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Two different metal—organic frameworks with either a honeycomb or
Kagome structure were grown on Cu(111) using para-aminophenol
molecules and native surface adatoms. Although both frameworks are
made up from the same chemical species, they are structurally differ-
ent emphasizing the critical role being played by the reaction condi-
tions during their growth. This work highlights the importance of the
balance between thermodynamics and kinetics in the final structure of
surface-supported metal—organic networks.

MOFs are porous polymeric materials that contain coordina-
tion bonds between organic ligands and metal ions or
clusters."”? 2D-MOFs, recently highlighted as a new class of
low dimensional material, are typically synthesised either by
exfoliation of bulk layered MOFs (top-down strategy)>* or by
bottom-up strategies,”® such as two-phase interfacial or
surfactant-assisted methods. However, all of these top-down
and bottom-up methodologies typically lack accurate control of
the thickness of the final flakes, making the achievement of
atomically thin 2D layers challenging.”"°

In the last few years, On-surface Synthesis (OSS) has been
used to achieve the bottom-up growth of truly 2D materials with
atomic precision.’™* 0SS is based on the use of two main
ingredients: tailored molecular building blocks and a surface
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that provides both a catalytic effect that lowers activation barriers
and a 2D confinement that facilitates molecular encounter. The
core of OSS is the formation of new covalent bonds upon on-
surface molecular activation.”>'* However, it can also be used to
activate the molecules and promote the metal-ligand coordination
bond formation, thus emerging as an attractive strategy to explore
the growth of 2D-MOF materials.”> " In that case, another ingre-
dient that is of particular importance is the availability of metallic
adatoms on a surface. These adatoms typically originate at the step
edges and diffuse over the surface,” coordinating with the organic
units without the need for an extra supply of external adatoms,
although in some cases, external adatoms have been used to
confer the final MOFs’ novel properties.”**

In the MOFs’ growth process, the final structure is controlled by
a competition between kinetic and thermodynamic mechanisms.*
Different experimental parameters such as the surface temperature,
the annealing procedure, the molecular coverage or the density of
surface adatoms are important agents that determine not only the
reaction, but also its efficiency. For instance, it is clear that anneal-
ing a highly covered surface or using low temperatures during
deposition hampers surface diffusion, and, therefore, the formed
molecular structures could be stabilized into a metastable phase.
Despite the huge importance that thermodynamic versus kinetic
control can play on the final product of on-surface reactions, this
field has been scarcely explored.>*°

In this work, we have selected para-aminophenol (p-AP), a
simple aromatic molecule with two functional groups (alcohol
and amine, see lower inset in Fig. 1a) previously used in
088,278 as a precursor for growing two different 2D-MOFs on
Cu(111) by rationally adjusting the synthesis protocol, eviden-
cing the relevance of the reaction conditions on the final
product. The two networks are a topological Kagome and a
canonical honeycomb lattice, structures that are attracting
increasing interest as they have been predicted to be potential
organic topological insulators.”’*° To gather information about
the two formation mechanisms, we combine in situ scanning
tunnelling microscopy (STM), X-ray photoemission spectroscopy

This journal is © The Royal Society of Chemistry 2023
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Fig.1 LT-STM image of p-AP on Cu(111) for: (a) molecular deposition at
RT followed by postgrowth annealing at ~500 K (Vpias = 1V, I = 28 pA) and
(b) molecular deposition on the substrate at ~500 K (Vs = 0.9 V,
Iy = 0.13 nA). Top insets: enlarged details of the STM images. Bottom inset
in (a): ball-and-stick model of the precursor molecule.

(XPS) and first-principles calculations. We have compared two
protocols: (i) depositing the molecules onto a clean Cu(111)
surface at room temperature (RT) and subsequent post-
annealing to higher temperatures, and (ii) dosing the molecules
directly on the hot surface. We show that, although the oxida-
tion processes of the p-AP precursors on the surface exclusively
depend on the final temperature (thermodynamics), the formed
MOF structure depends on the particular experimental
sequence (kinetics).

Fig. 1 shows two STM images of the p-AP molecular networks
formed on Cu(111) for two different experimental conditions:
(a) molecular deposition with the substrate at RT and subse-
quent annealing to around 500 K; and (b) direct deposition on
the hot (~500 K) Cu(111) surface, each procedure resulting in a
different molecular arrangement of the final networks. Fig. 1a
exhibits a Kagome type lattice with a distance between pores of
2.11 £ 0.06 nm. On the other hand, Fig. 1b shows several two-
dimensional networks based on trigonal arrangements that, in
places, suggest the formation of a hexagonal lattice (see yellow
arrow) with a distance between pores of 1.50 £+ 0.05 nm.

To elucidate whether this different molecular arrangement
depends on the experimental conditions or if it is induced by a
chemical change in the molecules, XPS spectra of the two
systems were recorded. Fig. 2 shows the O1s, N1s and C1s
XPS core-level peaks just after molecular deposition at RT (top
panels, red curves), after stepwise annealing from RT to 510 K
(middle panels, green curves) and after molecular deposition
on the hot Cu(111) surface (bottom panels, blue curves). For the
RT case, the O1s spectrum presents two components. The main
signal at a binding energy (BE) of 530.7 eV can be assigned to
either a ketone or a phenoxy group, both indicating that the
alcohol group is already dehydrogenated at RT."® As we will see
below, the theoretical calculations confirm the presence of
phenoxy groups where the dehydrogenated alcohol is oxidized
and stabilized by the surface. Thus, this component represents
the bonding of the molecule to the Cu adatoms. Similar
dehydrogenation reactions of alcohol groups in p-AP have been
observed on the Cu(110) surface at RT.>® The small component
located at 532.8 eV corresponds to the unreacted alcohol
groups, indicating an incomplete chemical transformation into

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Ols (a), N1s (b) and Cls (c) XPS spectra of p-AP deposited on
Cu(111) at RT (red), after subsequent annealing at 510 K (green) and for
direct deposition at 530 K (blue). All spectra taken at RT.
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the phenoxy group.'® This component, however, vanishes at
330 K (see Fig. S3a, ESIt), yielding a molecular film with fully
dehydrogenated alcohol groups. At higher temperatures, a new
emission can be observed at 533.6 eV (see green and blue spectra
of Fig. 2), which might be associated with O-containing organic
residues, originated by the initial fragmentation of molecules at
defects.'

The N1s XPS spectrum at RT shows a main component at
399.9 eV, which is assigned to an NH group,®* indicating the
partial dehydrogenation of the amine group upon molecular
adsorption. From comparison with the case of free-base por-
phyrins on copper,®” the small emission detected at 397.5 eV
might be associated with an iminic (-N—) type component,
coming from molecules that undergo complete dehydrogena-
tion of the amine group. This small component, however,
disappears at 370 K and an intense component emerges at
398.7 eV, which grows at the expense of both pristine compo-
nents and becomes most prominent at 510 K (see Fig. S3b and
green and blue curves in Fig. 2, ESIt). This new peak is
associated with a metalation reaction of the amine and the
iminic components with a Cu adatom.**** On the other hand,
the intensity of the signal at 399.9 eV decreases strongly at high
temperature and undergoes a small shift, 0.2 eV towards high
BE, which we attribute to the interaction with the substrate and
the consequent charge transfer. We can envision three possible
scenarios for such an NH component: (i) a small amount of
molecular networks incorporating NH groups (compatible with
their less favourable stabilization energy, as judged by first
principle calculations, see below), (ii) molecules located at
network edges, and (iii) isolated groups of molecules not
forming a metal-organic framework (see regions marked in
white in Fig. S1b and S2b, ESIt).

Finally, in the case of the C1s XPS core level spectra, two
main emissions are observed for the sample deposited at RT.
The signal located at 284.6 eV corresponds to aromatic C-C
bonds, while the emission at 285.9 eV stands for the C-N and
C-O components.**3® These two components are also present
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for the two metal-organic networks obtained upon annealing
(see blue and green spectra in the right panel of Fig. 2).

Therefore, our XPS results show that molecules deposited at
RT undergo an incomplete chemical transformation (complete
and partial dehydrogenation of the alcohol and the amine
groups, respectively), becoming activated. In this case, the high
initial p-AP coverage of the surface (close to a monolayer, see
Fig. S1a, ESIf) hinders molecular movement and rotation, and
thus kinetic reaction control plays the major role in the
formation of the metal-organic network. In contrast, molecules
deposited on the hot substrate are activated upon absorption,
as indicated by XPS, while the molecular density increases
gradually, favouring processes involving diffusion and rotation
and allowing them to find the most favourable global reaction
pathway in a thermodynamically controlled reaction.

To gain insights into the specific structural characteristics of
the two different networks, a large battery of ab initio Density
Functional Theory (DFT)-based calculations were performed.
Fig. 3 summarizes the main results of these calculations, where
the two ground-state networks with Kagome and honeycomb
structures and lattice parameters of 2.07 and 1.42 nm are
obtained, in excellent agreement with the experimental values
of 2.11 4+ 0.06 and 1.5 £ 0.05 nm, respectively. Both networks
are formed by the p-AP precursors with their functional groups
fully dehydrogenated, as evidenced by the main peaks of the
XPS signals. It is worth noting that the computed stabilization
energy for networks with partially dehydrogenated amine
groups is less favourable by around 0.9 eV per molecule,
complicating their formation. The geometry of the lattice
shown in Fig. 3e, driven by the 4-fold coordination to the Cu
adatoms, yields a Kagome arrangement. To circumvent steric
interactions in the Kagome lattice, the ring of the AP molecule
is tilted out of the surface plane by about 30°. Fig. 3f shows a
honeycomb lattice with two Cu adatoms in the unit cell and a
three-fold coordination of the p-AP building blocks to the Cu
adatoms. It is important to mention that C-N bonds in both
network structures are compatible with a Pauling bond order of
approximately 1, which allows discarding double bonds -N—
in the N atoms. The results obtained from the theoretical STM
simulations (Fig. 3¢ and d) present a good agreement with both
experimental images (Fig. 3a and b), reinforcing the idea of the
stability of the ground-state configurations achieved by the
structural optimizations. Moreover, these simulations have
permitted the dim nodal regions in the honeycomb structure
of Fig. 3b to be assigned to Cu adatoms coordinated to terminal
O atoms of the precursors (see Fig. 3d and f), whilst the centre
of the triangular protrusions corresponds to Cu adatoms linked
to terminal N atoms of the p-AP building blocks.

We have also computed the stabilization energy per mole-
cule in both networks (as the difference between the DFT total
energies of the whole interfacial systems and the surfaces with
the Cu adatoms and the precursors with no substrate), result-
ing in —2.04 and —2.32 eV per molecule for the networks in
Fig. 3e and f, respectively. This difference may be explained in
terms of their different Cu-coordination order, which has its
origin in the different synthesis protocol. Additionally, in the
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Fig. 3 p-AP on Cu(111) for molecular deposition: (left panel) at RT and
posterior annealing at ~500 K, and (right panel) directly on the substrate at
~500 K. (@ and b) LT-STM images (Vpias = 1V, Iy = 28 pA and Vpias = 1.1V,
Iy = 0.24 nA, respectively), (c and d) computed Keldish-Green STM images
at constant-current regime (Vpias = 1V, Iy = 0.1 nA) with the insets showing
a zoomed-in view of the corresponding network structures, and (e and f)
pictorial top view of the optimized on-surface network structures and unit
cell used in the calculations with the inset in (e) showing a closer view of
the Cu coordination. White, gray, blue, red, and tan spheres correspond to
H, C, N, O and Cu atoms, respectively.

Kagome network formed by post-annealing (Fig. 3e), each Cu
adatom is bonded to N and O atoms at the same metal site,
whereas in the honeycomb network formed directly at high
temperature, the metal atom is either bonded to N or to O
atoms. The presence of heteroatoms in the unit in 2D-MOFs, in
particular N and O, is not unusual.®’° Nevertheless, the values
found in our work for the stabilization energies indicate greater
stability for the case of the honeycomb lattice as compared to
the Kagome framework. Usually, the 4-fold metal coordination
in Kagome networks is square planar, which is highly stable.
However, in our case, N and O form a distorted rectangle
around the Cu atom (see green polygon in the inset of
Fig. 3e). This configuration is probably caused by the hexagonal
symmetry of the surface and could rationalize its lower stabi-
lity. On the other hand, for the honeycomb network, the metal
coordination is trigonal planar (see Fig. 3f), which is the most
stable one for a 3-fold coordination. The obtained stabilization

This journal is © The Royal Society of Chemistry 2023
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energies strongly support the assumption of thermodynamic
control in the reaction process leading to the honeycomb
network, while the Kagome one would be driven by kinetic
control.

In summary, on-surface synthesis has been used as a
strategy for bottom-up growth of different metal-organic frame-
works on a Cu(111) surface. Starting from the same precursor,
para-aminophenol molecules, we were able to tune the final
network structure to Kagome or honeycomb lattice by control-
ling the reaction kinetically or thermodynamically, respectively.
As evidenced by XPS, both metal-organic frameworks are
composed of the same chemical species although they are
structurally different, as determined by STM. DFT calculations
rationalize both on-surface network structures. This work evi-
dences the role of the reaction conditions on the growth
mechanisms of the two metal-organic networks. The different
precursor concentrations on the surface influence other factors
such as the collision frequency, the degrees of rotation and the
surface diffusion of the molecular activated species with a
direct impact on the reaction process. This work suggests the
possibility of stabilizing metastable 2D phases susceptible to
the present tailored electronic structure.
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