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ABSTRACT: We have investigated the role played by the atomic
structure and reactivity of the supporting Ag(111) and Cu(111)
surfaces on the formation of 2D metal−organic networks (2D-
MONs) involving metal adatom clusters spawned by these two
surfaces. While the hexahydroxytriphenylene (HHTP) molecule
forms complexes with Ag3 and Cu3 adatom clusters on,
respectively, the Ag(111) and Cu(111) surfaces, an extended
order is only observed in the 2D-MON on Ag(111). By combining
scanning tunneling microscopy measurements, density functional
theory calculations, and microscopy image simulations, we show
that the formation of Ag−HHTP metal−organic complexes is
structurally compatible with a periodic arrangement of HHTP on
the Ag(111) surface. In contrast, on Cu(111), tightly bonded and localized Cu−HHTP motifs are stabilized by the interaction of Cu
adclusters with HHTP. However, they cannot match the surface structure of Cu(111) to form an extended 2D-MON. We observed
that the formation of large 2D-MON domains on a metallic surface is only possible when the periodicity of the adsorbed surface
assembly is weakly perturbed by the addition of metal adclusters that reinforced the bonding.

■ INTRODUCTION

Understanding the physical and chemical processes in which
local interactions lead to ordered structures is of particular
relevance to the realization of molecular architectures on
surfaces. By taking advantage of the directional bonding of
specific molecule−molecule and/or molecule−surface inter-
actions and by choosing the appropriate symmetry for the
molecules and the electronic properties of the surfaces,
remarkable 2D extended structures have been achieved.1−4

These structures are mainly observed by scanning probe
microscopies under ultrahigh vacuum (UHV) conditions in
order to reach submolecular resolution to unambiguously
identify the designed structures. Among all possibilities to
create ordered structures on a surface, the complexation with
metal atoms has been widely used.5−12 In this case, the
formation of metal−organic networks, consisting in oxygen-
bearing molecular units interconnected via metallic centers, has
been widely explored at the surface of metals under UHV
conditions.13,14 The required metal atoms are provided either
extrinsically by on-surface metal evaporation or intrinsically by
the metal surface itself. Noteworthily, in the latter case, the
coordination mechanism is activated by the oxidation of the
molecular precursor that takes place spontaneously in UHV
due to the electronic properties of the supporting surface.
Starting from alcohols, such oxidation (or dehydrogenation

reaction) is straightforward on copper surfaces15−18 but also

partially occurs on silver15,19−23 and gold surfaces.24 A peculiar
kind of alcohol, the hexahydroxytriphenylene (HHTP)
molecule, has attracted much attention in this respect.
Depending on the degree of oxidation (and of dehydrogen-
ation), the molecule can find different applications and exhibit
peculiar properties. The HHTP molecule is a model
compound forming a variety of two- or three-dimensional
metal organic frameworks (MOFs) in its semiquinoid
form.25−27 It has also been used to prepare 2D layered
systems accommodating anions in a host−guest structure.28

This precursor is thus particularly well suited for creating
surface-supported MOFs. The supramolecular self-assembly of
HHTP and the related dehydrogenation reaction on metal
single-crystal surfaces have been extensively studied.18,19,29−32

Here, we show that metal−organic structures can form on the
Ag(111) and Cu(111) surfaces, with different stabilities
depending on the substrate nature and on the dehydrogenation
level.
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■ METHODS

Experimental Details. 2,3,6,7,10,11-hexahydroxytripheny-
lene (HHTP) molecules were purchased from TCI-Europe
(95% purity). It was purified at the laboratory by repeated
washing in organic solvents until a >99% purity was reached, as
checked with 1H and 13C NMR experiments. Experiments have
been performed in two separate UHV systems both equipped
with a scanning tunneling microscope (STM), one from
SIGMA Surface Science operated at liquid nitrogen temper-
ature (79 K) and the other at ambient temperature on a
homemade scanning tunneling microscope, with base pressures
in the 10−11 to 10−10 mbar range. The Ag(111) and Cu(111)
crystals were cleaned by repeated Ar+ bombardment cycles at E
= 600 and 800 eV, followed by annealing for 1 h at around 650
K for Cu(111) and 800 K for Ag(111). This cleaning
procedure was completed by STM measurements of the single-
crystal samples. The HHTP molecules were evaporated on the
samples kept at different temperatures from molybdenum
crucibles heated to 500 K for Ag(111) and from homemade Ta
pockets and quartz crucibles heated to 550 K for Cu(111). On
Ag(111), large domains of the P2* structure (see definition
below) were only obtained through deposition using a low
deposition rate (0.01 ML/min) on a hot substrate (473 K). On
Cu(111), another preparation procedure (temperature treat-
ment consisting in annealing molecules deposited at room
temperature beforehand) was also tested and is not further
discussed below since it produces no significant difference in
our STM observations. STM data were recorded in the
constant current mode. Images were processed with the
WSxM33 and Gwyddion softwares.34

Computational Methodology. Density functional theory
(DFT) calculations on gas-phase complexes were carried out at
T = 0 K with the NWChem35 package; we used the generalized
gradient approximation using the PBE0 functional,36 and we
considered energy correction for the van der Waals
interactions.37 We used 6-31G** basis sets to describe all H,
C, O, and N atoms.
The structure and adsorption energy of non-dehydrogen-

ated, partially dehydrogenated, and fully dehydrogenated
HHTP molecules on Cu(111) and Ag(111) were optimized
by using the QUANTUM ESPRESSO plane-wave DFT
code.38 The Cu(111) and Ag(111) substrates were modelled
by using four in-plane-periodic metal layers, with the atomic
positions in the two bottom ones being fixed during the
structural relaxation process. The calculations take into
account an empirical efficient van der Waals (R−6) correction
(DFT + D2 method37). Electronic exchange and correlation
effects were accounted for using the generalized gradient
approximation PBE functional.39 Ultrasoft pseudopotentials
were used to model the ion−electron interaction within the H,
C, O, and Cu atoms.40,41 The Brillouin zones were sampled
using optimal Monkhorst−Pack grids.42 The one-electron
wave functions were expanded in a basis of plane waves with a
450 eV cutoff for the kinetic energy. Atomic relaxations were
performed until the maximum force acting on any atom was
below 0.05 eV/Å.
Simulations of the STM images were performed within the

Keldysh−Green function formalism43 as implemented in the
localized-basis set code FIREBALL,44 where both sample and
tip contributions are explicitly treated. A simpler approach
such as the Tersoff−Hamann one45 could provide reasonable
representation of STM images; however, in the present case,

the significant hybridization of the electronic orbitals of the
metal and oxygen or carbon atoms a priori calls for a more
advanced treatment, such as the Keldysh−Green formalism.

■ RESULTS AND DISCUSSION
Observations of Molecular Self-Assemblies and

Metal−Organic Networks. The 2,3,6,7,10,11-hexahydroxy-
triphenylene (HHTP) molecule is made of a triphenylene core
surrounded by six hydroxyl groups. This molecule is a model
compound to investigate electron transfers induced between
oxygen moieties attached to an aryl group (i.e., phenol) and
single-crystal surfaces such as Cu(111) or Ag(111),18,19 a
process that is reminiscent of those occurring, for example, in
biological cells46,47 or energy applications.27,48 We have
analyzed the effect of this electron transfer onto the self-
assembly of HHTP on Ag(111) and Cu(111) at different
temperatures of deposition.
Figure 1 compares STM images for the adsorption of HHTP

at room temperature on Ag(111) and Cu(111) surfaces to the

images of the surface complexes formed at higher temperatures
on the same substrates. On Ag(111), we observe a well-
ordered 2D organization based on parallel saw-tooth nanolines
constituted by paired triangular protrusions about 0.9 nm in
size (see Figure 1a). Each triangular bright protrusion is
attributed to an individual HHTP molecule. On Cu(111)
(Figure 1b), similar triangular protrusions are observed, yet the
degree of order is much lower than that on Ag(111). We do
observe local organizations in the form of parallel saw-tooth
nanolines, resembling the P1 structure on Ag(111), but this
organization is limited to a few lines of protrusions at most
(highlighted between black dotted lines in Figure 1b). These
lines actually form boundaries between ordered patches,
referred to as P2, where the bright protrusions assume a
simpler, higher symmetry hexagonal pattern (see the red
triangle highlighting a characteristic pattern in Figure 1b).

Figure 1. STM images of HHTP assemblies for adsorption (a) at 293
K and (c) 473 K with a low deposition rate (0.01 ML/min) on
Ag(111) and (b) at 293 K and (d) 530 K on Cu(111) surfaces. The
P1 motif is identified by rectangles in (a) and (b), P2 is defined by the
triangle in (b), and the P2* motif is identified by triangles in (c,d).
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A deposition of HHTP at 473 and 530 K on Ag(111) and
Cu(111), respectively, produces different kinds of molecular
organizations on the surfaces. The corresponding STM images
are reported at a large scale in Figure S1 (see the Supporting
Information) and in a closer view in Figure 1c,d. On Ag(111),
the molecules form 2D islands of several 10 nm. They are
constituted by periodic arrangements of three bright dots
surrounding the triangular protrusions observed at room
temperature described above. The repeating unit cell of this
structure labeled P2* is composed of three molecules
surrounding a bright dot (see the black triangle in Figure
1c). In contrast, STM images on Cu(111) show smaller
domains (a few 10 nm) composed of a molecular assembly
with no long-range periodic arrangement. Characteristic
features constituted by three molecules surrounding a dim
feature made of three fainted dots are observed (highlighted by
red triangles in Figure 1d). The small central features observed
in Figure 1c,d [the bright dots on Ag(111) and the dim triple
dots on Cu(111)] are attributed to surface adatoms, Ag and
Cu, respectively. Such metal adatoms, involved in small
clusters, were recently reported for thiolate on Cu(111) and
Ag(111) surfaces49 and with other dehydrogenated oxygen-
group-bearing molecules, dihydroxy benzoquinone,15,50 and
trimesic acid.20

Finally, we briefly discuss the effect of annealing the samples,
which could yield yet other kinds of molecular phases. The
temperature range that can be explored is however relatively
limited. Above a certain temperature indeed, molecules will
desorb from the surface and/or decompose. These processes
are already prominent at 630 K on Cu(111)18 and at 510 K on
Ag(111). Before that, it is indeed possible to observe on
Ag(111) and in a very narrow temperature window (∼500 K)
a honeycomb phase that has been coined P3 in previous
works19 and on Cu(111) (610 K annealing) a kind of
molecular arrangement featuring units with no resemblance to

the original HHTP molecules (see Figure S2 of the Supporting
Information), suggesting thermal decomposition of the
molecules.

HHTP−Metal Cluster Host−Guest Structures. To
clarify the origins of supramolecular organization and the
role of metal clusters (Ag and Cu) in stabilizing the HHTP
complexes, we have investigated the structure and stability of
gas-phase and adsorbed species with DFT calculations. We
have shown previously that surface-assisted dehydrogenation
occurs when HHTP molecules are deposited on Ag(111)19

and Cu(111),51 so we varied systematically the degree of
dehydrogenation of the molecules in the calculations.
Figure 2a,b shows schematic views of the above-discussed P1

and P2 structures, respectively. P1 is relatively more dense and
has a lower symmetry compared to P2. For the P2 structure,
the nanoporosity is represented by the dashed circles. To form
the P2* structure, the P2 structure can accommodate
molecular guests such as anions.28 Such porosity in P2 could
also be filled by different Ag or Cu clusters that are chemically
bonded to the HHTP units. According to the available surface
area within a P2 trimer, we first considered the presence of
planar metallic clusters built from 1, 2, 3, and 6 atoms, which
can reasonably be nested inside the HHTP network without
excessive cluttering. Figure 2c schematizes the results of DFT
calculations about the equilibrium position of the metal
clusters within metal−organic complexes. While a single metal
atom or a dimer remains significantly bonded to dehydro-
genated or pristine HHTP, this also introduces major
deformations of the network. Such deformations lead to the
formation of highly asymmetric or twisted complexes. In fact,
only Ag and Cu trimers give rise to highly symmetric and
highly directional bonding in metal−HHTP complexes, with
relatively small perturbation of the original porosity. Finally,
although the 6-atom cluster forms a symmetric and stable
metal−organic complex, its presence among the P2 trimers can

Figure 2. Molecular arrangement of HHTP molecules with (a) P1 and (b) P2 adsorbed structures. Depending of the deposition conditions, a
partial or complete dehydrogenation of HHTP molecules (indicated by H in parentheses) may result in the rotation of HHTP units, while the
overall arrangement is preserved. The porosity of P2, indicated by dashed circles, can be filled by the metallic Mn cluster where n = 1, 2, 3, and 6
atoms. In (c), we show the starting geometry (left side) and stable (right side) complexes showing the position of the cluster within the porosity or
the expansion of the porosity when n = 6.
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be only satisfied if the porosity increases. Then, in agreement
with the STM observations of Figure 1d, we will mainly
consider the presence of metallic trimers within the HHTP
network. The presence of Cu3 clusters in surface networks has
been reported several times in the literature, where their ability
to form a threefold type of bonding with organic ligands was
noticed.52,53 In previous works, it proved difficult to resolve,
with STM, the inner structure of the clusters, yet with peculiar
kinds of STM tip terminations (unfortunately obtained in a
non-reproducible way), three protrusions show up.53 This is
precisely what we observed on the Cu(111) surface, with the
clusters appearing as threefold-symmetry features (Figure 1d).
The formation of such 3-atoms clusters, Cu3 and Ag3, is further
supported by our structural analysis summarized in Figure 2.
Geometry of HHTP−Metal Cluster Networks on the

Metal Surfaces. The results from a detailed analysis of the
different HHTP structures derived from STM measurements
and DFT calculations are reported in Table 1. First, we note
that the surface-free P1 structure is more compact than P2
because the distance between two HHTP molecules is
systematically shorter in the P1 arrangement than in the P2
arrangement. In addition, the P2 structure is more sensitive to
the dehydrogenation degree of the HHTP molecule than the
P1 structure. Indeed, the average distance between two fully
hydrogenated HHTP molecules is 12.4, while it is 10.5 Å for
fully dehydrogenated molecules (Δdmol−mol = −15%) in the P2
arrangement. However, in the case of the P1 structure, the
distance between two molecules is 9.8 Å in the two oxidation
states. Finally, on the basis of the distance between non-
dehydrogenated HHTP molecules in metal-free networks, both
P1 and P2 structures would better fit on the Cu(111) surface,
where the periodicity along the [11̅0] direction can be 10.1 Å
(4 × 2.52 Å) or 12.6 (5 × 2.52 Å), than on Ag(111), where the
closest periodicity is 11.6 Å (4 × 2.89 Å).
Table 1 also reveals that the structure of HHTP assemblies

is weakly perturbed by the presence of Ag3 on the Ag(111)
surface with the distance always remaining in the range of
11.6−11.8 Å. In contrast, the HHTP self-assembly undergoes
significant structural changes to accommodate the presence of
Cu3 on the Cu(111) surface (with the distance going from
13.1 to 11.3−11.6 Å). For example, fully dehydrogenated

HHTP assembles into a compact P1 phase on the Cu(111)
surface that agrees very well with the observed surface
topography, while the Cu3−HHTP system needs to arrange
into a P2* structure where HHTP molecules are more weakly
commensurate with Cu(111). Such an important structural
transformation contributes to hinder the formation of large
domains containing partially or fully dehydrogenated Cu3−
HHTP species.

Energetics of HHTP−Metal Complexes. In addition to
these geometrical considerations, we have carefully inves-
tigated the energetic behavior of the different arrangements.
Table 2 reports the calculated bonding energy per HHTP

molecule and gives additional information on the role of the
M3 cluster (M = Cu, Ag) in the stabilization of the HHTP
networks with different degrees of dehydrogenation. With the
gas-phase P1 structure being always more stable than P2 at any
degree of dehydrogenation (see Table 2), we expect to observe
the P1 structure as long as adsorbed HHTP molecules respect
the surface periodicity where HHTP-surface interactions are

Table 1. Distances (dmol−mol) between HHTP Molecules (in Å) Where No, Partial, or Total Dehydrogenation Has Been
Considereda

dmol−mol for various (OH)6 dehydrogenation levels

none (-0H) partial (-2H) partial (-3H) full (-6H)

system surface cluster calc exp calc exp calc exp calc exp

P1 gas-phase 9.8 9.3 9.3 9.8
Ag(111) 11.6 11.5 ± 0.531 11.6
Cu(111) 10 ± 1 10.418 9 ± 1

P2 gas-phase 12.4 11.4 11.4 10.5
Ag(111) 11.6 11 ± 119 11.6
Cu(111) 13.1 13.0 13 ± 151

P2* gas-phase Ag3 12.4 11.5 12.5 12.4
gas-phase Cu3 12.4 11.4 11.9 12.0
Ag(111) Ag3 11.6 11 ± 1 11.6 11.8
Cu(111) Cu3 11.3 11.3 11 ± 1 11.6

P3 Ag(111) 11 ± 119

P3* gas-phase Ag1 11.7
aThe interatomic distances of surface atoms are 2.8954 and 2.52 Å55 for clean Ag(111) and Cu(111) single crystals, respectively. P2* corresponds
to the P2 structure including metal clusters. Freestanding gas-phase molecular systems without surfaces are included for comparison.

Table 2. Calculated Bonding Energya of HHTP Assemblies
(in eV/HHTP) Where No, Partial, or Total
Dehydrogenation Has Been Considered

(OH)6 dehydrogenation level

system surface cluster
none
(-0H)

partial
(-2H)

partial
(-3H)

full
(-6H)

P1 gas-phase 0.46 0.77 0.47 0.33
Ag(111) 1.02 2.23

P2 gas-phase 0.22 0.74 0.47 0.30
Ag(111) 2.76 3.78
Cu(111) 3.65 4.16 4.2651

P2* gas-phase Ag3 0.52 1.86 1.20 1.29
gas-phase Cu3 0.68 2.32 1.78 1.83
Ag(111) Ag3 4.79 5.02 5.83
Cu(111) Cu3 5.73 6.04 6.94

P3* gas-phase Ag1 3.73
aThe bonding energy is calculated according to E(complex) − E(M)
− 3 × E(HHTP), where “M” in M3, M(111), or M3/M(111) stands
for Ag or Cu, while HHTP can be the non-dehydrogenated, partially
dehydrogenated, or fully dehydrogenated.
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maximized; otherwise, a mixture of P1 and P2 could be
observed. This simple description is consistent with the
experimental and calculated results reported in the present
study. Note that on Au(111), which has a crystal structure
close to that of Ag(111), both P1 and P2 structures are
observed indifferently.32 The interaction of HHTP with Cu3
and Cu(111) is significantly stronger than with Ag3 and
Ag(111), in agreement with the higher reactivity of Cu(111).
The presence of Ag3 on the Ag(111) surface is highly beneficial
to improve the stability of the HHTP network: the bonding
energy increases by 1.06 eV/HHTP and 0.76 eV/HHTP on
Ag3/Ag(111) (P2*) relative to the sum of the individual Ag3
(P2*) and Ag(111) (P2) components for the partial (-3H)
and full (-6H) dehydrogenation cases, respectively. The
situation is slightly different for Cu where the gain in stability
due to bonding to Cu3 for the partially (-3H) dehydrogenated
HHTP network is relatively modest. The bonding energy of
HHTP in Cu3/Cu(111) (P2*) is larger than the sum of
individual components by only 0.10 eV/HHTP. In contrast,
the stability of the fully dehydrogenated HHTP system on
Cu3/Cu(111) (P2*) is clearly improved by 0.85 eV/HHTP
with respect to the individual Cu3 (P2*) and Cu(111) (P2)
cases. Nevertheless, despite this significantly improved stability,
Cu3/Cu(111) (P2*) is rarely observed experimentally at high
temperatures of deposition. This surprising effect originates
from the important structural reorganization required on
Cu(111) and the incommensurability of (P2*) with the
underlying surface. Our DFT calculations thus show that on
Ag(111), the formation of P2* is energetically favorable and
structurally compatible, while on Cu(111), it is energetically
even more favorable but structurally strongly unfavored. As a
result, an extended P2* phase is observed on Ag(111), but

only individual P2* motifs are allowed on Cu(111).
Remarkably, the conclusions drawn here are robust against
the dehydrogenation level, so the latter does not represent a
crucial issue for the formation of HHTP metal−organic
complexes.

STM-Imaging Simulations of Surface Networks. To
support our description of the different phases and isolated
structures observed, we have simulated STM images based on
the Keldish−Green formalism of the different models after
their structure has been optimized. Figure 3a shows the
optimized ball-and-stick models of the P1, P2, and P2* phases
and the corresponding simulated STM images for HTTP/
Ag(111), while the P2* structure on Cu(111) and the
associated simulated STM images are presented in Figure 3b.
In the case of the Ag(111) surface, to compare DFT results to
experimental data, we have modelled a molecular network,
commensurate with the substrate through a (4 × 8) unit cell
with a size of (11.61 × 23.22) Å2. There are two different types
of molecules in this unit cell: one centered on top of a Ag atom
of the substrate and another one centered on a hcp hollow site
of Ag(111). The simulated STM image (see Figure 3a.1)
perfectly agrees with experimental STM data shown in Figure
1a, with similar tunneling bias conditions supporting the model
proposed for the P1 arrangement. In the P2 phase, the
molecular adlayer is perfectly commensurate with the substrate
along a (4 × 4) supercell having a size of (11.64 × 11.64) Å2.
For this unit cell, there is a single type of HHTP molecule, that
is, on top of a Ag atom of the Ag(111) substrate. For the P2*
phase on Ag(111), the on-surface Ag3 adclusters stabilize the
structure and favor the formation of a perfectly homogeneous
metal−organic network by coordinating the molecules, with all
the interfacial parameters similar to the case of P2. The

Figure 3. (a) Top view of the DFT-optimized interfacial structures for the P1 (a.1), P2 (a.2), and P2* (a.3) phases for HTTP/Ag(111) (left
panels) and the corresponding simulated STM images obtained in the constant-current regime with It = 0.1 nA and Vb = −1.0 V (right panels). (b)
Perspective (top panels) and top (middle panels) views of three HTTP molecules coordinated by a Cu3 on-surface adcluster for HHTP/Cu(111),
and their associated simulated STM images (bottom panels) for partially (b.1) and fully dehydrogenated (b.2) HHTP. The models of white, gray,
red, orange, and silver spheres represent the H, C, O, Cu, and Ag atoms, respectively. The molecular unit cell (indicating lattice parameters, a.1−3)
used in the calculations is represented superimposed as a black dashed-lined box. Insets of experimental STM images from Figure 1 are shown for
comparison.
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simulated STM images with these two structural arrangements
P2 and P2*, Figure 3a.3 and Figure 3a,b, respectively, match
the experimental observations (see Figure 1b), supporting our
adsorption models.
We now describe the results of STM simulations obtained

for the Cu(111) substrate. Since no clear commensuration/
periodicity is experimentally detected for this structure, we
have limited our STM simulations to three molecules
surrounding one Cu3 cluster to reproduce the features
observed in the experimental P2* structure (see Figure 1d).
In addition, to understand the influence of −OH groups on the
STM images, we have considered systems at different levels of
dehydrogenation. Figure 3b shows two different optimized
HTTP−Cu3/Cu(111) interfacial models with partially dehy-
drogenated HHTP (Figure 3b.1) and with fully dehydro-
genated HHTP molecules (Figure 3b.2), while the last two
models give rise to similar structural properties when
considering the intermolecular distances (see Table 1); the
height of the assembly over the surface is slightly smaller for
the fully dehydrogenated case. The simulated STM images in
Figure 3b (bottom panels) for fully dehydrogenated HHTP
molecules show a good match with the experimental
observations. Furthermore, we do not observe drastic
variations of STM contrasts when going from partially
dehydrogenated to fully dehydrogenated systems. The agree-
ment strongly justifies the proposed adsorption model for P2*
arrangement on the Cu(111) surface.
Simulation of a Metal−Organic Structure with Single

Metal Atoms. Finally, we have investigated the formation of
an additional P3* structure incorporating individual metal
atoms and forming a honeycomb network. Such a 2D MOF
has been synthesized with Cu (Cu3(HHTP)2)

25 and has been
recently used as a cathode in aqueous rechargeable zinc
batteries.26,27 A similar honeycomb network was reported in
the literature on the Ag(111) surface after annealing at 500 K,
but the possible presence of metal adatoms was not raised.19,29

While the participation of single metal substrate atoms to the
formation of surface metal−organic frameworks is often
assumed, their presence is not systematically revealed by
STM,14,56 and they are not clearly detected by XPS. DFT
calculations are hence essential to support their existence.
Here, we considered a hexagonal Ag−HHTP complex where
fully dehydrogenated HHTP units are linked through a single
Ag atom (P3* structure, see Figure 4). The calculated gas-
phase complex is highly stable (see Table 2), and the

calculated distance between Ag atoms (L1 = 11.7 Å) in that
complex is in excellent agreement with the periodicity (4 × 2.9
Å) of the Ag(111) surface. The calculated diameter of the
hexagonal pore (L2 = 22.7 Å) is compatible with the
experimental data reported previously for the high-temperature
P3 phase (22 ± 1 Å).19,29 However, the experimental XPS data
indicating partial dehydrogenation only19 are in contradiction
with the complete dehydrogenation of the hydroxyl groups
that is required in such a P3* metal−organic phase.
Nevertheless, there is still the possibility that such a metal−
organic structure forms locally as defects or small domains,
especially when considering the observed non-homogeneity of
the STM images.29 The present result, which once more
stresses the strong influence of the crystal surface periodicity
observed above for different metal−organic complexes,
emphasizes the role of surface adatoms in the formation of
surface complexes involving small metal clusters.

■ CONCLUSIONS

To summarize, we have combined experimental and theoretical
efforts to investigate the formation of 2D metal−organic
networks (2D-MONs) on Cu and Ag single-crystal surfaces.
Our results indicate that the formation of extended metal−
organic networks on the surface strongly depends on the gain
of stability in establishing metal−organic bonds, that is, usually
always positive, but more importantly on the structural
compatibility of the 2D-MON formed with the atomic
structure of the surface. We observed the formation of an
extended 2D-MON on Ag(111) where the presence of metal
Ag clusters does not introduce drastic structural changes
among the organic networks and where the metal−organic
bonds significantly improve the stability of the system. In other
words, the Ag(111) surface presents a remarkably favorable
structural/energetics synergy for HHTP to form extended
metal−organic structures on the surface. In contrast, despite
the higher reactivity of Cu and its great ability to form strong
bonds with HHTP species, the structural changes induced by
the presence of Cu clusters with the organic networks hinder
the formation of an extended 2D-MON on Cu(111). Our
work demonstrates the major role of the atomic surface
structure on the capability of forming extended metal−organic
networks on surfaces.
A natural extension of our work could be a further

theoretical exploration of the thermodynamics of the hybrid
molecule/metal surface system. A thermochemical analysis,
eventually delivering a stability phase diagram as a function of
temperature and chemical potential, may indeed serve as a
guide for the synthesis of specific on-surface molecular
structures. Such an analysis would require to compute, starting
from the energies we have calculated in the different structures
we consider, the free energy of the system, and toward this its
temperature-dependent phononic response. While this is
tractable for simpler on-surface systems, for example, a well-
defined surface oxide exposed to small molecules, with a
relatively small unit cell onto a metal surface,57 in the present
case, the more heterogeneous atomic distribution and large
size of the molecules are computationally prohibitive.
Alternative approaches are conceivable, for example, based
upon redox potential diagrams and Einstein’s model for
vibrational modes.

Figure 4. Optimized structure of the P3* (Ag−HHTP)6 hexagonal
complex where we identified the equilibrium distance between
neighboring Ag atoms (L1 = 11.7 Å) and the diameter of the pore (L2
= 22.7 Å).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03976
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03976?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03976?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03976?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03976?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03976.

STM images of large-scale network domains on Ag(111)
and Cu(111) and after annealing at 610 K on Cu(111)
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
Alain Rochefort − Département de Génie Physique,
Polytechnique Montréal, Montréal, Quebec H3C 3A7,
Canada; orcid.org/0000-0002-1965-4421;
Email: alain.rochefort@polymtl.ca

Authors
Loranne Vernisse − Institut P’, UPR 3346, Département de
Physique et Mécanique des Matériaux, CNRSUniversité de
PoitiersENSMA, Poitiers 86962, France

Ana Cristina Gómez-Herrero − Université Grenoble Alpes,
CNRS, Grenoble INP, Institut NÉEL, Grenoble F-38000,
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