 T, to assure that the tip magnetization was out-of-plane.

Magnetic Measurements. 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 + 5 T 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.

Nanomechanical resonators. Suspended membranes were fabricated by exfoliating MUV-1-Cl flakes
directly on top of circular cavities lithographically defined on a Si/SiO2 substrate (SiO; thickness: 285
nm).

Laser interferometry measurements. The motion of the MUV-1-X mechanical resonators was
measured in vacuum, using a laser interferometry setup, similar to the one reported in ref. **. A modulated
blue laser is used to sequentially heat up the membrane, bringing it into motion. A different, red laser is
focused onto the suspended membrane and is partly reflected by the membrane and partly by the silicon
chip underneath. As the membrane moves, the effective cavity depth is modulated. This modulates the
intensity of the reflected laser beam by interference, which is captured by a photodiode. The
measurements were done in a homodyne detection scheme, using a vector network analyser.

All data generated and analysed during this study are included in this Article and its Supplementary
Information, and are also available from the authors upon reasonable request. Atomic coordinates and
structure factors for the reported crystal structures have been deposited in the Cambridge Crystallographic

Data Centre (CCDC 1582347-1582350).
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