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Potential applications of 2D metal-organic frameworks (MOF) require the frameworks to be monophase
and well-defined at the atomic scale, to be decoupled from the supporting substrate, and to remain
stable at the application conditions. Here, we present three systems meeting this elusive set of require-
ments: M-TCNQ (M = Ni, Fe, Mn) on epitaxial graphene/Ir(111). We study the systems experimentally by
scanning tunneling microscopy, low energy electron microscopy and X-ray photoelectron spectroscopy.
When synthesized on graphene, the 2D M-TCNQ MOFs are monophase with M;(TCNQ); stoichiometry,
no alternative structure was observed with slight variation of the preparation protocol. We further demon-
strate a remarkable chemical and thermal stability of TCNQ-based 2D MOFs: all the studied systems
survive exposure to ambient conditions, with Ni-TCNQ doing so without any significant changes to its
atomic-scale structure or chemical state. Thermally, the most stable system is Fe-TCNQ which remains
stable above 500 °C, while all the tested MOFs survive heating to 250 °C. Overall, the modular M-TCNQ/
graphene system combines the atomic-scale definition required for fundamental studies with the robust-
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Introduction

Metal-organic frameworks (MOF) are materials consisting of
metal atoms connected by organic linkers. MOFs often feature
long-range ordered arrays of single metal atoms residing in an
identical local environment, which makes them appealing for
applications in catalysis," spintronics, sensing® or quantum
computing.”® In principle, MOFs can be tailored for a specific
function by carefully choosing a suitable metal-linker
combination.

Currently, the most detailed views on the atomic-scale
ordering of MOFs can be gained through on-surface synthesis
and analysis of supported 2D MOFs in ultrahigh vacuum
(UHV).” Such MOFs can feature similar structural motifs as
their 3D counterparts, but their properties are generally
different at the 2D level. Fundamental chemical and physical
properties can be experimentally studied in staggering detail
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catalysis, spintronics or high-density storage media.

using the on-surface approach, with recent reports providing
detailed information about the nature of chemical bonds or
electron correlation effects and magnetism at the atomic-scale
level.> ™" However, most of the experimental literature deals
with systems supported on metal surfaces, even though it is
becoming clear that to ascertain the intrinsic properties of the
MOFs it is necessary to study them on supports that minimize
the substrate-MOF interaction. To date, only few such systems
have been reported,">"” the majority of which share common
hurdles preventing their studies using multi-technique
approaches: their structure and stoichiometry are sensitive to
small variations in preparation protocols and their stability is
limited to ultrahigh vacuum and temperatures of maximum
few tens of °C. A simple, stable, monophase model system for
multi-technique studies of intrinsic 2D MOF properties is cur-
rently missing.

Here, we present three well-defined and remarkably stable
2D MOFs supported on an inert graphene/Ir(111) substrate. As
the organic linker we utilize a TCNQ molecule (7,7,8,8-tetra-
cyanoquinodimethane), which is a strong electron acceptor and
a popular choice for MOF synthesis both on-surface”*'82?
and in solution.>*** TCNQ-based 2D MOFs are also intensively
studied computationally,>>>"' but the simulated free-standing
systems are not directly comparable to metal-supported nor
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solution-based MOFs. To provide a more relevant model
system, we chose epitaxial graphene/Ir(111) as the supporting
substrate, which is chemically inert and which only shows
minimal geometric and work function corrugation across the
moiré unit cell.’*** We synthesized three different M-TCNQ
2D MOFs (M = Ni, Fe, Mn) and studied them at both atomic
and mesoscopic scale using scanning tunneling microscope
(STM) and low energy electron microscope (LEEM) combined
with X-ray photoelectron spectroscopy (XPS). The M-TCNQ
preparation protocol is very robust, and we observe only a
single structure with an M;(TCNQ); stoichiometry for all the
studied MOFs. This structure is present in 15 rotational
domains on the graphene substrate, which can be described
by three non-equivalent MOF/graphene rotations and mirrors.
The M-TCNQ networks are remarkably chemically stable as all
the tested systems survive exposures to ambient conditions,
with Ni-TCNQ doing so without any significant changes to its
atomic-scale structure or chemical state. The M-TCNQ MOFs
were also found to be very stable thermally, but large differ-
ences were observed between the three systems: Ni-TCNQ
decomposes already at 330 °C, while Fe-TCNQ remains stable
even above 500 °C. Overall, we propose the graphene-sup-
ported M-TCNQ systems to be ideal models for TCNQ-based
MOFs, which can provide high quality experimental bench-
marks for computational studies that are typically focused on
free-standing systems. With a view towards applications,

View Article Online

Nanoscale

highly stable monophase 2D MOFs are ideal models for
research of single atom catalysis or high-density storage
media.

Results and discussion

Fig. 1 shows room temperature STM images acquired on gra-
phene/Ir(111) following M-TCNQ MOF preparation (M = Mn,
Fe, Ni). In STM images shown in Fig. 1A-E, the dark areas
correspond to clean Gr/Ir(111) surface, while the M-TCNQ net-
works are observed as the brighter areas with clearly resolved
internal structure. The MOF synthesis protocol was optimized
to get high monolayer coverages of the 2D MOF, and out of the
tested systems the highest coverages were achieved for Ni-
TCNQ. In Fig. 1A and D, the Ni-TCNQ network covers ~75% of
the surface, while monolayer coverages of up to ~85% were
achieved (shown and described further in the text). For Fe- and
Mn-TCNQ systems the achievable coverages were around 60%,
above which an increased number of clusters and multilayer
structures were observed. The MOF structure is similar in all
the tested M-TCNQ systems, a detailed STM image with an
overlaid model is shown in Fig. 1F. This model is fully consist-
ent with structures considered for free-standing M-TCNQ 2D
MOFs,?°73! as it features the same structural motifs and unit
cell parameters (see further text and Table ST1 in the ESIY).

Fig. 1 STM characterization of M-TCNQ 2D MOFs supported on epitaxial graphene (M = Ni, Fe, Mn). (A—C) Detailed STM images of Ni-TCNQ (A),
Fe-TCNQ (B) and Mn-TCNQ (C). (D and E) Large scale STM images of Ni-TCNQ (D) and Fe-TCNQ (E). (F) A detailed STM image showing the internal
structure of Fe-TCNQ overlaid with the proposed model. All the M-TCNQ systems show similar structures. In panel (A) the graphene/Ir(111) moiré
periodicity is well resolved. All the STM data were taken at room temperature.
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The M-TCNQ preparation protocol on Gr/Ir(111) includes
saturation of the surface kept at ~75 °C with TCNQ, followed
by co-deposition of TCNQ with transition metals at the same
temperature, and subsequent post-annealing in UHV. The co-
deposition temperature of ~75 °C was chosen to increase the
mobility of TCNQ molecules on the surface and to limit its
residence time; XPS results show that at 75 °C the TCNQ
slowly desorbs from Gr/Ir(111) (see Fig. S11). The optimal post-
annealing temperature varies depending on the metal; the
best results were generally obtained after annealing to temp-
eratures just below M-TCNQ decomposition. The images
shown in Fig. 1A-E were measured after post-annealing temp-
eratures of 250 °C (panels A and D), 330 °C (panels B, C and
E) and 550 °C (panel F). A detailed view on the M-TCNQ
thermal stability is provided further in this manuscript.

In all acquired STM images, a common metal-TCNQ struc-
ture with M,;(TCNQ); stoichiometry is observed (proposed
model shown in Fig. 1F), and for all the tested metals the
structure was observed in multiple rotational domains. An ana-
lysis of large-scale STM images of Fe-TCNQ suggests the exist-
ence of 15 such rotations (Fig. S21), and the same conclusion
was drawn from LEED analysis (discussed further in the text,
Fig. 2). The maximum dimensions of the individual domains
range up to 60 nm (for Ni-TCNQ), while the typical size is
between 10-30 nm. All the studied metal-TCNQ networks grow
seamlessly over the Gr/Ir(111) step edges (Fig. 1B and Fig. S31)
and are often observed to be aligned with the longer axis of
the unit cell (a,) parallel to the Gr/Ir(111) step edge direction.
This STM observation is also supported by large-scale LEEM
images (Fig. S4t). From STM images calibrated to the moiré
structure of the Gr/Ir(111) substrate (lattice parameter 25.2 A
(ref. 35)), the dimensions of the metal-TCNQ unit cell can be
extracted, as summarized in Table ST1 in the ESI.} Within
uncertainty, the dimensions are consistent with the compu-
tational predictions of free-standing M-TCNQ 2D MOFs.**?*
Importantly, in contrast to M-TCNQ networks synthesized on
metal substrates,”'®'?® no alternative lateral arrangement
has been observed for any of the studied M-TCNQ systems,
which hints that the effect of MOF-surface interaction is
indeed minimized on a graphene substrate.

In all the studied systems, a small number of apparent
second layer M-TCNQ islands was observed on top of the
M-TCNQ networks (Fig. S31). These islands showed qualitat-
ively the same structure and at the coverages shown never
amounted for more than ~7% of the 2D MOF area. In the case
of Fe- and Mn-TCNQ, we occasionally observed very small
areas near domain boundaries or defects in the MOF structure,
which featured distinctive zig-zag appearance leading to a (2 x 1)
symmetry with respect to the majority M-TCNQ structure
(Fig. S371). The origin of this appearance is currently unclear.
In any case, this structure was clearly a small minority in STM
datasets, and the (2 x 1) periodicity was not observed in elec-
tron diffraction patterns of any of the tested systems (Fig. 2).

Fig. 2A shows a microdiffraction pattern of Fe-TCNQ/Gr/
Ir(111) measured at a primary electron energy of 16 eV. The
pattern features spots originating from the Gr/Ir(111) moiré as

This journal is © The Royal Society of Chemistry 2022
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A Fe-TCNQ/graphene C Ni-TCNQ/graphene

D Mn-TCNQ/graphene

Real space orientation of Fe-TCNQ on G/Ir moiré

5, MOF A/1r moiré

Fig. 2 Microdiffraction patterns of M-TCNQ 2D MOFs measured in a
low energy electron microscope. (A and B) Fe-TCNQ pattern acquired at
a primary electron energy 16 eV, the pattern originates from a circular
area with a diameter of 3.7 um. (B) Pattern simulated using parameters
extracted from STM. The spots corresponding to equivalent MOF/gra-
phene orientations are marked by the same colors. An Fe-TCNQ unit
cell corresponding to 0° rotation is shown as a black rectangle. The real
space orientations of the Fe-TCNQ unit cells are shown in the bottom
panel. (C) Ni-TCNQ pattern (15 eV, area diameter 740 nm), (D) Mn-
TCNQ pattern (8 eV, area diameter 3.7 pm). The LEED patterns were cut
to show the same area in the reciprocal space.

well as the spots corresponding to the Fe-TCNQ network.
Using the Fe-TCNQ dimensions extracted from STM images,
the positions of the diffraction spots can be well reproduced
with the Fe-TCNQ network being present in 15 rotational
domains on the Gr/Ir(111) substrate (Fig. 2B). Considering the
symmetries of the graphene substrate (p6mm symmetry group)
and the Fe-TCNQ network (p2mm symmetry group), we identify
three unique MOF/graphene orientations; these are defined by
the angle between the long axis (a,) of the MOF unit cell and
the axis of the graphene unit cell (which is aligned with the
Gr/Ir moiré). In the case of Fe-TCNQ, this angle is either 0°
(cyan colored spots in Fig. 2B, three equivalent orientations),
~12° (orange spots, six equivalent orientations) or ~24° (dark
blue spots, six equivalent orientations). In the experimentally
observed Fe-TCNQ pattern, the set of spots corresponding to
12° rotation is more intense than the other Fe-TCNQ domains

Nanoscale, 2022, 14, 9507-9515 | 9509
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at all electron energies between 4-20 eV (I-V data shown in
Supplementary Movie S171). Thus, it appears that this orien-
tation is prevalent on the surface.

In a diffraction pattern acquired on a Ni-TCNQ system
(Fig. 2C, primary electron energy 15 eV), the position of the
diffraction spots is similar, but their relative intensity is
different from Fe-TCNQ: the spots corresponding to ~12° and
~24° rotation are well-resolved and show comparable intensity,
while the spots corresponding to 0° rotation are invisible. The
Mn-TCNQ system was the most challenging to study using
electron diffraction, because the MOF-related diffraction spots
were much fainter compared to the other studied MOFs, and
their shape was often smeared in the angular direction
(Fig. 2D, primary electron energy 8 eV). Nevertheless, the LEED
pattern is very similar to that of Fe-TCNQ, with the spots
corresponding to x12° Mn-TCNQ being the most intense ones
at all electron energies, while fainter spots corresponding to 0°
and =~24° rotation were present as well.

The chemical state and thermal stability of the M-TCNQ
networks were studied by XPS and STM. Fig. 3A-D shows the N
1s and M 2p regions of XPS spectra acquired on M-TCNQ/Gr/
Ir(111) after heating to various temperatures. Panels E-G show
room temperature STM images of the networks after annealing
to the limiting temperatures. Focusing on the N 1s XPS peak,
we first measured a reference spectrum of a TCNQ monolayer
on Gr/Ir(111). This reference spectrum can be well fitted by
two pseudo-Voigt components, with the main component
being located at 399.0 eV and a smaller, broader feature being
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centered around 401.6 eV. This appearance is consistent with
studies of thin and thick films of TCNQ on metal surfaces,
and the broad feature located at 2.6 eV higher binding energy
(BE) is commonly interpreted as a shake-up feature originating
from the photoelectron interaction with the LUMO orbitals of
the TCNQ molecules.>*”*® Thus, the presence of this shake-
up indicates a neutral state of the TCNQ molecule and
minimal charge transfer between the TCNQ and graphene sub-
strate. In contrast, the spectra of M-TCNQ networks show the
absence of this shake-up satellite, which is consistent with the
TCNQ LUMO being involved in the bond formation with the
metal atom.'"*°

In the Ni-TCNQ case, the main N 1s component has the
same position as in the case of bare TCNQ monolayer, while
the Ni 2p region (Fig. 3B) shows a sharp Ni 2p;/, peak at 857.3
eV and a smaller component at 853.8 eV. The sharp 857.3 eV
component can be assigned to the Ni-TCNQ network, but the
origin of the smaller component is less clear. Possibly, it could
be related to the small number of second layer islands
observed in STM images (Fig. S37), or to small Ni clusters.
Upon heating to 330 °C, the N 1s signal disappears, and the
Ni 2p;, peak shifts to 852.8 eV, a position consistent with
metallic Ni. An STM image of this surface confirms this view
and shows big Ni clusters on mostly clean graphene surface,
the remaining 2D islands are small and far apart (Fig. 3E, a
full-sized image is provided in Fig. S57).

The Fe-TCNQ case is curious because the spectrum taken
after Fe-TCNQ preparation with post-annealing to 330 °C

A XPS, N 1s s0ev | 3B XPS, Ni2p so7aev | Esey Ni-TCNQ after heating to 330 °C
g f ‘ | 35256 V]
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Fig. 3 XPS and STM characterization of M-TCNQ 2D MOFs after annealing to various temperatures. (A) N 1s region of the XPS spectra. A monolayer
of TCNQ/graphene is provided as a reference. (B) Ni 2p XPS region measured after heating of Ni-TCNQ to 250 °C and 330 °C. (C) Fe 2p XPS region
measured after heating of Fe-TCNQ to 330 °C and 550 °C. (D) Mn 2p XPS region measured after heating of Mn-TCNQ between 250 °C and 580 °C.
(E-G) STM images of M-TCNQ acquired after heating to the maximum temperatures shown in panel A. All the XPS data (Mg Ka) were taken in
grazing emission (70° from the surface normal). All the STM data were taken at room temperature.
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(a standard preparation resulting in Fe-TCNQ MOFs without
any Fe clusters) shows the N 1s component significantly
shifted to 398.7 eV, but upon further annealing to 550 °C this
component decreases and shifts back to 399.0 eV. In the Fe 2p
region, only a signal decrease is observed with no significant
shift of the Fe 2p;, maximum (Fig. 3C). Arguably, a small
peak emerges close to the metallic Fe at ~707 eV, but the
overall low signal does not allow us to claim this with certainty.
An STM image acquired after the 550 °C annealing step shows
islands of high-quality Fe-TCNQ network and small Fe clus-
ters, often located at the boundaries between the Fe-TCNQ
rotational domains (Fig. 3F, a full-sized image is provided in
Fig. S57).

Finally, looking at the XPS spectra of Mn-TCNQ, one can
see that the N 1s component is located at 398.5 eV after
annealing to 250 °C, but shifts to 398.8 eV upon heating to
370 °C (for reference, the STM image shown in Fig. 1 was
taken after annealing to 330 °C). Upon further annealing up to
580 °C, the N 1s component significantly decreases and
slightly shifts to 398.7 eV. Still, even after 580 °C annealing, a
small N 1s signal is still detectable. In the Mn 2p region, the
Mn 2p;,, peak significantly decreases in intensity upon anneal-
ing, and after 580 °C the maximum seems to be shifted to
~642.0 eV (Fig. 3D). An STM image taken after the 580 °C step
shows a small number of clusters and rugged interconnected
islands with no resolvable internal structure (Fig. 3G, a full-
sized image is provided in Fig. S51). Notably, the STM images
taken at intermediate temperatures never showed images
similar to Fe-TCNQ, where a coexistence of high-quality MOF
with a number of small clusters is observed (Fig. 3F). Instead,
the quality of the Mn-TCNQ network was gradually decreasing
with increasing annealing temperature (STM images taken
after annealing to intermediate temperatures are shown in
Fig. S61). Eventually, the final decomposed state is a poorly
defined surface-bound network, which still contains nitrogen
and non-metallic Mn.

We did not analyze the C 1s region, because the small and
complex C 1s signal originating from TCNQ?” lies very close to
the much higher C 1s signal from the graphene substrate (284
eV), and the higher BE background is increased due to a domi-
nant Ir 4ds/, (297 eV) peak nearby (Fig. S17).

Detailed multi-technique studies often require transfer of
samples between UHV chambers with varying quality of
vacuum and composition of residual gas. To test if graphene-
supported M-TCNQ MOFs could survive such treatment, we
tested the extreme case - exposure to air. We took the samples
outside of the UHV chamber for 30 s, then put them back and
annealed in UHV to remove adsorbates prior to analysis. We
found that Ni-TCNQ survives air exposure without any struc-
tural, morphological, or chemical modification measurable by
STM, LEEM or XPS. The large-scale STM image shown in
Fig. 4A was acquired on a sample exposed to air and sub-
sequently heated to 230 °C for 20 minutes in UHV. After this
treatment the Ni-TCNQ still covers ~85% of the graphene sub-
strate, and the atomic-scale structure is unchanged as shown
in detailed image in panel B. The LEEM diffraction pattern

This journal is © The Royal Society of Chemistry 2022
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(inset in Fig. 4A) shows identical spots as the pattern of a
freshly prepared Ni-TCNQ, and the XPS spectrum looks very
similar to the one acquired on the UHV-prepared sample
(right side of Fig. 4A). STM images of Fe-TCNQ and Mn-TCNQ
showed significantly decreased MOF coverage after air
exposure and UHV annealing (Fig. 4C and D; the UHV anneal-
ing temperature was 330 °C in both cases), but large patches
of well-ordered 2D MOFs still remained on the surface. The
LEEM and XPS datasets acquired on air-exposed Fe- and Mn-
TCNQ systems also look similar to the ones acquired on
freshly prepared MOFs (Fig. S77). All this indicates remarkable
chemical stability of the synthesized M-TCNQ 2D MOFs.

Overall, our work shows that it is possible to synthesize
high-quality monophase 2D MOFs on top of inert substrates,
and with the right choice of metal and linker these MOFs can
be surprisingly stable. We have found that several graphene-
supported M-TCNQ MOFs share the same structure, which is
present in multiple rotational domains on the graphene sub-
strate. In 2D M-TCNQ literature, two main structural motifs are
commonly reported: either the neighboring TCNQ linkers are
aligned parallel to each other (as observed in this work), or
alternating by 90°.'%**3! In some computational studies of
free-standing M-TCNQ 2D MOFs, the parallel arrangement is
slightly preferred," but on metal-supported 2D MOFs formed
by the same components the alternating structures are
common.” %1936 One reason for this difference is the fact
that TCNQ can form a strong chemical bond with the metal
substrate,”>*>*! and thus the metal substrate actively partici-
pates in the MOF formation and may significantly affect the
MOF properties."*' Similar effects are not expected on a gra-
phene substrate, where strong chemical interaction with TCNQ
does not take place.**

Even though the graphene-supported M-TCNQ 2D MOFs
share the same structures, their stability and thermal
decomposition mechanisms are very different. The Ni-TCNQ
network decomposes readily at 330 °C, with the TCNQ most
likely desorbing and the leftover Ni forming clusters on the
surface. Meanwhile, the Fe-TCNQ 2D MOF is stable well above
500 °C. The decomposition mechanism of Fe-TCNQ is likely
similar to that of Ni-TCNQ, with the final products being
TCNQ in the gas phase and Fe clusters on the surface. The
large areas of Fe-TCNQ still present at the decomposition
temperature show that TCNQ remains intact within the
network when the Fe-TCNQ decomposition takes place near
defects or domain boundaries (Fig. 3F). Thus, for Ni- and Fe-
TCNQ MOFs one can propose that the factor limiting the
thermal stability is likely the CN-Metal bond. The same cannot
be said for Mn-TCNQ, where both N and cationic Mn are still
present after the 2D MOF decomposition, which takes place
slowly from 450 °C above. One possible explanation for this is
that a strong CN-Mn bond might weaken the intermolecular
bonds within TCNQ. Then, the TCNQ linkers might decom-
pose first, leaving behind Mn cyanides. Alternatively, it is poss-
ible that the Mn-TCNQ system with intact TCNQ slowly evolves
into a 3D Mn-TCNQ MOF which might be thermodynamically
preferred.
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Fig. 4 Analysis of M-TCNQ/graphene systems after exposure to air. (A) STM, LEED and XPS data acquired on Ni-TCNQ/gr after exposure to air fol-
lowed by 20 minutes UHV annealing to 230 °C. A large-scale STM image shows ~85% coverage of Ni-TCNQ, while the LEED (15 eV) pattern shows
the spot positions identical to freshly prepared Ni-TCNQ. Comparison of N 1s and Ni 2p XPS regions of freshly prepared and air-exposed sample
reveals only ~0.1 eV difference in the N 1s position, the Ni 2p region looks almost identical. (B) A detailed STM image shows the high structural
quality of Ni-TCNQ after air exposure. (C and D) STM images of Fe-TCNQ and Mn-TCNQ after air exposure and UHV annealing to 330 °C for
20 minutes. The M-TCNQ coverage is significantly decreased in comparison to freshly prepared samples, but large patches of well-ordered MOFs

remain.

Finally, we have tested the chemical stability of graphene-
supported M-TCNQ 2D MOFs by exposing them to ambient
conditions and re-analyzing them by surface science tech-
niques in vacuum. The results are highly encouraging, as we
found that Ni-TCNQ is a remarkably stable system, surviving
air exposure without any structural, morphological, or chemi-
cal modification measurable by STM, LEED and XPS. The Fe-
and Mn-TCNQ 2D MOFs were found to survive ambient
exposures too, but clear evidence of partial decomposition was
observed.

The modular nature of 2D MOFs implies a large degree of
variability and tunability: in our study we have targeted just
three transition metals, but many others are expected to form
isostructural 2D MOFs with TCNQ linkers.>”**?° The large
differences in chemical and thermal stability that we observed
suggest it might be possible to synthesize atomically-defined
2D M-TCNQ MOFs which could be highly stable in a wide

9512 | Nanoscale, 2022, 14, 9507-9515

range of application conditions, possibly even high pressure or
liquid. In addition to metal substitution, the 2D MOF stability
could be improved by modifying the linker molecule. A good
starting point in this direction might be FATCNQ (2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane), which was shown to
form very similar MOFs as TCNQ both on-surface and in
solution,"** and compounds containing FATCNQ were pre-
viously shown to be more stable in atmospheric conditions.>*

In our view, the high quality and remarkable stability of Ni-
TCNQ/graphene/Ir system already make this an ideal model
for detailed multi-technique studies of single-atom reactivity
or weak magnetic interactions between substrate-decoupled
metal atoms. The graphene substrate plays mainly a decou-
pling role in our current study; however, going forward the gra-
phene can be electrically or chemically doped, which will open
yet another way to controllably tune the 2D MOF properties
and tailor the material for specific functions.

This journal is © The Royal Society of Chemistry 2022
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Conclusions

We have prepared highly stable TCNQ-based 2D MOFs on an
inert graphene substrate. The synthesized M-TCNQ networks
cover a large fraction of the graphene substrate and grow seam-
lessly over the terrace edges. We demonstrate that three
different TCNQ-based 2D MOFs share the same structure, and
all the tested systems show remarkable thermal and chemical
stability. These characteristics make the graphene-supported
M-TCNQ 2D MOFs ideal model systems for multi-technique
studies of intrinsic MOF properties, which are difficult to
ascertain on metal substrates. Additionally, these M-TCNQ
MOFs are ideal testbeds for computational studies of 2D MOF
reactivity and can serve as experimental benchmark systems
for a large body of existing computational literature. Aiming
for applications, the M-TCNQ systems are optimally suited for
research in single atom catalysis, high density storage media
or molecular spintronics.

Methods

Experiments were carried out in an ultrahigh vacuum system
comprising of multiple chambers interconnected by a central
transfer line, separated by gate valves. The base pressure of all
the chambers used in this study is below 5 x 107** mbar. The Ir
(111) single crystals (supplied by MaTecK and SPL) were cleaned
by cycles of Ar+ sputtering (1.8 keV, 10 min) and flashing up to
1350 °C followed by annealing to 1080 °C (10 min). When gra-
phene was present on the sample prior to cleaning, the first
annealing cycle took place in O, background (1160 °C, po, =
1 x 10”° mbar). The temperature was measured by a LumaSense
IMPAC IGA 140 pyrometer with the emissivity set to 0.1.
Graphene was grown by adsorbing saturation coverage of
ethylene at room temperature followed by prolonged annealing
up to 1160 °C in ethylene background (4 x 10~® mbar, 12 min)
and subsequent flash annealing to 1350 °C in UHV. This proto-
col combines temperature programmed growth (TPG) with
chemical vapor deposition (CVD),*>** and consistently leads to
a full monolayer coverage of graphene/Ir(111). However, some-
times it resulted in a graphene monolayer featuring small
rotational domains with small-angle orientations close to 0°, as
evidenced by significant smearing of the graphene/Ir moiré
spots observed in diffraction patterns.** An alternative CVD pro-
tocol was tested in which the sample was heated to 1250 °C in
UHV, followed by 5 x 107° mbar ethylene exposure for
5-15 minutes at the same temperature. This protocol led to
locally much sharper graphene/Ir moiré spots, but often
resulted in a small number of areas of different large-angle
orientations. The graphene/Ir substrate orientation did not
seem to have a significant influence on the M-TCNQ self-assem-
bly or stability, as similar M-TCNQ MOFs were prepared on all
the tested samples (judging by STM data and LEED patterns).
For the M-TCNQ synthesis, TCNQ was thermally evaporated
from a quartz crucible heated to 115 °C (MBE Komponenten
OEZ), metals were evaporated from effusion cells (MBE

This journal is © The Royal Society of Chemistry 2022
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Komponenten WEZ, HTEZ) or e-beam evaporators (SPECS
EBE-1). The evaporation rate of metals was checked by a water-
cooled quartz crystal microbalance. The temperature during
M-TCNQ synthesis was calibrated by a special sample holder
with a K-Type thermocouple attached close to the crystal
surface.

Scanning tunneling microscopy images were recorded at
room temperature in the constant current mode using a com-
mercial system Aarhus 150 (SPECS) equipped with Kolibri
Sensor using a tungsten tip. Distortion in the STM images was
corrected to fit the known dimensions of graphene/Ir moiré
unit cell. Where possible, non-linear image undistortion was
corrected as described in ref. 45. Low Energy Electron
Microscopy/Diffraction experiments were carried out in a
SPECS FE-LEEM P90 instrument. The microdiffraction pat-
terns were collected from the areas defined by a microdiffrac-
tion aperture, the aperture size is specified the figure captions.
LEED patterns were simulated and plotted by LEEDpat 4.2.%°
X-ray Photoelectron Spectroscopy (XPS) analysis was performed
on SPECS system equipped with Phoibos 150 spectrometer.
Non-monochromatized Mg Ka radiation and grazing emission
geometry (emission angle 70°) was employed for all the
measurements to maximize surface sensitivity and minimize
the contribution of the bulk Ir signal.

Data availability

The primary datasets generated during the current study are
available in the Zenodo repository, https:/doi.org/10.5281/
zenodo.6557287.
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