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Hybrid Heterostructures of a Spin Crossover Coordination
Polymer on MoS,: Elucidating the Role of the 2D Substrate

Alejandro Nufiez-Lépez, Ramdn Torres-Cavanillas, Marc Morant-Giner, Natalia Vassilyeva,
Richard Mattana, Sergio Tatay, Philippe Ohresser, Edwige Otero, Emiliano Fonda,
Michael Paulus, Victor Rubio-Giménez, Alicia Forment-Aliaga,* and Eugenio Coronado*

Controlling the deposition of spin-crossover (SCO) materials constitutes a
crucial step for the integration of these bistable molecular systems in
electronic devices. Moreover, the influence of functional surfaces, such as 2D
materials, can be determinant on the properties of the deposited SCO film. In
this work, ultrathin films of the SCO Hofmann-type coordination polymer
[Fe(py),{Pt(CN),}] (py = pyridine) onto monolayers of 1T and 2H MoS,
polytypes are grown. The resulting hybrid heterostructures are characterized
by GIXRD, XAS, XPS, and EXAFS to get information on the structure and the
specific interactions generated at the interface, as well as on the spin
transition. The use of a layer-by-layer results in SCO/2D heterostructures,
with crystalline and well-oriented [Fe(py),{Pt(CN),}]. Unlike with conventional
Au or SiO, substrates, no intermediate self-assembled monolayer is required,
thanks to the surface S atoms. Furthermore, it is observed that the higher
presence of Fe3* in the 2H heterostructures hinders an effective spin
transition for [Fe(py),{Pt(CN),}] films thinner than 8 nm. Remarkably, when
using 1T MoS,, this transition is preserved in films as thin as 4 nm, due to the
reducing character of this metallic substrate. These results highlight the
active role that 2D materials play as substrates in hybrid molecular/2D

1. Introduction

The spin crossover (SCO) phenomenon is
one of the most spectacular examples of
molecular bistability. Itis displayed by some
coordinated d-transition metal ions with
d* to d’ configuration. These metal com-
plexes may exist in low-spin (LS) or high-
spin (HS) electronic states, which can be
switched by applying external stimuli like
temperature, light, or pressure.l!! Further-
more, these states exhibit entirely differ-
ent physical properties (mechanical, optical,
thermal, etc.),**] allowing the use of SCO
compounds as molecular components in
hybrid electronic devices with sensing, ac-
tuating, or memory capabilities.>”] Differ-
ent processing routes have been developed
in the past few years to incorporate them
in these nanodevices while controlling their
morphology, thickness, and crystallinity.!®]
In this regard, SCO complexes that can

heterostructures.

be grown layer-by-layer (LbL) are partic-
ularly interesting since their thickness
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and morphology can be easily controlled, ranging from nano-
metric to micrometric films. An archetypical example is pro-
vided by the SCO Hofmann-type coordination polymer (HTCP)
[Fe(py),{Pt(CN),}] (py = pyridine),®! as it presents a layered-like
structure, facilitating its LbL growth at room temperature and
under a controlled atmosphere, in contrast with other HTCP,
which can only be prepared at very low temperatures.['] Addi-
tionally, this HTCP exhibits a spin transition centered at 205
K which remains detectable down to 7 layers when grown on
metallic substrates.[''12] However, the development of smaller
and thinner SCO nanodevices is still hampered by the loss of
the spin transition when the SCO complex is in direct con-
tact with the substrate. For this reason, recent works have fo-
cused on studying the interaction between different substrates
and the SCO material.’}! For instance, in the SCO molecule
[Fe(H,B(pz),), (phen)] deposited on Au (111) a full blocking of
the LS state occurs for the first layer,'#1°] while when anchored
on Bi (111) it exhibits a partial HS blocking.['] A second example
is provided by the related molecule [Fe(H,B(pz),),(bpy)]. In this
case, for thin films deposited on the organic ferroelectric copoly-
mer polyvinylide fluoride-trifluoroethylene (PVFT), a HS state is
stabilized when the PVFT dipole is pointing “up,” while the LS
is fixed for the “down” dipole orientation.['’] These results indi-
cate that the spin-switching capabilities of the device are strongly
affected by the nature of the substrate and, in particular, by the
interactions established at the hybrid interface.

In this context, using 2D materials as substrates provides a
unique opportunity to study the hybrid molecular/inorganic in-
terface in detail since all the 2D material belongs to the interface.
Taking advantage of this feature, several SCO/2D heterostruc-
tures have been prepared to sense the spin transition of the SCO
component through the change detected in the electrical or op-
tical properties of the 2D material. For instance, some works
have explored the manipulation of graphene electrical properties
by preparing heterostructures based on SCO nanoparticles, 81!
crystals,!?*21] or evaporated films.[2223] Other works have ex-
ploited the change experienced in the optical properties (photo-
luminescence) of 2D semiconductors, such as 2H MoS, or WSe,
monolayers, to sense the strain induced on them by the spin
transition.[22*] Notice that all these previous works were focused
on studying the change experienced in the properties of the 2D
material by the influence of the SCO component. The comple-
mentary question, i.e., how the 2D material affects the properties
of the SCO component, has not been investigated so far.[?2¢]

Herein, we address this question by using two different MoS,
polytypes as the 2D material. In nature, this transition metal
dichalcogenide is found in the hexagonal 2H polytype with a
trigonal prismatic Mo coordination that behaves as an indirect
bandgap semiconductor. However, once exfoliated down to the
monolayer, it may maintain the 2H polytype, becoming a direct
bandgap semiconductor with strong photoluminescence (PL), or
change into the 1T phase, with an octahedral coordination ge-
ometry and metallic behavior.?”] This 1T phase is metastable
and may undergo structural distortions to yield other nonstable
polytypes.[?#32] Furthermore, what makes MoS, so interesting is
the fact that its physical properties and polytypes can be easily
tuned by doping, chemical functionalization, strain, or other ex-
ternal effects.[>*%%] In our case, we focus on creating a hybrid het-
erostructure with the SCO component HTCP [Fe(py), {Pt(CN),}].
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This coordination polymer was directly grown onto 1T and 2H
MoS, flakes, previously prepared by chemical exfoliation and
deposition on a SiO, substrate. The HTCP was grown using a
bottom-up LbL methodology, which permits the complete cover-
age of the exposed side of the 2D material with the SCO compo-
nent and gives rise to a Janus SCO/2D heterostructure.182022:37]
The advanced characterization of these hybrid heterostructures
was performed by using X-ray absorption spectroscopy (XAS), X-
ray photoelectron spectroscopy (XPS), and extended X-ray fine
structure (EXAFS). These techniques provided key information
on the specific interactions generated at the interface, as well as
on the spin transition. They showed that when using 1T MoS,
flakes, the spin transition is preserved in SCO films as thin as
4 nm (5 layers) thanks to the reducing character of this metallic
substrate, which prevents the Fe?* from oxidation, while for 2H
MosS, thicker SCO films (larger than 8 nm) are required.

2. Results and Discussion

2.1. Synthesis of the HTCP/MoS, Heterostructures

The first step involves the exfoliation and isolation of 1T or
2H MoS, layers from the bulk. To obtain the 1T MoS, poly-
type, the exfoliation is carried out using the n-Buli intercala-
tion method,*®! which leads to an aqueous colloid of negatively
charged exfoliated MoS, due to the electron donation from the n-
Buli (Figure S1, Supporting Information). Then, the 1T MoS,
is spin-coated on a SiO, substrate to form a well-packed net-
work of MoS, ultrathin layers with an average height of 1.5 +
0.3 nm, as shown by the atomic force microscopy (AFM) im-
ages (Figure S2, Supporting Information). To obtain the 2H MoS,
polytype, the previously prepared 1T MoS, network deposited
on SiO, is heated at 200 °C for 1 h under an inert atmosphere
(Figure S3, Supporting Information).*?! This process leads to an
almost complete conversion from 1T to 2H, as shown by the Mo
3d XPS spectra (Figure S4, Supporting Information) and Raman
spectroscopy (Figure S5, Supporting Information).*%) It must be
noted that the thickness of the converted 2H phase remains sim-
ilar to the 1T polytype (0.9 + 0.7 nm, Figure S6, Supporting Infor-
mation). Next, via an optimized LbL protocol (Figure 1a), we pro-
ceed to grow the HTCP on the 2D network of the two MoS, poly-
types (HTCP/1T and HTCP/2H, Figure 1b). The strategy is based
on the successive immersion of the MoS,-covered substrates in
an ethanolic solution of Fe** and the py ligand followed by an-
other solution of (TBA),Pt(CN), (IBA = tetrabutylammonium)
with intermediate washing steps in pure ethanol. The whole pro-
cess is automated to ensure reproducibility and is performed un-
der an inert atmosphere to minimize Fe?* oxidation.['?]

Next, we analyze the deposition of [Fe(py),{Pt(CN),}] using
AFM, scanning transmission electron microscopy (STEM), and
energy dispersive X-ray spectroscopy (EDS). As shown in Figure
2a—c and Figures S7-S20 and Table S1 (Supporting Information),
the HTCP grows preferentially on top of the flakes of both MoS,
polytypes rather than on the exposed SiO, substrate with a Fe:Pt
ratio close to 1, the calculated value from the chemical formula.
AFM height distributions indicate a linear thickness increase
of the whole HTCP/MoS, heterostructures with successive cy-
cles. The growth per cycle was ~0.74 and ~0.78 nm for the 1T
and 2H MoS, substrates, respectively. This is in good agreement
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Figure 1. a) Schematic representation of the growth of [Fe(py), {Pt(CN),4}] by automated LbL on top of the MoS, flakes deposited onto a SiO, substrate.

b) Schematic representation of the formed HTCP/MoS, heterostructure. Color code: Mo (violet), S

(blue). H atoms are omitted for clarity.

with the crystallographic interlayer distance in [Fe(py),{Pt(CN),}]
(0.76 nm, Figure 2c), similar to its growth on Au substrates.[!112]
This clearly supports that a single layer of HTCP grows directly
on top of the MoS, flakes with each LbL immersion cycle. No-
tably, in the present case, no anchoring molecule is required to
link the substrate and the target molecule or film. Thus, the first
Fe?* centers directly bind to the MoS,. This is in sharp contrast
with the common procedure used to grow ultrathin films of ex-
tended coordination polymers on an inorganic substrate since it
often requires the insertion of a molecular self-assembled mono-
layer (SAM) in between the two components to warrant the ho-
mogeneity of the film.['240] We hypothesize that the direct growth
of HTCP on MoS, occurs either via the coordination of Fe** ions
by S lone pair at the MoS, basal plane or simply by electrostatic
interactions between the positive ions and the negatively charged
MoS, surface in the case of 1T MoS,. Nevertheless, the fact that
the HTCP grows similarly in both MoS, substrates (1T is partially
charged, while 2H is not) indicates that anchoring via S coordina-
tion is most likely. This facilitates the synthetic protocol and en-
hances the HTCP/MoS, interaction. Then, these Fe?* ions would
act as nucleation centers for the subsequent formation of the
pillared 2D layers by the alternate immersions in Pt(CN),2":py

F———————4

(yellow), Fe (maroon), Pt (silver), C (gray), and N

and Fe?*:py solutions. The morphology of the coordination com-
pound evidences a grain structure, similar to previous results of
LbL growth of HTCP on Au.!1112!

2.2. Characterization of the HTCP/MoS, Heterostructures

When we analyze the chemical composition of the heterostruc-
tures by means of XPS, survey spectra (Figure S21, Supporting
Information) show the presence of the main components (Fe, Pt,
C, N, Mo, and S) in all cases. However, some relevant changes
occur in the 1T MoS, Mo 3d edge after the HTCP growth (Figure
3a). Focusing on the bare 1T MoS,, the signal is fit to four dou-
blets arising from Mo 3d 1T MoS, (purple), 2H MoS, (cyan), and
MoO, (orange), and S 2s MoS, (green) contributions, see Table
S2 (Supporting Information) for the values of each component.
The presence of the cyan-colored band is due to a ~#16% resid-
ual 2H MoS, in the exfoliated materials. After 7 cycles of HTCP
growth, all the Mo 3d bands blue-shift by 0.4 eV but the sample
maintain its 1T phase character, as confirmed by the presence of
] peaks in Raman spectroscopy (Figure S22, Supporting Informa-
tion). We ascribe this shift to the electron donation from the MoS,

30
25

1T: y=1.49+0.74x
2H: y=2.39+0.78x

20
15
10

5

I 1 1 | 1 1 I
0 5 10 15 20 25 30
Number of LbL cycles

Heterostructure thickness / nm

Figure 2. AFM topography of the heterostructure a) HTCP(x15)/1T and b) HTCP(x12)/2H. c) Linear dependence between the number of LbL immersion

cycles and HTCP/MoS, thickness.
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Figure 3. High-resolution XPS spectra of Mo 3d for the a) 1T MoS, and HTCP/1T heterostructures (5 and 10 cycles), and b) 2H MoS, and HTCP/2H
heterostructures (5 and 15 cycles). c) S K-edge XAS of bare 1T and 2H MoS, and the heterostructures HTCP(x15)/MoS,.

to the HTCP, affecting the MoS, work function, the Mo 3d levels,
or both.[1#2] This effect is associated with the reducing charac-
ter of the 1T MoS, due to an excess of negative charge, which
originated during the exfoliation protocol with n-BulLi. Thus, 1T
MoS, is more reactive and prone to inducing charge transfer phe-
nomenon. In contrast, this effect is not observed in the XPS spec-
tra of the 2H MoS, heterostructures (Figure 3b), the Mo 3d bands
are poorly affected upon the formation of the HTCP. Interest-
ingly, looking at the S 2p region, a similar blue-shift is observed
upon the functionalization of 1T MoS, (Figure S23 and Table S3,
Supporting Information), supporting the electron donation from
the MoS, to the HTCP.

In order to further explore the specific interactions between
the MoS, and the HTCP observed by XPS, we have followed the
S K-edge XAS and Mo K-edge XAS at 300 K. Starting with the S K-
edge, 1T MoS, and 2H MoS, spectra of bulk samples (Figure 3c
and Figure S24, Supporting Information) show clear differences
between the 1T and 2H phases; these are mainly the shape of
the A peak (related to the electron transition of S 1s electrons
to unoccupied hybridized S 3p orbitals), the relative intensities
of A and B peaks (being B related to the transition from S 1s
electrons to antibonding p-like final states) and the presence of
a third peak at higher energy in the case of the 2H polytype (C
peak).1}] Next, the S K-edge spectra of 2H and 1T heterostruc-
tures with different numbers HTCP layers are analyzed (Figures
S25 and S26, Supporting Information). The peak positions of the
2H HTCP/MoS, samples at 300 K perfectly fit with the 2H ref-
erence sample. Nevertheless, there is an evident increase in the
intensity of the A band. As there is no remarkable alteration of
the S 2p XPS spectra, we attribute this change to an increase of
S 3p unoccupied density of states due to the coordination of S
to Fe?* ions.[*+*] The same A band modifications are observed
in the 1T MoS, S K-edge, providing evidence of specific interac-
tions at the interface where Fe ions in HTCP are coordinated by
the lone pair of the S atoms in MoS,. This coordination is fur-
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ther confirmed by the valence band XPS of the heterostructure
(Figure S27, Supporting Information).*6#”] Therefore, eliminat-
ing the electrostatic interaction as the source of the Fe?* anchor-
ing. Remarkably, the broadening of the B band, attributed to the
presence of some oxidized species (e.g., SO,%7) is absent in the
heterostructure due to the limited MoS, exposure and reactivity
to air of 1T S atoms after the HTCP functionalization.*¥] Moving
to the Mo K-edge XAS, which corresponds to the excitation from
the Mo 1s to 5p orbitals, the bulk sample spectra show three peaks
D, E, and F (Figure S28, Supporting Information). 1T MoS, lay-
ers present a less pronounced D peak, as can be seen in the inset
of Figure S28a (Supporting Information). Focusing on the het-
erostructures, the spectrum of the reference 2H MoS$, is matched
in the HTCP/2H, while in the HTCP/1T some small changes in
the intensity of the D peak are observed, supporting the electron
withdrawal effect of 1T MoS, already observed by XPS in the Mo
3d region.

The chemical composition and electronic signature of the
HTCP have been studied by infrared spectroscopy and XPS,
while its crystallinity has been studied by synchrotron grazing
incidence X-ray diffraction (GIXRD). The infrared reflection ab-
sorption spectra (IRRAS) of the films match perfectly with the
Fourier-transform infrared (FT-IR) spectrum of the bulk mate-
rial, showing all the characteristic vibrations of HTCP (Figure
4a). By monitoring the intensity of the C=N (2173 cm™?) and
the py ring (1600-1000 cm™!) stretching bands with the num-
ber of cycles, the sequential growth of the HTCP over the
MoS, can be further confirmed (Figures S29-S32, Supporting
Information).

Regarding the electronic signature of the HTCP, we explore
the Fe 2p (Figure 4b) and Pt 4f (Figure S33, Supporting Infor-
mation) regions of the XPS at 300 K in the two heterostructures.
The interpretation of Fe oxidation state is far more complex due
to satellite bands and multiple splitting features. Nevertheless, it
is clear that the spectra of all the samples resemble each other

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) IRRAS spectra of the 1T and 2H heterostructures with 12 HTCP layers compared with the FT-IR spectra of the HTCP bulk. b) High-resolution
XPS spectra of Fe 2p for HTCP bulk and HTCP/MoS, heterostructures (5 and 15 cycles on 1T MoS,, and 5 and 10 cycles on 2H MoS,). GIXRD patterns
of the MoS, heterostructure in c) the out-of-plane region and d) in-plane region.

in shape and peak position.[*##*>% The first band of the Fe 2p; ,
region located at #709.8 eV (olive green) is attributed to the main
signal of Fe?*. The second at ~#711.2 €V (orange) comes from a
mixture of multiplet splitting signals of the Fe?* and Fe** species
(see Table S4, Supporting Information). The third at ~714.5 eV is
caused by the multiplet splitting of the Fe?*, Fe** and Fe?* satel-
lite (pink) peaks. Unfortunately, this proximity makes it impossi-
ble to separate and quantify both contributions. However, a clear
trend in the different heterostructures is observed. 1) The orange
band area, caused by Fe** and Fe?* contributions, decreases with
the number of cycles. Therefore, the amount of Fe** decreases
as the HTCP thickness increases. 2) The HTCP grown on 1T
MoS, exhibits a less intense orange band, thus less Fe** popu-
lation. 3) In the heterostructures, a new band located at 717 eV
(gray) appears, which is the satellite peak of Fe*", and follows
the same trend as the orange band, decreasing for the thicker
HTCP films (a ca. 2% for the x5 and x15 1T heterostructures,
and a ca. 10% for x5 and x10 2H).*! Therefore, we can con-
clude that,on the one hand, the first layers of HTCP contain a
higher amount of Fe**, probably due to their low dimensional-
ity, which facilitates Fe?* oxidation when exposed to air after the
LbL growth. On the other hand, the HTCP grown on 1T MoS, is
less susceptible to oxidation. This agrees with our previous hy-
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pothesis that the 1T MoS, acts as an electron donor, hence pre-
venting the Fe** film from oxidizing. The Fe:Pt ratio was quan-
tified for the different samples and was found to be around 0.9
for the 1T heterostructures and 1.1 for the 2H hybrids, which is
reasonably close to the theoretical value of 1 (Table S5, Support-
ing Information). For the proper interpretation of these results,
it is important to remark that all samples with a different num-
ber of layers were prepared simultaneously in separate substrates
and then exposed to air for XPS measurements. Once a sam-
ple is removed from the glove box, no further HTCP growth is
performed.

Next, by means of GIXRD, we explore the HTCP crystallinity
in the heterostructures. Figure 4c,d show the out-of-plane and
in-plane profiles of HTCP/1T and HTCP/2H with 30 layers, re-
spectively, obtained from the area detector images (Figure S34,
Supporting Information). The most intense diffraction peaks of
the individual components of the heterostructures, MoS, and
HTCP, are visible for all the heterostructures. The 020 and 040
diffraction peaks of the HTCP are present in the out-of-plane pat-
terns, while the 002, 200, and 202 are present in the in-plane
ones for both heterostructures. This indicates that the HTCP lay-
ers grow oriented with the ab planes parallel to the substrate. A
small 111 peak can also be detected in the in-plane diffractograms
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coming from the slight tilt of the HTCP layers with respect to
the substrate plane, as previously observed for films grown on
Au.'12] Remarkably, MoS, flakes impose the same crystalline
orientation as substrates functionalized with a py-terminated
S AM.[H'H]

Regarding the diffraction patterns of bare 2H and 1T MoS, net-
works, the only peaks present are those related to the 001 reflec-
tions, which only appear in out-of-plane diffraction patterns. This
is indicative of all MoS, flakes laying parallel to the surface of the
SiO,. Noticeably, in the 1T phase, the main diffraction peak 001
corresponds to a ~10 A interlayer distance, which can be related
to the presence of trapped water molecules between restacked
MoS, layers during the 1T MoS, deposition. The second far less
intense 002 peak corresponds to ~6.2 A interlayer space, which
can be indicative of the presence of non-intercalated material (a
similar diffraction pattern can be observed for a powder sample
of 1T MoS,, see Figure S35, Supporting Information). After the
HTCP growth, both 001 and 002 peaks are preserved, and only
the 001 peak is slightly shifted to higher q values, pointing to a de-
crease in the interlayer distance regarding the 1T MoS, powder,
probably due to the presence of the coordination polymer. These
results confirm not only the crystallinity of both components in
the heterostructure but also their relative orientation with respect
to each other. This is indicative of the substrate registry effect of
the MoS, flakes on the growth of the HTCP. Thus, we analyzed
the lattice mismatch between the ac plane of the HTCP and the
ab planes of the 1T and 2H MoS, (see Figures S36 and S37, Sup-
porting Information). Our findings indicate a mean mismatch of
4-16%, which is compatible with the MoS, exercising a substrate
registry effect on the HTCP growth, even if the first layer may
be defective. This is compatible with lattice mismatches previ-
ously observed for other heterostructures based on coordination
polymers.[152] More information is present in the lattice mis-
match section in the Supporting Information. Furthermore, we
have analyzed the effect of HTCP anchoring in the in-plane struc-
ture of MoS, by means of high-resolution transmission electron
microscopy (HR-TEM) in a HTCP(x2)/1T sample. As shown in
Figures $38-S40 (Supporting Information), the 1T MoS, flakes
present the 1T” (distorted 1T) superstructure (in-plane d-spacing
0f 0.57 + 0.01 nm) and is slightly impacted by the HTCP growth,
expanding to 0.61 + 0.02 nm.[534 This shows that even while the
MoS, is under stress from the HTCP growth, the effect at the in-
terface is relatively small and entirely compatible with the lattice
mismatch that the HTCP can withstand.

2.3. Study of the Spin Transition in the HTCP/MoS,
Heterostructures

Once the proper formation and crystallinity of the HTCP on the
heterostructures have been proved, we target to determine quan-
titatively the amount of Fe** and the number of Fe?* centers sus-
ceptible to switch their spin state thermally. Usually, these studies
are done by SQUID magnetometry like for the HTCP bulk sam-
ple, which presents a HS configuration at 300 K with a transition
to LS at 208 K during cooling and a thermal hysteresis of 33 K.
Here, due to the reduced amount of HTCP in the HTCP/MoS,
heterostructures and the high diamagnetic contribution coming
from the substrate, SQUID measurements could not be carried
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out properly for heterostructures below 60 layers, presenting a
similar thermal transition than the bulk material (Figure S41,
Supporting Information). Instead, we can follow the Fe L, ; ab-
sorption edges by XAS since these are extremely sensitive to Fe
oxidation and spin states, changing their shape and intensity
(Figure 5a). At this point, it is important to remark that the focus
of the present study was not to precisely determine the variation
of the spin transition temperature but to evaluate the complete-
ness of the SCO transition itself (i.e., the number of Fe?* centers
able to change from HS to LS configuration). Therefore, due to
the high demand for beamtime and mandated energy-saving re-
strictions, we did not perform scanning temperature XAS mea-
surements, and experiments were only carried out at two tem-
peratures, far from the spin transition temperature on both ends
(i-e., 100 K and 300 K) looking for an effective spin transition in
our samples.

Focusing on XAS measurements, first, we study the percent-
age of Fe3* at 300 K as a function of the number of HTCP layers
(Figure 5b). The ratio is estimated by fitting the L, ; edges of each
sample between 705 eV and 725 eV to a linear combination of
HTCP in bulk at 300 K (Fe?* HS), at 100 K (Fe** LS) and Fe’*,
used as references (Figure S42, Supporting Information). The re-
sults of the deconvolution can be seen in Figures S43-S53 (Sup-
porting Information). The percentage of Fe** at 300 K sharply
decreases as the number of HTCP layers increases for both het-
erostructures, reaching leveling values of 8% (1T) and ca. 14%
(2H) for x larger than 10-15 layers, (Figure 5b). The same trend
is observed at 100 K (Figure S54, Supporting Information), sup-
porting a good estimate of the Fe contributions. These results
further support the role played by the 1T polytype in minimiz-
ing the Fe?* oxidation at the interface due to its electron donor
character.

Subsequently, we measured the Fe L, ; edge at 300 Kand 100 K
to corroborate the spin transition. The spin state can be easily de-
termined by looking at the changes experienced at the Fe L-edge.
For instance, in heterostructures with x = 15 layers the measure-
ments at 100 K of the two polytypes show a decrease in the A
and A’ peaks at the expense of the B and B’ peaks (Figure 5a).
This thermal response is in good agreement with the HTCP be-
havior in bulk (Figure S41b, Supporting Information). It points
out the predominance of Fe?* LS at 100 K and of Fe** HS at 300
K.[125557) Then, we estimate the amount of Fe?* LS at 100 K with
respect to the total amount of Fe?*. This corresponds to the frac-
tion of Fe?* centers susceptible to switching their spin state. As
Figure 5c shows, the Fe?* LS content sharply increases with the
number of layers, x, until it stays relatively constant for x > 10
in both 1T and 2H heterostructures. The influence of the MoS,
polytype is reflected in the higher Fe?* LS contribution exhibited
at 100 K by the 1T heterostructures. Interestingly, this Fe* LS
fraction is detectable even in the case of 5 HTCP layers (4 nm)
for the 1T heterostructures, while for the 2H heterostructure, no
signal of Fe?™ LS is detected for this thickness. This difference
can stem from the larger amount of oxidized Fe** found near
the MoS, surface in the 2H heterostructures, blocking a more ef-
fective HTCP growth (Figure 5b). Hence, the more efficient spin
transition in the 1T heterostructures is attributed to the negative
charges that originate during MoS, chemical exfoliation. There-
fore, it is highly recommended to ensure their presence by Z-
potential measurements (Figure S1b, Supporting Information)

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Study of the spin transition in the HTCP/MoS, heterostructures: a) Fe L, 3 XAS spectra of the 2H and 1T heterostructures with 15 HTCP layers
at 100 K (red) and 300 K (black). b) Fraction of Fe>* respect to all Fe at 300 K versus the number of HTCP layers in the heterostructure. The continuous
lines are a guide for the eye. c) Fe?* LS fraction respect to Fe?* at 100 K for the 1T heterostructures and 2H heterostructures. The continuous lines are

a guide for the eye.

of the flakes in suspension and work with freshly prepared sam-
ples under an inert atmosphere.

Finally, we have also explored whether the spin transition af-
fects the MoS, properties in the heterostructures. To do that we
monitored the S K-edge and the Mo K-edge EXAFS as a function
of the temperature. As shown in Figures S24, S25, and S55-S60
(Supporting Information), no significant effect could be observed
between 300 K and 100 K in any heterostructure (see more in-
formation in the EXAFS section in the Supporting Information).
Therefore, we can conclude that, in this case, the spin transition
of the HTCP does not couple with the MoS, physical properties.
This is not surprising since the MoS, surface strongly influences
the early stage of the HTCP growth process leading to an inter-
facial region (few nanometers thick) in which most Fe centers
do not undergo a spin transition, thus minimizing any possible
strain effects coming from the SCO component. Oxidized Fe cen-
ters and/or S defects produced during the chemical exfoliation
process could be the origin of spin transition block.

3. Conclusion

We have developed a LbL protocol for selectively growing SCO
coordination polymers onto MoS, monolayers. In particular, we
have grown the SCO HTCP [Fe(py),{Pt(CN),}] on chemically ex-
foliated 1T (metallic) and 2H (semiconducting) MoS, layers. In
these Janus-like asymmetric SCO/2D heterostructures, the thick-
ness of the HTCP film can be accurately controlled thanks to
the LbL approach. This bottom-up method results in the forma-
tion of crystalline and oriented ultrathin films of HTCP that,
in contrast to conventional substrates such as Au, can be di-
rectly grown on the 2D material without the need of having
a SAM-functionalized interface. This straightforward approach
can present several advantages versus the use of presynthesized
SCO crystals or nanoparticles, such as a complete coverage and
homogeneous distribution of the SCO material. Hence, it should
facilitate the fabrication of nanodevices based on these hybrid
heterostructures. Furthermore, XAS, XPS, and EXAFS charac-
terization revealed the influence of the nature of the 2D mate-
rial over the SCO properties. Thus, while the negatively charged
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1T MoS, metallic layer acts as a reducing agent and prevents the
Fe?* oxidation, a significant amount of oxidized Fe’* centers are
detected in the interfacial region near the 2H MoS, surface. This
strongly influences the nucleation and growth of the HTCP in
the early stages of the LbL process, by reducing the thickness of
the inactive layer placed in between the Fe?* SCO network and
the 1T MoS, layer to 4 nm (5 layers). In the 2H heterostructure,
this inactive layer increases to ca. 8 nm due to the lower amount
of Fe?* centers near the interface. Overall, our observations prove
the active role played by the 2D material in tuning the SCO per-
formance of these hybrid heterostructures, thanks to its control
over the growing of the SCO coordination polymer on the MoS,
surface.

4. Experimental Section

Preparation of the Network of 1T MoS, Flakes: The aqueous suspended
solution of MoS, flakes was prepared following the well-known method of
n-BuLi intercalation.[*®] The quality of the exfoliated material was evalu-
ated by powder X-ray diffraction (PXRD), Raman spectroscopy, XPS, and
AFM. Flakes of MoS, (20 mwm) were deposited onto SiO, by spin-coating
at 50 rps. These optimized parameters assure a great covered area of 1T
MoS, flakes without agglomeration of material as followed by AFM.

Conversion to 2H MoS, Phase: After spin-coating, substrates of 1T
MoS, flakes were heated for 1 h at 200 °C under an Ar atmosphere to pre-
vent air oxidation and allow conversion to the semiconducting 2H phase.
Conversion to the 2H phase was confirmed by Raman spectroscopy and
XPS.

Synthesis of HTCP/MoS, Hybrid Heterostructures:  Ultrathin films of
[Fe(py), {Pt(CN),}] were grown onto the different MoS, networks of flakes
using a modified version of a previously reported LbL procedure. Using
an automatized dipping robot, MoS,-covered substrates were sequentially
soaked in alternate ethanol solutions of 10 x 10”3 M Fe(BF,),/100 x 103
M py and 10 x 10 m (TBA),Pt(CN),/100 x 10" M py with intermediate
ethanol washing steps in a nitrogen-filled glovebox to prevent Fe?* oxida-
tion.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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