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ABSTRACT: The utility of molecular precursors to create thin-film
components for constructing van der Waals heterostructures was
explored by studying the layered Tm(II) compound [(THF)Cs(u-

’1.5: nS-Cp')3TmH]n _(CP/ = C5H4§IiM§3). This‘ compound, synt.he- () 1 csmeta O o

sized by the reduction of Cp’;Tm" with metallic cesium, crystallizes ] ) et o from —_—

as layers of hexagonal nets composed of Tm(II) ions and Cs(I) ions . THPERO M Sxfotaves — } =50 ayers o
at alternating vertices, bridged by Cp’ ligands. Full characterization SiMe; SiM:?H . — e,
of the compound, including SQUID magnetometry, was consistent o ﬂ}m oy imf)cs | B cmcisive,
with 4f° Tm(II). Though the triangular orientation of § = 1/2 & S, TR Swe, siodst

n

Tm(II) ions in the layered structure indicated a potential
environment for spin frustration, the SQUID data suggest these
metal centers lack enough interaction to enforce such behavior.
Successful exfoliation of the air- and moisture-sensitive single
crystals was achieved in a glovebox at low temperatures to yield thin films. These could be stacked under hexagonal boron nitride to
create an air-stable van der Waals heterostructure, which allowed analysis by AFM to determine a thickness of approximately 50
layers for the covered Tm-containing structure.

KEYWORDS: van der Waals, exfoliation, heterostructure, thin film, rare-earth metal

B INTRODUCTION Solid-state compounds with layered structures like graphite,

Thin films have garnered significant interest recently, as they boron nitride, and transition-metal dichalcogenides (TMDs)

have been shown to exhibit unusual emergent properties.1_7 are well-studied vdW materials, but the variety available is

The range of synthetic methods used to generate these limited."> New layered materials can be manufactured by
materials includes chemical vapor deposition (CVD),® liquid stacking films of these precursor materials on top of each other,
exfoliation,™ chemical growth,'® spin-coating techniques but the number of starting materials is not large.”” The
(SCT),"" layer-by-layer (LbL) assembly deposition,'* and construction of thin-film heterostructures from molecular
mechanical exfoliation of available layered solid-state materi- precursors synthesized in solution is a less-explored area that
als.">'* Exfoliation is advantageous in that the bulk properties has the potential to dramatically increase the array of possible
glf a material can be elucidated prior to the generation of thin compositions for thin films.” In addition, solution-phase
ms.

chemistry could be used to rationally design the specific
The materials most suitable for exfoliation to thin films are

classified as van der Waals (vdW) materials, which are
characterized as having layered solid-state structures in which
there are strong bonds in two dimensions but only weak
interlayer interactions at distances greater than or equal to 3 A
in the third dimension."® Interest in this class of materials was —
sparked with the initial exfoliation of graphene,'” and Received: February 12, 2023 R
subsequent studies of atomically thin layers have facilitated Accepted:  March 29, 2023
growing interest in this area.'® New exfoliation methods have Published: April 6, 2023
been developed, including micromechanical exfoliation with

Scotch or Nitto low-residue tape,17 sonication,'® and

commercial blending.19

components of the thin films. This has some precedent for
these known vdW materials’ and would be beneficial to extend
to new systems such as those that contain rare-earth metal
ions. Rare-earth metal-containing thin films synthesized via
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Figure 1. ORTEP of extended structures of both [(THF)Cs(u-11":1>-Cp’);Yb"], (1) and [(THF)Cs(u->:1>-Cp’);Tm"], (2). All displacement
ellipsoids are drawn at the 50% probability level (magenta, Tm; pink, Yb; tan, Cs; green, Si; red, O).

other methods are garnering interest as molecular sensors,”’
luminescent materials,”” and spin liquid candidates.*®

Recently, an organometallic rare-earth compound, [(THF)-
Cs(u-°:°-Cp’);Yb"], (1; Cp’ = C;H,SiMe;), was synthe-
sized and found to have a layered structure (see Figure 1) that
could potentially be exfoliated to form thin films.”* Compound
1 is one of several recent structures that crystallize with layers
of hexagonal networks comprised of three M(II) ions (M = Ba,
Yb, and U) and three Cs(I) ions connected by bridging Cp’
ligands.”**° The trimethylsilyl groups of the Cp’ ligand and the
methylene groups of the bound THF molecules extend
outward perpendicular to the layer plane but do not form
covalent bonds with other layers. The interlayer distance of
approximately 1.8 A between these functional groups is on the
shorter side for a vdW material, but this crystal system seemed
promising for exfoliation studies. Moreover, it is notable that
the layered structure appears robust in the face of changing
M(II) ions.” In fact, the THE solvation level can vary as well,
tuning the planarity of the layered structure.”
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Substituting diamagnetic Yb(II) with a paramagnetic
analogue was of interest because the hexagonal network
incorporates these ions in a triangular orientation that offers
the potential for spin frustration at low temperatures. In order
to explore the exfoliation of this type of structure with an § =
1/2 paramagnetic compound, rather than diamagnetic 1, the
4" Tm(II) analogue [(THF)Cs(u-n*:n°-Cp’);Tm"], (2), was
synthesized. Reported here are the synthesis and X-ray crystal
structure of 2, its characterization by SQUID magnetometry as
an ’F,,, Tm(II) compound, and its successful exfoliation to
make a heterostructure with hexagonal boron nitride.
Synthesizing otherwise inaccessible crystal lattices (heavy
elements/rare earths/more complex geometries) that can be
incorporated into a nanodevice/heterostructure with other
two-dimensional layered materials can create new opportu-

nities in materials science, engineering, and physics.

https://doi.org/10.1021/acsanm.3c00662
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B RESULTS AND DISCUSSION

Synthesis and X-ray Crystal Structure. [(THF)Cs(u-
S:°-Cp’);Tm'"], (2) was synthesized by reduction of
Cp/sTm™ with a cesium smear in THF at —35 °C (eq 1),

SiMey SlMe;

\ Cs
Tm —_——
Me;Si THF
\% SiMey

resulting in a color change from lime green to dark green/
black. Crystallization by slow vapor diffusion of Et,O into a
concentrated THF solution of 2 at —35 °C yielded dark green/
black hexagonal blocks approximately 0.276 X 0.288 X 0.628
mm in size. Single-crystal X-ray diffraction studies revealed that
compound 2 (Figure 1) is isomorphous with compound 1.

The bond distances and angles in 2 (see Table S2) are
similar to those in 1, which is consistent with the similar radial
sizes of Tm(II) and Yb(II). There are also metrical similarities
between 2 and the closely related nonlayered complex
[K(crypt)][Cp’sTm™] (3).”” For example, the 2.501 A Tm—
Cp’cnt (Cp’ e = centroid of Cp’) distance in 2 is similar to the
Tm—Cp',,, distances of 2.509 and 2.502 A observed in 1 and
3, respectively. The layers in 2 are corrugated, as shown by the
20.17° dihedral angle between adjacent mean planes of six
metal jons. Furthermore, the root-mean-square deviation
(RMSD, @y,,) of the six metal ions from the mean plane of
their positions is @, = 0.669 A, versus wp, = 0 for a
completely planar structure. These data are similar to those for
the Yb(II) analogue 1: @y, = 0.671 and dihedral angle
20.26°.”* This observed consistency between 1 and 2
demonstrates that the corrugated nature of the individual
layers is not impacted by changing the M(II) center from
Yb(II) to Tm(II).

Spectroscopic and Magnetic Properties. The solution-
phase characterization of 2 via multinuclear NMR and UV—
visible absorption spectroscopy was conducted in THF, since 2
is insoluble in solvents such as diethyl ether, toluene, and
hexanes, and it is reactive toward other solvents such as
acetonitrile and dimethylformamide. The UV—visible absorp-

SiMey

1)
Me;3Si< ;

tion spectrum of 2 features bands centered at 430 nm (& = 600
M™'ecm™) and 645 nm (¢ = 300 M 'em™), as well as a
shoulder at 340 nm (¢ = 700 M~'cm™") (Figure S1). The
molar absorptivities are consistent with f = d Laporte-allowed
transitions typical for Tm(II) complexes.”” The spectrum of 2
is quite similar to the spectrum of 3, which displays
absorbances at 416, 550, and 634 nm.”” The Raman spectrum
of 2 is silent from 0 to 2500 cm ™" using 405, 532, and 785 nm
lasers (Figures S2—S4).

The variable-temperature magnetic susceptibility of 2
(Figure 2) was measured under applied fields of 0.1, 0.5, and
1 T to establish the ground-state electron configuration of the
thulium ions and to evaluate the exchange interactions present.
The room-temperature yy7T product was found to be
approximately 3.4 Keemu/mol under each of the three applied
fields. Upon fitting these data sets in PHIL,>® the results were
found to be consistent with a single unique ion in a *F,,
electronic ground state possessing temperature-independent
paramagnetism (TIP) along with weak intermolecular
exchange on the order of 107> cm™'. These results are
consistent with a 4f'* thulium electron conﬁguratlon, which is
typical for other Tm(II)-containing complexes.”” The vanish-
ingly weak magnetic exchange observed was in line with
expectations, since the Tm(II) ions are spatially isolated from
their nearest neighbors by two closed-shell cyclopentadienyl
ligands and a bridging Cs(I) ion.

—

H=gpg. B (2)

Despite the paramagnetic nature of 2, '"H and '**Cs NMR
spectra were observable (Figures SS and S6). Resonances in
the 'H NMR spectrum of 2 are broadened with a full-width at
half-maximum (fwhm) of 230 Hz that is consistent with its
paramagnetism. A single '**Cs resonance is observed for 2 at
—218.62 ppm, and it is nearly identical with that of the
previously characterized Yb(II) analogue (6 = —218.18
ppm).”> This suggests that the cesium cations have similar
chemical environments in solution. No signal was observed in
the X-band CW EPR spectrum of 2 taken in perpendicular
mode at 77 K, which is consistent with the strong spin—orbit
coupling associated with the anisotropic 4f electron
configuration that induces relatively fast electron relaxation.

Exfoliation. In order to obtain thin layers of 2, a sample of
2 was mechanically exfoliated using blue Nitto low-residue

a 4o b 4.0 C 40
3.5+ 3.54 3.5+
= 3.0+ = 3.0+ = 3.0+
g » g g
3 245- 3 25- 3 2.5
% 2.0 g 2.0 % 2.0+
3 3 3
}\2 1.5 4 }\2 1.5 1 }\2 1.5 4
X 1.0+ X 1.0+ X 1.0+
0.5+ 0.5+ 0.5+
00 T T T T T T T 00 T T T T T T T 00 T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T(K) T(K)

Figure 2. Variable-temperature magnetic susceptibility of 2 from 2 to 300 K. Fitted curves are shown as black traces. Fits were obtained in a IJ,M;)
basis using the Hamiltonian given in eq 2. Open circles correspond to experimental data. Applied fields and fit parameters with their parenthesized
uncertainties are reported. (a) H = 0.1 T, zJ = —0.024(4) cm™, TIP = 0.00323(4) Keemu/mol. (b) H = 0.5 T, zJ = —0.0312(4) cm™, TIP =
0.00297(4) Keemu/mol. (c) H= 1T, zJ = —0.043(6) cm™’, TIP = 0.00295(4) Keemu/mol. The intermolecular interaction (z]) between spins
was modeled using the mean-field approximation as implemented in PHI>®
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Figure 3. Characterization of thin layers of 2. (a) Optical image of a sample of exfoliated thin flakes of 2 on PDMS (sample a). The scale bar is 20
um. (b) Optical image of sample b encapsulated by hBN. The scale bar is 25 ygm. (c) AFM image of sample b. The inset shows the step height

along the blue trace. The scale bar is 5 ym.

tape under an argon atmosphere inside a glovebox. The tape
was then adhered to a small slab of polydimethylsiloxane
(PDMS) that was precooled to —35 °C. Lowering the
temperature of the PDMS closer to its glass transition
temperature has been shown to improve its adhesion
properties.”” After removing the tape from the cold PDMS,
thin layers of 2 were deposited on the surface of the PDMS.
These layers were then transferred onto a SiO,/Si substrate for
further studies. After imaging several thin layers, films
containing steps of different thicknesses were observed,
demonstrating the layered nature of 2 (Figure 3a). In order
to protect the samples from exposure to water or oxygen, the
exfoliated flakes were covered with hexagonal boron nitride
(hBN) as shown in Figure 3b. The Raman spectrum of the
sample collected with a 532 nm laser displayed no absorbances
between 100 and 2500 cm™' (Figure S7), consistent with the
spectrum of the bulk crystals.

Atomic Force Microscopy (AFM). Topographical char-
acterization of the sample in Figure 3b was performed using an
atomic force microscope. This allowed an estimate of the
number of layers within the hBN encapsulated flake. From the
optical microscope images, differences in contrast indicated
that the sample was composed of regions of varying
thicknesses. In Figure 3¢, two plateaus of relatively constant
thickness can be observed, one at 50 nm and another at 58 nm.
With a single-layer thickness of approximately 10 A, this
suggests that the sample in Figure 3b is approximately 50 layers
thick.

B CONCLUSION

The synthesis of a layered paramagnetic Tm(II) compound,
[(THF)Cs(u-n*>n>-Cp’);Tm"], (2) from the reduction of
Cp/sTm™ with cesium in THF provided an opportunity to
determine if heterostructures could be constructed from
molecular species generated in solution. Compound 2 was
fully characterized by single-crystal X-ray crystallography, UV—
visible and NMR spectroscopy, and magnetic measurements
that show 2 is a 4f°’F,, Tm(II) compound. Air- and
moisture-sensitive single crystals of 2 were exfoliated to thin
films (approximately SO layers in thickness) and successfully
covered with hexagonal boron nitride to make a hetero-
structure. This demonstrates the viability of using molecularly
designed compounds of this type for the construction of
heterostructures. Given the robust nature of complex 2 and the
synthetic capability to tailor the lanthanide starting material, it
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is of interest to incorporate more magnetically interesting
lanthanides into this system in the future. In fact, the
incorporation of dysprosium or terbium may lead to
antiferromagnetic behavior that would be applicable in various
systems3sluch as spintronics, memory/storage devices, and THz
devices.

B EXPERIMENTAL DETAILS

All manipulations and syntheses described below were conducted
with the rigorous exclusion of air and water using standard Schlenk
line and glovebox techniques under an argon atmosphere. Solvents
were sparged with UHP argon and dried by passage through columns
containing Q-5 and molecular sieves prior to use. Deuterated THF
was dried for 1 week over NaK alloy, degassed by three freeze—
pump—thaw cycles, and vacuum-transferred before use. 'H and **Cs
NMR spectra were recorded on a GN500 MHz spectrometer. The 'H
NMR spectrum was collected at 298 K and referenced internally to
residual protio-solvent resonances. The **Cs spectrum was collected
at 298 K and referenced to CsNO; following the recommended scale
based on ratios of absolute frequencies.*> UV—visible absorbance
spectra were collected on an Agilent Cary 60 UV—vis spectrometer.
Infrared spectra were collected on an Agilent Cary 630 spectrometer
equipped with a diamond ATR attachment. EPR spectra were
collected using the X-band frequency (9.3—9.8 GHz) on a Bruker
EMX spectrometer equipped with an ER4119HS-W1 microwave
bridge. Cesium (>99.5%, Aldrich) was used as received in the ampule
sealed under argon. Cp’;Tm was synthesized via the literature
procedure.”’

All magnetic measurements were carried out on a Quantum Design
MPMS-XL SQUID magnetometer. Under an atmosphere of argon,
crystals of 2 were mechanically ground into a fine powder, 12.0 mg of
which was loaded into a quartz tube (inner diameter S mm, outer
diameter 7 mm). The powder was covered with a solid layer of
eicosane (50.3 mg) and flame-sealed under vacuum. The eicosane was
subsequently melted at 45 °C in order to restrain the sample (prevent
crystallite torquing) and to improve thermal conductivity between the
sample and the environment. Diamagnetic corrections were calculated
using Pascal’s constants®> and were applied to all reported magnetic
susceptibility values unless otherwise noted.

[(THF)Cs(u-14r°-Cp’)sTm],, (2). Under an argon atmosphere, a
vial with Cp’;Tm (45 mg, 0.08 mmol) dissolved in THF (1.5 mL)
and a vial with a cesium smear were precooled to —35 °C. The light
green THEF solution of Cp’;Tm was transferred by pipet into the vial
containing the cesium smear, and the heterogeneous mixture was
stirred for S min at room temperature, over which time the color
changed to dark black/green. The solvent was removed in vacuo, and
the remaining solids were washed with cold hexanes. Extraction with
THF and removal of the solvent under reduced pressure yielded a
black microcrystalline material (42 mg, 69%). Black crystals of

https://doi.org/10.1021/acsanm.3c00662
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[(THF)Cs(u-*:°-Cp’);Tm], that were suitable for study by single-
crystal X-ray crystallography were grown by slow vapor diffusion of
Et,0 into a concentrated THF solution at —35 °C. 'H NMR (500
MHz, THF-dg): 6 19.81 (s, 6H), § 5.51 (s, 6H), § — 0.05 (s, 27H).
133Cs NMR (65 MHz, THF-dg): 6 — 218.62 (s). IR v, cm™": 3073w,
2947w, 2893w, 1438w, 1400w, 1353w, 1306w, 1242m, 1176m,
1035m, 903m, 824s, 742s, 680m. UV—visible 4., nm (¢, M~ cm™):
340 (700), 430 (600), 645 (300). Anal. Calcd for [(THF)Cs(u-11>:17>-
Cp’);Tm], [C,sH,,CsOSiyTm]: C, 42.80; H, 6.03. Found: C, 35.65;
H, 5.698. Incomplete combustion was observed as has been found in
the past with complexes of this type,’* but the observed CH ratio was
CogHss.

Heterostructure Formation. h-BN crystals exfoliated via thermal
release tape were transferred onto a stamp of PDMS by applying the
tape to the surface of the stamp and peeling it off. A large uniform
flake of hBN was optically located on the PDMS and subsequently
transferred to a SiO,/Si chip with recently exfoliated Tm(II) material.
This was achieved by aligning both hBN and Tm(1II) flakes, using a
robotic transfer stage with 12 degrees of freedom inside an argon-
filled glovebox. Once the flakes were aligned, the stamp was slowly
lowered until the BN was in contact with the Tm(II) flakes. The
system was heated to 80 °C, and the stamp was slowly lifted until out
of contact. The hBN flake was left behind on top of the Tm(II) flake,
encapsulating it.

B ASSOCIATED CONTENT

Data Availability Statement

CCDC 2248022 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
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