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Abstract

Cobalt and gold atoms have been deposited on self-assembled molecular domains of terephthalic acid and are studied using
low temperature scanning tunneling microscopy and DFT calculations. These two types of atoms present different adsorption
properties as well as peculiar electronic structures. Co atoms are firmly adsorbed on the molecules while Au is highly dependent
of the presence of diffusing hydrogen atoms. These latter can also favour the possible desorption of the adatoms or change their
adsorption site depending on the presence of defective molecules. The results open the way to new investigations concerning the
use of single atoms or molecules for chemistry at the subnanometer scale.
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1. INTRODUCTION

During the last decades, a considerable number of experi-
mental and theoretical works has been published concerning
adsorption of molecules on solid surfaces. These investiga-
tions are mainly motivated by the development of molecular
electronics [1, 2] and concern the behaviour of molecules ei-
ther self assembled in well organized domains [3, 4, 5] or as
single objects adsorbed on a solid surface [6, 7, 8]. In large
self-assemblies, the interactions between molecules consider-
ably weaken the individual role of each molecule. However,
these domains are rather solid especially if one considers possi-
ble metal-ligand interactions [9, 10, 11] or covalently bounded
systems [12, 13, 14, 15, 16]. This relative robustness makes
these systems good candidates for technological applications.
The problem for single atoms or molecules is different. They
certainly constitute the best model systems from a physical and
chemical point of view (the interactions with the surrounding
objects are then minimized) but their high mobility implies that
the observations and manipulations are performed at very low
temperatures [17]. For example, using the high resolution of
near field techniques such as scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) it is possible to ob-
serve and manipulate single atoms or molecules with the con-
straint of working at liquid helium temperature [18, 19, 20].

Another possibility is to use self organized domains as host
porous structures in which the single adsorbates (up to now
essentially molecules) would be engaged [21, 22, 23]. How-
ever, the concept of porous host structure generally used to trap
molecules can perfectly be expanded to single atoms that would
be adsorbed on a molecular self-assembly. Depending on the
molecular symmetries, one is able to predict the shape, peri-
odicity and symmetry of the host lattice. Thus, this offers the
possibility to study single objects embedded in self organized
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synthons. To accommodate large molecules such as Cg for ex-
ample, the pore size as to be large enough [22] but for single
atoms, this constraint is less important and most of the molecu-
lar lattices can be good candidates.

Among them, self assemblies of terephthalic acid (TPA) are
a typical example of possible host structure for adatoms. In-
deed, self-assembled domains of TPA deposited on different
metallic and semiconducting substrates have been largely stud-
ied [24, 25, 26] and these studies have demonstrated that the
formed structure are rather stable, at least when they are kept
at low temperature. When adatoms are co-evaporated with the
molecules or on reactive substrates, metal-carboxylates com-
pounds are formed [27]. On low reactive Ag(111) surfaces,
deprotonation of these molecules occurs at ambient tempera-
ture and leads to characteristic dark defects on the STM im-
ages. The formation of these dark contrasts due to deprotona-
tion of TPA has been previously demonstrated on other sub-
strates such as Cu(100) [28, 29] and on Ag(111) even at the
single molecule level using localized voltage pulses and DFT
calculations [30]. Despite these defects, the networks remain
stable and their inner structure is always maintained by hydro-
gen bonding between COOH groups.

In this paper, self-assemblies of TPA molecules have been
used as host lattices for adsorption of single cobalt and gold
atoms deposited at liquid nitrogen temperature. These adatoms
have been chosen because they can be easily evaporated at rel-
ative low temperature (less than 1500 °C for Co) from a metal-
lic wire heated for example by a W filament. Moreover, these
species have been largely studied by near field techniques and
their behaviour is well referenced. Interestingly, these atoms
are bounded to the underlying molecules and can be stable de-
pending of their adsorption site. The adatoms have been ob-
served and characterized with a high stability by STM and scan-
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ning tunneling spectroscopy (STS). These observations sup-
ported by DFT calculations demonstrate that the two atoms
present different adsorption sites and different electronic prop-
erties once adsorbed. While Co atoms highlight a unique ad-
sorption site, Au adatoms exhibit different possibilities due to
their reactivity with diffusing H atoms. This includes the pos-
sibility to remove the Au adatoms or to change their apparent
height during the tip scan.

2. EXPERIMENTAL DETAILS

STM experiments have been performed at liquid nitrogen
temperature (T = 77.8 K) on a commercial STM (LT Omicron)
working with a base pressure of 2x10~!! mbar. The terephthalic
acid (TPA) molecules were evaporated on a Ag(111) substrate
from a quartz crucible heated by a W wire 0.25 mm in diameter.
This evaporator was first pumped by a turbo molecular pump
during at least 12h before deposition. Evaporations on the sub-
strate held at room temperature were performed in the prepara-
tion chamber and the observed deposition rate was about half a
monolayer per minute for a electric power of 0.3 W applied to
the crucible. The Ag(111) crystal was cleaned by repeated Ar*
bombardment cycles at E = 600 eV followed by annealing at
750 K for 45 minutes. Afterwards, the substrate was transferred
to the STM chamber to be cooled down at the desired temper-
ature. Evaporations of adatoms (Co and Au) have also been
conducted on a cold substrate. For this, the sample consisting
of the Ag(111) substrate covered with TPA self assemblies was
removed from the STM head and placed 5 centimeters above
the crucible to reach the desired evaporation rate. As the aim
is to deposit only single atoms, the deposition was performed
during less than one minute and the sample was immediately
reintroduced on the STM head to be cooled down. The whole
process took about a few tens of seconds and it is estimated that
the sample temperature never exceeded 120 K. The adatoms
were evaporated from small Au and Co wires 0.15 mm in di-
ameter heated by Joule effect and placed on specially adapted
sample plates that can be easily transferred throughout the dif-
ferent UHV chambers. STM tips made of tungsten wires 0.2
mm in diameter were prepared by electrochemical etching and
cleaned in UHV using direct current heating. The bias voltage
indicated in the text was always applied to the sample. Scan-
ning tunneling spectroscopy (STS) experiments are performed
with a lock-in amplifier working at 413 Hz and with a bias mod-
ulation of 15 mV.

3. THEORETICAL METHODS

The density functional theory (DFT) calculations were car-
ried out by using the Vienna Ab-initio Simulation Package
(VASP, version 5.4.4) [31], [32]. During these calculations,
the projector augmented wave (PAW) method was applied in
a plane wave basis set [33] to describe the valence electron -
core interaction. The Perdew-Beck-Eneker (PBE) functionnal
was used for the exchange-correlation interaction in the frame
of the generalized gradient approximation (GGA) [34]. The

van der Waals (vdW) dispersion interaction was included semi-
empirically according to our modified version of the DFT-D2
method proposed by Grimme [35]. The kinetic energy cut-off
was set to 440 eV, which gives an optimized lattice parameter
of 4.162 A for the fcc Ag bulk. The self-consistent electronic
convergence criterion was set to 1077 eV and the geometrical
relaxation was considered to be converged when the forces on
each unfixed atom was lower than 0.02 eV/A. The Ag(111)
substrate was simulated by a slab composed by 4 atomic lay-
ers with a lateral dimension of 11.77 x 20.61 A2 The self-
assembled monolayer was simulated by four TPA molecules
oriented along the (1 15) direction inside a (2x2) unit-cell. The
Brillouin zone was sampled with the gamma point in the recip-
rocal space for the geometric optimization calculations and a
3x3 in-plan Monkhorst-Pack grid [36] was used to obtain the
electronic structures. The vacuum was set to about 17 A (above
the molecules, and about 20 A from the Ag surface) in order to
minimize the interaction between neighbour super-cells in the
z direction. The dipole in this z direction was also corrected
to avoid the artificial interaction between interface dipoles in
periodic cells.

For a complete description of the presented structures, the
activation barriers between the different conformations have to
be calculated. These latter are estimated by the Climbing Image
Nudged Elastic Band (CI-NEB) method as implemented by the
Henkelman group (at UT Austin) [37, 38]. With this method,
the minimum energy reaction path is identified, by optimiz-
ing the forces perpendicular to this path to be lower than 0.5
eV/A on each of equally separated intermediate images. Delib-
erately, calculations have been limited to this rough transition
state because the more precise Dimer method [39, 40] requires
too much computation resources.

4. RESULTS AND DISCUSSION

4.1. Main characteristics of the TPA self-assembly

The TPA molecules deposited on low reactive Ag(111) sur-
faces form self assemblies as presented in Fig. la. In these
structures, TPA form bands in which the molecules are coupled
head to tail through linear [O-H..O] bonds (Fig. 1b). Theses
bands are formed by 1D molecular chains separated by 0.68
nm. The Bravais lattice is oblique (y=102°+3°) and the dis-
tance between nearest neighbours is about 0.8 nm (Fig. 1c).
These bands are randomly oriented with respect to the dense
<110> or <211>-type directions of the metallic substrate and
can be interconnected as suggested in the upper part of Fig. 1a.

These structures are stable even at ambient temperature but
after several hours or after a soft annealing of the layer at about
100°C, a partial deprotonation of the molecules may occur [30].
This deprotonation can be also induced by the STM tip when a
voltage pulse above 1.2 V is applied on one of the [O-H..O]
bonds. Thus, when the self-assemblies are kept at liquid nitro-
gen temperature and when low bias voltages are used for STM
imaging, the molecules and then the self assembled domains re-
main intact. Another striking characteristic of these structures
results from their interaction with the 2D electron gas of the



Figure 1: a) STM image (30x30 nm?) of the TPA rows self-assembled in bands
on the Ag(111) surface (V=100 mV, I=5 pA, T=77K). b) Details of the molec-
ular structure on Ag(111) as deduced from DFT calculations. The largest balls
are used for the Ag atoms. White, brown and red atoms represent the hydrogen,
carbon and oxygen atoms respectively. ¢) Zoom of (a) showing the network of
molecules and the surface Bravais lattice (V=75 mV, I=5 pA, T=77K). The an-
gle between the two vectors is 102°+3°. The red arrow shows the [11] direction
corresponding to a 1D TPA chain connected by hydrogen bonds.

substrate. Indeed, the characteristic surface state of Ag(111)
located originally 70 meV below the Fermi level is shifted in
energy when this latter is covered with the TPA network and is
measured 50 meV above Ef.

4.2. Evaporation of Co atoms

These molecular self assemblies are used as host lattice for
Co atoms deposited at low temperature. This process has to be
relatively fast to avoid sample heating and with very low fluxes
to avoid large coverage rates. After cooling down at 77K, the
sample is scanned using the same parameters than those pre-
viously used for TPA/Ag(111), i.e. typically a few hundreds of
mV up to one volt for the bias voltage and a few tens of picoam-
peres for the tunneling current. Fig. 2 shows a TPA layer after
such a deposit. The Co adatoms appears as small bumps es-
sentially on the edges of the domain. Thus, those deposited di-
rectly on the substrate diffuse at this temperature and can reach
the molecular network where they form quasi-linear chains of
adatoms (for more precise observations, a small scale STM im-
age is presented Fig. 1 in Supplementary Informations). Co
atoms can be also adsorbed on a second ML (as shown by the
red arrow in the lower right part of Fig. 2). Their apparent
size is identical whatever the number of molecular layers be-
low. One can also note that no atoms are adsorbed directly on

the Ag(111) surface or against a molecular layer which rein-
forces the idea of surface diffusion before final adsorption.

1MLTPA
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Figure 2: Large scale STM image (82x82 nm?) of the surface after deposition
of Co atoms on TPA/Ag(111). The black arrow indicates a monoatomic Ag
step separating two (111) terraces. The red one indicates a second layer of TPA
(V=-300mV, I=5 pA, T=77K).

A close inspection of the TPA network around a Co atom
shows that this latter is exactly adsorbed on top of the benzene
ring of the underlying molecule (Fig. 3). This is also the case
for the Co atoms adsorbed on the edges of the molecular do-
mains. The Co atoms exhibit an apparent height of typically
1.5 A with respect to the TPA layer in these tunneling condi-
tions. This lateral size is consistent with the previous papers
concerning single Co atoms in which it appears that these di-
mensions are substantially larger than the real atomic size, a
phenomenon well-known in STM imaging [41]. However, the
apparent corrugation is slightly higher than usually observed on
metallic surfaces. This can be attributed to the small decoupling
character of the molecular layer leading to an electron density
on each Co atom higher than when these latter are deposited
directly on the metallic substrate.

Because of this ability to diffuse, Co is able to form small
chains of atoms along the molecular domain edges with an in-
teratomic distance equal to the intermolecular distance along
the TPA chains (i.e., 1.1 nm). Thus, these sites seem to be par-
ticularly reactive since most of the Co atoms adsorb here after
diffusion on the Ag terraces or on the self-assemblies. Once
adsorbed, these atoms are stable at liquid nitrogen temperature.
Note also that no Co atom is adsorded directly on the substrate.
Thus, when a larger amount of Co atoms are deposited, these
latter produce small clusters on TPA but without any crystallo-
graphic structure.

The electronic properties of these adatoms have been also
studied by STS (see Fig. 4). On the substrate, the STS spectrum
shows the characteristic onset due to the 2D electronic surface
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Figure 3: a) STM image of the adsorption site of a single Co atom on a TPA
network. b) Schema of the molecules (blue balls) surrounding the metallic
atom represented by the red circle. ¢) Cross section between points A and B.
The highest corrugation is highlighted by the vertical dashed line (V=-400mV,
1=5 pA, T=77K).
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Figure 4: Scanning tunneling spectroscopy of the Ag(111) substrate (blue
curve), the TPA layer (brown curve) and a cobalt atom lying on a TPA (V=600
mV, =100 pA, f=413 Hz, AV=15mV , T=77K).

state at 70 meV below the Fermi level. On the molecular layer,
this surface state is shifted because of the interaction of the elec-
tron gas with the self assembly which forms an interface state
confined to the molecule/metal interface [44]. The STS curve
shows that this interface state is now around or slightly above
Er. This upwards energy shift is found to depend on the size of
the molecular assembly and for the largest domains (for exam-
ple a complete monolayer), this offset reaches 150 meV with re-
spect to the Ag(111) surface state. On the adsorbed Co adatom,
the behavior around the Fermi level is different. A characteris-
tic peak at 110 meV below Er appears and the contribution of
the interface electronic states disappears. The same character-
istic can be also observed for dimers or adatoms adsorbed at the
edges of the domains.

4.3. Calculations for Co atoms on TPA

Starting from the (2x2) TPA monolayer adsorbed on
Ag(111), the cobalt atom spontaneously adsorbs on the posi-
tion localized above the center of the benzene core of TPA (Fig.

Figure 5: (a) DFT calculations showing the structure of a Co atom adsorbed on
a TPA monolayer. b) Surface after adsorption of two Co atoms along the same
TPA chain and separated by 9.74 A. ¢) Structure of two Co atoms adsorbed on
tyvo nearest TPA neighbours. In this case, the Co interatomic distance is 7.85
A.

5). The adsorption energy is -4.083 eV, with a vertical dis-
tance of 1.481 A to the benzene ring. The vdW contribution
is -0.232 eV and thus the chemical binding energy is -3.851
eV. The magnetic moment of Co is 1 pp. The Fermi energy is
slightly increased to -0.87 eV (compared to -0.95 eV for a TPA
self-assembly on Ag(111)). The work function has decreased
from 3.85 eV to 3.62 eV. Finally, 0.96 electron is transferred
from the Ag substrate to the TPA monolayer. This latter has
got a net gain of 1.5 electrons and the Co atom has lost 0.54
electron.

When two Co atoms are adsorbed on the benzenes of adja-
cent TPA molecules (separated by about 9.74 A along the (1 12)
direction) as for dimers in the edges of the domain presented in
Fig. 2, the adsorption energy per Co atom is -3.994 eV with the
spins oriented in parallel and this energy is -3.840 eV per atom
when the spins are anti-parallel. When Co atoms are adsorbed
on the nearest TPA neighbours (7.85 A as for dimers in mid-
dle of the domain presented in Fig. 2), the adsorption energy
per atom is -4.008 eV with their spins in parallel, and -3.855
eV for anti-parallel spins. The low energy difference between
these two configurations for dimers suggest that no configura-
tion is preferred. Experimentally, the first configuration is es-
sentially observed on the molecules lying at the edges of the
domains while the second is almost exclusively observed in the
middle of the molecular assemblies. However, the difference in
adsorption energy suggests that whatever the configuration (in
the same TPA chain or on the two nearest molecules), two Co
atoms adsorb in a parallel spin configuration.

The projected density of states have been also calculated and
the results are shown in Fig. 6. Important differences with the
density of states of the molecular layer appear when a Co atom
is adsorbed. These differences mainly concern the occupied
electronic states, i.e. below the Fermi level. Particularly, sig-
nificant contributions 180 meV and 810 meV below Er due
to Co adsorption are highlighted. The contribution nearest the
Fermi level is close from the peak experimentally observed 110
meV below Er. Below the Fermi level, this contribution is
also highlighted in Fig. 2 of Supplementary Informations in
which the difference between the experimental spectra obtained



on Co/TPA and directly on the TPA layer are presented. Con-
cerning the feature at -810 meV, it cannot be experimentally de-
tected because of the instabilities that appear on adsorbed atoms
while scanning at such "high” voltages. However, it is observed
that the differential conductance deduced from the dI/dV curves
increases ~500 meV below E, an increase which is larger than
the one simply produced by the Ag substrate in this energy
range (Fig. 4). Then, this feature can be related to the rise
in the PDOS due to the Co contribution.

. L~ TPA+Co

0.5 1

Energy (eV)

Figure 6: DFT Calculations of the Projected Density Of States (PDOS) for the
TPA layer (green curve) and the Co atom adsorbed on the benzene ring of a
TPA as in Fig. 5a (blue curve). The dashed curve gives the contribution of the
cobalt atom.

4.4. Evaporation of Au atoms

The same experiments have been performed with gold atoms
and an example of the surface after Au evaporation on a TPA
layer is shown in Fig. 7.

This deposition results in the apparition of the single metallic
adatoms as small bumps randomly distributed over the surface.
These latter are then stable at liquid nitrogen temperature. Most
of them are located on the TPA structures (see the longest white
arrow in the lower part) and only a few are adsorbed directly on
the metallic substrate. One of them is pointed by the shortest
white arrow in the lower part of the STM image. In spite of the
low temperature, these Au atoms have diffused on the surface
and are anchored to the molecular structure. A gold atom is also
adsorbed on a second layer (2ML) of TPA in the central right
part of the image (red arrow). A first observation suggests that
these atoms exhibit almost the same shape whatever their ad-
sorption site. One can simply note that their apparent diameter
is slightly larger when the atom is adsorb on the molecular layer
but do not depend on the number of TPA layers since the single
atom adsorbed on the second ML presents the same size than
those located on 1 ML TPA assembly. Contrary to Co adatoms,
Au adatoms are able to stay on the metallic substrate close to
the TPA assemblies and but when the coverage increases, these
adatoms diffuse and produce small triangular or hexagonal Au
clusters against the TPA networks, typical of the (111) growth
of these two metals [42].

1ML TPA

Figure 7: Large scale STM image (82x82 nm?) of self-assembled TPA domains
after evaporation of Au atoms. The black arrow indicates a monoatomic Ag step
separating two (111) terraces (V=600 mV, I=2 pA, T=77K, teyqp=10 s).
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Figure 8: a) Small scale STM image showing the position of a Au atom on the
TPA self-assembly. b) This schema shows the molecule positions surrounding
the adatom (balls in blue) and the position of the largest corrugation due to the
metallic atom (red circle). ¢) Cross section taken from the STM image between
points A and B. The molecular positions are in blue and the position of the
highest corrugation is indicated by the vertical dashed line (V=600mV, I=2 pA,
T=77K).

Small scale images have been acquired to study the most fre-
quently observed position of the Au atoms with respect to the
TPA lattice. Fig. 8a presents a close view of an Au atom ad-
sorbed on the TPA monolayer. The two defects located in the
upper part result for the deprotonation of two molecules as usu-
ally observed on this type of self-assembly. The small schema
in the upper right part (Fig. 8b) has been deduced from the ex-
perimental image and gives the positions of the molecules in
blue while the red circle determines the position of the metal-
lic adatom. The curve presented in Fig. 8c is a cross section
conducted from point A to point B along the row. The vertical
dashed line locates the maximum of the apparent height. This
corrugation is relatively large (about 2 A) and comparable to



what is observed for single Au atoms adsorbed on thin insulat-
ing layers of NaCl [43, 44] and 0.5 A larger than for Co. With
this difference in corrugation comes a modification of the ad-
sorption site. Indeed, the Au atom is adsorbed between two
molecules along a row and not on the benzene ring. However,
its position is not exactly in the center of the four surrounding
molecules but is slightly displaced towards one of the molecule
of the row. This small shift is about 1.6 A in Fig. 8, indicat-
ing that the adsorption position is 0.38 nm from the center of
the benzene ring of the nearest molecule along the 1D chain.
Several gold atoms can be adsorbed side by side as presented
in Fig. 3 of Supplementary Informations. In this case, their ad-
sorption site is the same and their interatomic distance is then
related to the molecular network (about 0.85 nm along one of
the Bravais direction).
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Figure 9: Scanning tunneling spectroscopy performed on the Ag(111) substrate
(blue curve), the TPA assembly (orange curve) and a single Au adatom (green
curve). The spectra have been vertically shifted for clarity (V=800 mV, I=100
pA, =413 Hz, AV=15mV , T=77K).

The electronic properties of these adatoms have been also
studied by STS and the results are reported in Fig.9. The spec-
tra performed on the substrate and on the TPA self-assembly
exactly present the same characteristic than those previously
shown in Fig. 4. The energy shift observed is slightly more
important in this case. As explained before, this results from
the lateral size of the TPA domain which directly influences the
confinement of the interface state and then, its energy position
with respect to Er. The narrower the self assembly, the less the
peak shifts with respect to the Ag(111) surface state. On the
gold adatom, the characteristic interface state at 70 meV below
the Fermi level disappears and a smooth quasi-parabolic varia-
tion of the electronic density is observed in this energy range.
Note that the same spectrum is observed for stable Au adatoms
adsorbed on second layers of TPA or when they directly lay on
the substrate. This indicates that these atoms strongly change
the electronic properties at the interface over an area of several
angstroms around them and that the role of the TPA molecules
is weak with respect to the link between the single Au atoms
and the underlying substrate. As compared to the Co atoms,
there is no specific electronic state below Ef.

Figure 10: a) STM image of six Au atoms adsorbed on TPA. A defect due to
deprotonation of a molecule can be observed near the center. The black arrow
gives the direction of the TPA chain. b) Same area after removing two Au atoms
and contrast modifications for two others. The removal of the two adatoms
induces the creation of defects due to deprotonation in the layer. The numbers
1 to 3 indicate the different positions of the Au adatoms after adsorption (a) or
after their modification while scanning (b) (V=600 mV, I=5 pA, T=77K).

Two additional differences can be noted for Au adatoms.
Firstly, once they are adsorbed, Au atoms can be removed dur-
ing the tip scan. Some of these atoms simply disappear and, in
some cases, a characteristic defect due to the deprotonation of
the underlying molecule can be observed (Fig. 10). This figure
shows the same area before (a) and after (b) two Au atoms were
removed from their adsorption site during the tip scan. Once
these adatoms have disappeared, the molecular lattice presents
the characteristic defect due to TPA deprotonation. From the
previous investigations dealing with the apparent corrugation
induced by these defects, it appears that the ones observed here
correspond to single deprotonation state [30]. This behaviour
is not systematic and the adatoms can leave the surface with-
out any modification of the layer. Due to the relative fragility
of the self-assembly, the attempts to produce the adatom des-
orption using voltage pulses without creating other H defects
in the vicinity of the original adsorption site never succeeded
because of the high electric field induced by the STM tip. In
this case, one would be unable to affirm definitively that the de-
fects would be produced by the simple removal of the metallic
atoms. These latter are then displaced by the tip while scanning
the surface at ”low” voltage to be sure that this defect is not
produced by the sudden rise of the electric field in the tunneling
junction.

Another interesting remark can be made after a precise ob-
servation of the Au positions with respect to the TPA network
and the chain of molecules (indicated by the black arrow in Fig.
10a). The atoms called 1 have a position already shown in Fig.
8, a position which is the most probable one. Among the re-
maining atoms, three (named 2) are slightly displaced along the
TPA 1D chain, i.e. towards the benzene ring of the molecule
(and also perpendicularly to the TPA chains but to a less ex-
tend). This small displacement along the chain is of about 2 A
in the direction of the TPA chain as compared to the position
of the atoms 1. After several tip scans over the same area, two
adatoms of type 2 have disappeared and are replaced by two H
defects at the same place. Two other adatoms of type 2 present
a different contrast and appear now less corrugated. This con-



figuration is named 3. In each case, a small dark contrast can
be observed between the remaining protrusions and one of the
neighbouring TPA molecules in the same chain. This results in-
dicates that H and induced deprotonated molecules play a sig-
nificant role in the properties of Au adatoms, either for their
adsorption site or concerning their apparent height. This is also
highlighted in the Supplementary Informations (Fig. 4) where
an STM image obtained several minutes after Fig. 10b shows
the creation of numerous defects after desorption of most of the
metallic adatoms.

2.6nm
T
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Figure 11: STM images of the same area after modification during the tip scan
of one of the adsorbed gold adatoms. (b) has been obtained 4 min after (a) and
(c) 49 min after (b). (d) gives the apparent height measured along a line cross-
ing three Au atoms (white arrow) from the Ag(111) lower terrace to the TPA
layer. The curves have been vertically displaced for clarity and the black arrow
indicates the position of the Au adatom whose contrast changes (V=600mV,
1=5 pA, T=77K).

These images suggest that the Au atom contrast may change
during the STM experiments. In fact, the contrast modifica-
tion can be reversible. Fig. 11 presents three STM images of
the same area obtained after different scanning times. Starting
from an area with five adatoms (Fig. 11a), it is observed that
one of these atoms presents a lower contrast after 4 minutes of
continuous scan (Fig. 11b). The decrease of this contrast is
highlighted in Fig. 11d which shows that the apparent height
decreases of 0.7 A with respect to its original value (see the
black arrow). After 49 minutes of scan, the contrast recovers
its initial value (Fig. 1lc and curve c in Fig. 11d), in good
agreement with the other atoms. These modifications are rather
difficult to control due to the relative fragility of the molecu-
lar layer which prevents to work at high voltage or high tun-
neling currents, conditions necessary for atomic manipulation.
Sometimes, this contrast variation can be followed by the com-
plete desorption of the concerned atom. On single Au atoms
deposited on ultrathin layers of NaCl, such contrast modifica-
tions have been interpreted in terms of charge deposited on the

atoms to form negatively charged species Au~ [43, 44]. For Au
on TPA, this interpretation cannot be invoked since the molec-
ular layer is not insulating and the charge cannot be conserved
for tens of seconds on a single atom. There is no doubt that Au
is “electrically” connected to the metallic substrate and the fact
that these observations can also be made for Au adsorbed on
two monolayers TPA domains confirms this point. To under-
stand these different observations, DFT calculations have been
conducted and are presented in the following paragraphs.

4.5. Calculations for Au atoms on TPA

4.5.1. Different adsorption geometries

With an Au atom, the most stable adsorption position on the
TPA ML is just above a carbon atom of the COOH group as
indicated in the top panel of Fig. 12 (configuration called ~a”).
The Au-C distance is 2.112 10\, a value close to that of similar
bond length [45]. The adsorption energy is -1.249 eV while
the charge transfer leads to a gain of 0.09 electron on the Au
adatom and 0.36 electron on the C atom. The adsorption energy
shows than Au is less firmly adsorbed than Co (E,;,=-4.083 eV
for Co adatoms). It should be also noticed that in this config-
uration, one H atom in the H-bonded dimer is transferred from
the TPA on the left to the O atom of the COOH group beneath
the Au atom. The number of H atom is then constant but the
left molecule is modified by the H transfer. This displacement
is indicated by a black curved arrow in Fig. 12, configuration
”a”. The carboxyl group thus becomes C*OOHH, with an orig-
inal C=0 bond (1.262 A) stretched to 1.383 A (C*-O bond). It
means a lost of double bond character and the sp2 hybridization
of C changed to sp3 for C*. In this configuration, the Au atom
is localized at a distance of 1.857 A to the middle of H-bonded
dimer (3.174 A to the benzene ring center of TPA). This value
is in good agreement with the 1.6 A shift experimentally mea-
sured along the TPA chain in Figs. 10. Then, the calculated
conformation ”a” corresponds to the atoms of type ”1” in the
STM images.

In addition to the most stable conformation presented above,
other Au adsorption positions have been localized on carbon
atoms of the benzene ring. For this, the middle panel of Fig. 12
shows another configuration called ”b” in which the Au atom
binds to the C at the meta position. At this position, the Au-C
bond length is 2.17 A and the adsorption energy is -1.06 eV. The
C atom to which Au is attached also changes its hybridization
from sp2 to sp3. The net charge transfer indicates a gain of 0.15
electron on the Au atom and of 0.18 electron on the C atom, i.e.
two times smaller than in the ”a” conformation. In this case, the
H-bonded dimer remains intact. As compared to the previous
conformation, the Au atom is then slightly displaced toward the
benzene ring along the TPA chain. This displacement is 2.2
A along the chain and 1.1 A perpendicularly to the TPA row,
values in good agreement with the lateral shift measured in Fig.
10 for the atoms of type 72”.

Moreover, the presence of diffusing H atoms on the TPA
layer is highly expected. Indeed, it has been demonstrated that
the molecular layer suffers from deprotonation as a function
of time and that this deprotonation can be simply induced by
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Figure 12: a) DFT calculations showing the most stable conformation with the
Au adatom close to the carboxyl group. The adsorption energy is -1.249 eV.
The C*-H, C*-O and C*-Au bond lengths are 1.380 A, 1.383 A and 2.112 A
respectively. The black arrow shows the motion of the H atom coming from the
left molecule. b) Adsorption configuration with the Au atom adsorbed on one
of the C atoms of the benzene ring (E,4=-1.060 eV). ¢) Adsorption of Au-H
above a C-C bond of the benzene ring. This conformation presents the lowest
adsorption energy (E,4,=-0.864 V).

the STM tip [30]. Diffusion of the so-created singly deproto-
nated” defects could be important due to their low activation
barrier (typically 0.91 eV). All these arguments suggest that
the H atoms could play an important role in the adsorption of
metallic adatoms, particularly for Au for which the adsorption
energies are significantly smaller than for Co. To mimic such
a situation, an extra H atom has been added in the models of
”a” and ”’b” configurations and new calculations have been per-
formed. During the optimization, this supplementary H atom
spontaneously attached to the Au atom. In this case, the most
stable adsorption site of the thus formed Au-H entity is local-
ized at the middle of one C-C bond on the benzene ring (lower
panel of Fig. 12, conformation called “c”). At such a position,
the C-Au bond length is about 2.416 A, with a net charge gain
of 0.05 electron on Au and 0.11 electron on the C atom at para,
while the C atom on meta position loses 0.03 electron. The
calculated adsorption energy is the smallest with E ;,=-0.864
eV.

4.5.2. STM image calculations and role of H atoms

As explained above, three adsorption positions are available
and on the other hand, several types of contrasts are experi-
mentally observed. For connecting such experimental observa-
tions to the calculated configurations, simulated STM images
of the three structures have been calculated according to the
Tersoff-Hamann approach [46]. Essentially, these calculations
highlight the contribution of the electronic density to the tun-
neling current whose variations can be related to the observed
contrasts.
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Figure 13: a) Schema showing the most stable conformation with the Au
adatom close to the carboxyl group and the calculated STM image using the
Tersoff-Hamann approach. b) Conformation with the Au adatom on top of the
C at the meta position and corresponding calculated STM image. c¢) Confor-
mation corresponding to (b) but with addition of an H atom on top of Au and
corresponding calculated STM image. The double arrows show the shift be-
tween the TPA 1D rows and the largest corrugations. d) The curves show the
calculated PDOS on the Au atom for this latter in a position in orange, b posi-
tion in green and with an H atom c in blue.

In the first calculation presented in Fig. 13a and performed
from the ”a” configuration, the large bump corresponds to the
Au adatom close to the H-bond of the TPA dimer. As observed
experimentally, this bump has a larger size than a single atom
and this is what is generally observed for adatoms This protru-
sion is perfectly aligned along the TPA row and very similar to
the STM image of atom “1” in Fig. 10a. For the second confor-
mation ’b”, the Au bound to C at meta position shows a slightly
larger bump (Fig. 13b) which is shifted with respect to the TPA
row (indicated by the double black arrow). This calculated im-
age is in good agreement with atom “2” in the experimental
STM topography (Fig. 10a). The simulated image of the Au-H



conformation corresponding to the addition of a supplementary
H atom is presented in Fig. 13c. Again, this indicates that the
bump position is laterally shifted with respect to the molecu-
lar row. The calculated image also agrees very well with the
experimental contrast of atoms “3” observed in Fig. 10b after
the transformation of atoms ”2”. Notably, this transformation
resulted in a reduced corrugation of the adatoms in the STM
images and this is also the case in the calculations. The Pro-
jected Density of States (PDOS) calculated on the Au atom for
the three conformations (Fig. 13d) underlines the role of hydro-
gen. Indeed, these PDOS exhibit a smaller contribution to the
electron density for the AuH configuration in an energy range
of ¥1 eV around the Fermi level. This smaller contribution can
explain the decrease of the apparent height experimentally ob-
served as compared to the two previous configurations.

The calculated activation barriers between the configurations
”a” and ”’b” (see Fig. 5 in the Supplementary Informations)
suggest that these latter can be easily exchanged between them.
Moreover, the presence of supplementary H atoms allows for
reaching the ”c” conformation. This transformation from “a”
to ’c” or ’b” to ’c” perfectly corresponds to what is observed
if Fig. 10b after the transformation of atoms 1 and 2 to the
form called 3. Inversely, the loss of a H atom from “’c” allows
to return to the ”a” or ”b” configurations as it is observed in
Figs. 11 where the same adatom reversibly switches between
two states between the three STM images. The attachment and
detachment of H atoms on the metallic adatoms then allows to
change from a conformation to another. Au adatoms can be also
desorbed from the TPA layer. For this, defects have to appear
in the molecular layer and this is discussed in the following
paragraph.

4.5.3. Role of TPA defects

To illustrate the possible role of deprotonated TPA molecules
in the stability of the adatoms, the configuration with an Au
atom bound to the C* atom of C*OOHH (Fig. 12, configu-
ration ’a”) is used as a starting point. Remember that in this
case, the number of H is conserved and this situation is called
no-defective. Thereafter, the H atom initially present on the
right TPA (TPA on which the Au is adsorbed) is removed (see
Fig. 6 in Supplementary Informations). Finally, one H is miss-
ing. As an H atom has been also transferred from the left
molecule, this latter is singly deprotonated and this configura-
tion is called L-defective. Moreover, the right TPA supporting
the Au adatom has previously received an H from the left one
and the C*OOHH becomes again a COOH carboxylic group.
In this particular case, the addition of a supplementary hydro-
gen atom (resulting for example from a distant defect on the
TPA layer) firstly leads to the formation of AuH. As a second
step however, the adsorbed AuH component is detached from
the C to be physisorbed with an adsorption energy of -0.05 eV.
In this metastable configuration, the distance from Au to C is
stretched to 3.54 A (vs a AuC* bond length of 2.18 A). Such a
lower adsorption energy makes this conformation more rare on
the surface and more sensitive to the presence of the STM tip.
This could perfectly explain the desorption of Au adatoms ex-
perimentally observed during the tip scan (see for example Fig.

10

10b).

It is also important to study the activation barriers of these
mechanisms in order to ensure that they can take place on the
surface either by the local electric field between tip and sample
or by the injected tunneling electrons. These results are pre-
sented in Fig. 14. Thus, even if the attachment of an hydrogen
atom on Au does not exhibit any activation energy barrier, the
deprotonation starting from the configuration of Au adsorbed
on the no-defective TPA requires an activation energy as high
as 1.9 eV. An alternative path via an energetically equivalent
configuration to the L-defective one has been also identified. In
this case, the hydrogen atom on the TPA at the right side of the
H-bonded dimer is removed. The singly deprotonated molecule
is then the one on which the Au atom is adsorbed. By analogy,
this intermediate case is called R-defective configuration. The
barrier to transform the R-defective to the L-defective config-
uration is estimated to 0.9 eV. However, the barrier necessary
to pass from the no-defective to these L/R-defective configura-
tions requires at least 1.7 eV.

L-defective

[ 1_\%{‘
uc‘q'-

No-defective

Figure 14: Calculated activation barriers for the L and R defective conforma-
tions.

These results show that the calculations performed for the
L/R conformations make it possible to test the presence of a
singly deprotonated TPA in the concerned H-bounded dimer,
the defect being either on the left molecule or on the right one.
The difference between L-defective and R-defective is also the
adsorption site of the Au adatom. In L-defective, the Au-C
bond length is 2.18 10\, and the Au atom has a net charge of
+0.13 electron. In R-defective, Au is adsorbed on a singly de-
protonated TPA and the completely dehydrogenated carboxy-
late group strongly binds to the Ag(111) surface through its two
oxygen atoms. This induces a migration of the Au atom from
the C to the next C1 position of the central benzene ring. The
Au-C1 bond length is the same as Au-C, i.e. 2.18 A. Adding a
supplementary H atom to the R-defective configuration results
in the formation of a stable AuH adsorbed in the middle of a C-
C bond as in the case of a no-defective TPA monolayer. Thus,
the Au adatoms bounded to an extra H atom can also be stable
on the surface if the metallic adatom is adsorbed on a depro-
tonated TPA. This property is different than for the L defective
configuration in which the AuH formed by diffusing hydrogen
was highly unstable. Moreover, the higher the d states are in



energy relative to Ef, the stronger is the bond between the ad-
sorbate and the transition metal atom [47]. For the R defective
configuration, these occupied bands are 0.02 eV closer to the
Fermi level than for the L one. This property as well as the
presence of the COO carboxylate group could perfectly explain
a larger stability of the R situation between the gold atom and
the TPA layer while in the L configuration, the Au adatom is
more unstable and can be easily desorbed as observed experi-
mentally.

5. SUMMARY

Co and Au atoms have been evaporated on self assembled
domains of terephthalic acid molecules. The STM observations
and the DFT calculations demonstrate that the two atoms have a
different behaviour. Co is firmly bounded to the TPA molecule
with an unique adsorption position on top of the benzene ring.
Near the Fermi level, a characteristic feature of the electron
density due to the metallic atom can be observed in the STS
spectra. For Co dimers, calculations demonstrate that the most
favoured configuration is obtained when the spins are parallel.
Au adatoms have a different behaviour essentially because they
present different adsorption sites with lower adsorption ener-
gies. They can be adsorbed on top of a C atom of the COOH
group or be located on top of a C atom of the benzene ring.
The H atoms diffusing on the surface or coming from the sur-
rounding defects in the TPA layer as well as deprotonation of
the underlying molecules play an important role in the possible
desorption of these adatoms. Their contribution to the elec-
tronic density is low and the STS spectra show that the main
electronic characteristics of the molecular layer and substrate
are quenched by the presence of the metallic adatom.

More generally, these experiments demonstrate that it is pos-
sible to make chemistry on single atoms deposited on molecu-
lar layers. These latter generally act as host lattices for other
molecules but they can also be host structures for single atoms.
This opens the way to new experiments in the very promis-
ing context of single atom catalysis [48, 49]. Indeed, on such
molecular systems, one is able to select the adsorption site as a
function of the chosen metallic atom and then produce a model
system interacting with a surrounding gas for example. Be-
cause adatoms can diffuse on the substrate and be adsorbed on
the edge of the molecular domain (for example the Co atoms),
it can be possible to organise these adatoms to forms metallic
chains. Another interesting point is that this kind of molecu-
lar host lattice can be deposited on different substrates such as
MoS, with exactly the same molecular lattice parameters (Fig.
8 in Supplementary Informations). In this case, this also offers
the possibility to investigate the role of deposited adatoms with
the semiconducting sub-layers and local charges due to doping.
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