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1 Introduction

Influence of Cu Adatoms on the Molecular Assembling
of 4,4’-Bipyridine on Cu(111)

M.-A. Dubois,” O. Guillermet,?<, S. Gauthier’, G. Zhan?, Y. Makoudi?, F. Palmino?, X.
Bouju” and A. Rochefort*+¢

The formation of highly organized structures based on two ligands with pyridyl functionalities,
4,4’ -bipyridine (BPY) and 1,4-di(4,4"-pyridyl) benzene (BPYB)), and Cu adatoms on the Cu(111)
surface has been studied with low temperature and variable temperature scanning tunneling mi-
croscopy (STM) and first-principle calculations. We are showing that the formation of a highly
organized adlayer built from adatom-molecule and molecule-molecule units strongly depends
on the amount of mobile Cu atoms on the surface. While a high concentration of Cu adatoms
(high adatom/BPY ratio, > 1) leads systematically to the formation of organometallic nanolines,
the absence of them (low adatom/BPY ratio, ~ 0) gives compact self-assembled molecular net-
work, and more specifically hydrogen-bond networks (HBN) with BPY molecules organized in a
T-shaped fashion. Alternatively, an intermediate concentration of Cu adatoms (0 < adatom/BPY
< 1) allows the formation of a well-organized and compact structure where both organometallic
and HBN components coexist. Although STM images cannot clearly reveal the presence of Cu
adatom within the organometallic moiety, the bonding of BPY to a single or two Cu adatoms can
be clearly identified by tunneling spectroscopy (STS), and is supported by Density Functional
Theory (DFT) results. Additional STM simulations suggest that the relative position of the Cu
adatom with respect to organic ligands just above has a significant impact on its detection by
STM. This study exemplifies the prominent role of metallic adatoms on the formation of complex
organometallic network and should open more rational practices to optimize the formation of those
supramolecular networks.

networks. In the situations where the molecule-surface interac-

The rational design of supramolecular networks on metallic sur-
faces based on the molecular interactions between building blocks
(molecules, atoms) that establish highly directional bonding can
now be performed for a large class of species. 1-? Although the ma-
jor progress in the preparation of controlled molecular networks
during the last decade, there are still open fundamental issues
that remain difficult to predict. Among them, the understanding
of magnitude of molecule-molecule and molecule-surface interac-
tions is an example of the most central challenges that need to be
accurately addressed in order to anticipate any supramolecular
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tions are very strong, the metallic surface plays a central role by
imposing a rigid geometry to the molecular adlayers through its
crystal lattice 3, but may also contain numerous amount of struc-
tural defects when the lattices do not match, or more subtle, may
lead to organization on a much longer range for the molecular
species.® In contrast, when the molecule-molecule interactions
are stronger, the assembling process depends essentially on the
ability of the molecules to establish strong directional bonds to
create a dense molecular network. %7

A different route to generate supramolecular networks uses
atomic metal species to bind molecules in a highly organized fash-
ion. 18 Metal surface atoms mostly originate from step edges of
single crystals where they rapidly diffuse, or they can also be
evaporated from an external metal source to the surface.® In
these organometallic complexes, metal adatoms are highly reac-
tive toward organic species, but their affinity with the metal sur-
face remains quite high. Thus, very stable organometallic com-
plexes are formed where the metal atom generally sits on a high
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coordination adsorption site.®16 Hence, the building blocks in
these networks are mainly symmetric organometallic complexes
built from the few organic ligands bonded to one or more metal
atoms, and are localized on the preferential adsorption sites of
the surface. In this case, the concentration of metal surface atoms
has a direct impact on the nature and the dimension of the orga-
nized regions, and we may expect to observe a mixture of ad-
sorbed phases at high ligand/metal ratios. Interestingly, the co-
deposition of iron atoms and an acidic molecule on a bulk insu-
lator generates a metal-organic coordination network according
to the order of deposition, that is to say only if molecules are
deposited first and subsequently the metal atoms. 17

In this paper, two molecules with pyridyl moieties were cho-
sen to study the influence of the adatom concentration on the
structure of the molecular assembly. Indeed, in absence of sur-
face adatoms, a hydrogen network is exclusively formed, while
organometallic nanolines are mostly formed at high adatom/BPY
ratio, and a mixture of the two previous cases are formed for in-
termediate adatom/BPY ratio. STS experiments were successful
to reveal the presence of adatoms within the nanolines although
they cannot be clearly seen in STM images. Our DFT calculations
and STM simulations support the presence of such adatoms, and
bring some explanations on the difficulty in observing them on
STM images.

2 Experimental Details

The scanning tunneling microscopy (STM) images were recorded
with a commercial low temperature and a variable temperature
STM from Scienta Omicron. STM images were acquired in a
constant-current mode at 110 K, 77 K or 4 K. The Cu(111) and
Ag(111) samples were cleaned by repeated Ar sputtering fol-
lowed by annealing at 750 K. The 4,4’-bipyridine (BPY) molecules
and 1,4-di(4,4"-pyridyl) benzene (BPYB) molecules have been
evaporated in ultra-high vacuum from powder kept at room tem-
perature (BPY) or by a thermal annealing (BPYB). The length
of BPY and BPYB molecules are respectively of 0.716 nm and
1.151 nm (see Fig. 1). At room temperature, BPY is known to
have a relatively high vapor pressure (10> mbar) compared to
the UHV conditions (10~!! mbar). Consequently, BPY powder
was placed in an adjacent pumped chamber, and a fine adjust-
ment of pumping speed and valve opening was necessary to in-
troduce a 1078 to 10~7 mbar partial pressure in the preparation
chamber.

3 Computational Methodology

The electronic structure calculations were performed within Den-
sity Functional Theory (DFT) methods included in the NwChem
package.!® The molecular structures were fully optimized with-
out any symmetry constraints with a quasi-Newton technique
until the gradient convergence factor was lower than 107
Hartree/Bohr. In order to accurately evaluate the dissociation en-
ergies of metal-ligand bonds, we have used extended basis sets,
PBEOQ exchange-correlation functionals and van der Waals (vdW)
corrections. 1

The STM simulations were carried out with our in-house
DyFlex software20 that is a dynamical version of the Flex-STM
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Fig. 1 (a) Representation of 4,4-bipyridine (BPY) and (b) 1,4-di(4,4"-
pyridyl) benzene (BPYB) molecules.

code?! developed in our group. For the present study, we used
extended Hiickel Hamiltonians included in the YaeHmop pack-
age 22 in conjunction with the Tersoff-Hamann (TH) level of the-
ory to produce all simulated STM images. Images were generated
at constant height (7.5 A) from the surface, and different positive
and negative bias were considered. Notice that the TH approxi-
mation is relevant for the flat molecular system considered here 23
without the use of more sophisticated methods like ESQC for in-
stance that includes explicitly the atomic structure of the tip. 24

4 Results and Discussion

4.1 Room temperature adsorption

We first start our experiment by introducing 6 L of 4,4’-bipyridine
(BPY) at room temperature on the Cu(111) surface. Figure
2(a) shows a STM image of the self-assembled structure with
ladder-like patterns. A BPY molecule is represented by a single
bright protrusion. Based on the STM image of the substrate (not
shown), we note that the molecular lines are turned by 12° + 3°
from Cu(111) low index directions, and only a small and alternate
deviation of molecular axis is observed with an average distance
of 10.54+0.3 A between molecules. A closer examination reveals
an alternate proximity of the ladder-like structure with one side
of the lines (see Fig. 2(b)) in agreement with an inversion center.
This assumption involves a molecular pairing for the ladder and
line structures with non-equivalent adsorption sites. In fact, we
observe a series of staircase structures that are sometimes sepa-
rated by a single continuous bright line.

The STM image profiles of these structures along two differ-
ent paths (A, B) are presented in Fig. 2(c). It is clear that both
paths give rise to regular distributions of STM contrasts where the
ladder-like structures are paired (line B) with one shorter than the
other, as revealed by the black scale lines given in that figure. The
profile of these paired structures (line B) remains tightly linked
to the pattern observed in profile A. Nevertheless, the width of
the features in line B are narrower than those of line A, suggest-
ing that the BPY in line B are perpendicular to the ones in line
A. The average distance between the bright spots along line A is
10.5+0.3 A, and for the line B, we measured 12.5+0.3 A and
8.6+0.3 A for respectively, the long and short features. These re-
sults reveal that the adsorption of BPY is strongly directed by the
Cu(111) lattice.
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Fig. 2 (a), (b) STM images recorded at 4 K, (c) STM profiles along line A and B. For line B, one observes two alternate categories of distances between
maxima as indicated by the horizontal bars. (V; = 40.1 V)
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According to previous studies on similar systems, the adsorp-
tion of the BPY molecules along a straight line should be repul-
sive except when a Cu adatom is bridging two pyridine units. 26:27
We performed DFT calculations (6-31G**/PBEO+vdW) that sup-
port that two BPY molecules do not form a stable complex when
aligned into a straight line, but BPY becomes weakly bonded by
0.10 eV when the molecules adopt a T-shape. In fact, the number
of mobile Cu adatoms on the Cu(111) surface should be signifi-
cantly high at room temperature,® and more especially near steps
edges. Admitting the presence of Cu adatoms, the formation of a
nanoline along the A profile should then involve a repetitive -(Cu-
BPY)- organometallic unit while the transverse BPY molecules
cannot be fully coordinated to Cu adatoms since otherwise it
would have formed a straight nanoline. In these rungs, two BPY
molecules are bonded to a single Cu adatom in the center while
the molecular extremities are weakly bonded to BPY in the nano-
lines in a T-shaped configuration. Furthermore, we are forced to
admit that most STM images reported in the literature about Cu
or Au adatom-molecule complexes, 1:8:9:11:16.25-27 including the
present results, cannot hardly support the presence or absence of
Cu atoms in this ladder-like assembly of BPY on Cu(111). Even
the higher resolution STM image shown in Fig. 2(b) is not con-
vincingly supporting such Cu adatom participation to the nano-
lines along the pathway A, nor in the middle region of the rungs
features (identified by the large white arrow).

A series of differential conductance spectroscopy (STS) mea-
surements were performed in the nanolines and rungs region to
compare the electronic properties of the BPY moiety. In com-
parison, we have also performed DFT calculations to compare
the electronic structure of an isolated BPY molecule and a BPY
molecule bonded to a single or to two Cu dimers. The STS and
DFT results are summarized in Fig. 3. The STS spectrum of an iso-
lated BPY monomer shows only a tiny shoulder at +1.6 V, the BPY
molecules from the rungs show a clear peak at +1.6 V while the
BPY species within the nanoline structure give a peak at +1.3 V.
DFT results cannot be clearer to describe the origin of those peaks.
The state at +1.6 V originates from the bonding of BPY to a single
Cu atom, involving the mixing of LUMO (BPY) and d-orbitals of
Cu. The peak at +1.3 V corresponds to the bonding of BPY to two
Cu atoms, also involving LUMO of BPY and d-orbitals of Cu. STS
and DFT results strongly support that nanolines are formed from
a series of (Cu-BPY) units, while the ladders are made of BPY-Cu-
BPY isolated units. A second series of DFT calculations were per-
formed to investigate the stability of Cu-BPY complexes. Table 1
indicates that once a Cu-BPY bond is formed, it becomes more
energetically favorable for this species to bind an additional BPY
molecule than a second Cu atom. This stability then suggests that
a Cu(BPY), complex could represent a realistic building unit. The
significant interaction energy for the formation of a Cu-BPY---Cu
complex also supports the formation of one dimensional nanos-
tructures containing chains of repetitive (Cu-BPY) units.

From the size and intensities of the different STM features ob-
served and the results of DFT calculations, we propose the model
shown in Fig. 4. The geometry of the BPY-Cu fragment used
in that figure were taken from our DFT calculations. Accord-
ing to the 12° misorientation of the molecular lines and to an
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Fig. 3 Differential conductance (dI/dV) spectra of BPY as isolated on the
surface (red), in the nanoline (blue) and in the rungs (green) regions. The
circles are the position of energy levels calculated from DFT for Cu-BPY
(filled) and Cu-BPY-Cu (opened) complexes.

Table 1 Calculated interaction energies (eV) of Cu-BPY complexes

level Cu---BPY Cu-BPY---Cu BPY-Cu---BPY
6-31G/PBEO+vdW —3.00 —2.74 —2.86
6-31G**/PBE0+vdW —1.67 —1.49 —2.65
6-317+G**/PBEO0+vdW —2.06 —1.89 -2.39

inversion center, the primitive unit mesh would correspond to a
[13 x —5, 2 x 7] to allows each Cu atoms to remain on the same
hollow adsorption site. In agreement with this lattice unit, the
distance between features in lines A (10.5 A) fits the [2 x 7] length
(20.87 A ~2x 10.45 A) and the measurements along line B cor-
respond to the distances measured within the rungs arrangement
(8.92 A and 12.29 A). Fig. 4 shows a domain of the ladder-like
structure with the sidelines built from (BPY-Cu) units where the
Cu adatoms are systematically located on three-fold sites of the
Cu(111) surface. The more central rungs features are BPY-Cu-
BPY units where the Cu atom is sitting on a three-fold site, and
the terminal pyridine groups are establishing a T-shaped interac-
tion with a BPY in the sidelines. In order to maximize both Cu-
surface and T-shaped complexes, one central rung features over
two is displaced to finally form a pairwise structure. This model
matches also very well the STM image recorded at 4 K in terms of
distances between the different STM features.

4.2 Influence of Cu adatoms concentration

The model of BPY adsorbed on Cu(111) in Fig. 4 could be quite
satisfying, but the presence or absence of Cu adatoms in the

This journal is © The Royal Society of Chemistry [year]



Fig. 4 Top view of a molecular model for the self-assembled layer of BPY
on Cu(111) when the adatom/BPY ratio is between 0 and 1. The position
of Cu adatoms underneath the BPY layer on Cu(111).

assembled layer still remains an open question that cannot be
clearly evidenced in terms of STM contrasts. The most intriguing
question remains the role of adatoms on the more central fea-
ture of the ladder-like structure. In order to clarify this point, we
have carried out an adsorption of BPY at room temperature on
Ag(111) where mobile adatoms do not specifically bind to pyri-
dine moieties. As shown in Fig. 5, BPY molecules form exclusively
large domains where the BPY units are organized into a T-shaped
fashion. This confirms that adatoms are needed to form lines.
Furthermore this observation confirms the selective character of
the Cu-pyridine interaction (relative to Ag-pyridine), as observed
experimentally2® and supported by DFT calculations?8. In ad-
dition, STS experiments on this BPY/Ag(111) overlayer reveal a
peak at +1.74 eV. In agreement with Fig. 3, this peak can be as-
sociated to a weakly bonded BPY specie on the Ag(111) surface.
It is also worth noting the absence of BPY molecules well-aligned
into a straight isolated line.

Fig. 5 STM images of BPY/Ag(111) recorded at 4 K with different reso-
lutions. (Vy =+40.1 V)

The existence of weakly bonded T-shaped structure on Cu(111)
should be easily demonstrated simply by showing their disappear-

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 STM images of BPY/Cu(111) recorded at 4 K with different reso-
lutions after heating at 350 K. ((a) Vs = +2.0 V, I, =2 pA (b) V; = +0.05 V,
I, =1pA)

2001

ance upon a moderate heating of the sample. After heating the
Cu(111) sample at 350 K, the STM image shown in Fig. 6(a) in-
dicates the absence of any organization of BPY into a ladder-like
structure but instead it shows the presence of continuous lines
of Cu-BPY that essentially begin and finish near a step edge, and
that surprisingly do not cross each others. In addition, the higher
resolution STM image in Fig. 6(b) shows that the composition
of the Cu-BPY lines appears quite regular on the surface. Again,
STM image does not reveal more specific features related to the
presence of Cu adatoms, but since we observe the formation of
1D structure of BPY, we may assume the presence of Cu atoms in
these chains. 20

The influence of copper adatoms density on the T-shape or
nanolines formation was confirmed by depositing BPY on a sam-
ple kept at low temperature. Since our experimental setup is not
equipped with a variable temperature sample older, Cu(111) was
quickly removed from the microscope at 77 K and exposed to a
10~8 mbar of BPY for 20 sec. STM image in Fig. 7 shows the
formation of mixed wires made of an alternation of T-shape as-
sembly and small portions of nanolines. Furthermore, isolated
BPY monomers can be observed on the surface. STS spectro-
scopies obtained on T-shape molecules or on the nanolines are
similar to the ones obtained on the monolayer. Monomers only
exhibit a small peak at +1.6 V, denoting the requirement of adja-
cent molecules or adatoms for the establishment of the observed
states. The formation of BPY-Cu assembly requires the diffusion
of copper and/or BPY. In the present case, we evaluate the depo-
sition temperature by checking the monomers diffusion by STM,
which occur between 120 and 130 K.

Another way to change the adatom/molecule ratio in to ex-
tend the molecule by inserting a central benzene ring to form
1,4-di(4’,4"-pyridyl)benzene (BPYB), while keeping the pyridine
groups (Fig. 1b). Indeed, for a same molecular nanoline length
the second molecule (BPYB) needs fewer copper adatoms, and
hence gives a lower adatom/molecule ratio. Moreover, as we
are deposing the two molecules under the same conditions,
the adatom/molecule ratio is greater in the case of the longer
molecule (BPYB). Whatever the coverage of the BPYB molecules,
we obtained structures in the form of nanolines. These nanolines
are more or less spaced according to this rate. The STM image
in Fig. 8 is an example for a relatively high BPYB recovery rate.
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Fig. 7 STM image recorded at 77 K after a BPY deposition on Cu(111)
kept below 130 K (Vs =41V, I, =5 pA).

As for the case of BPY, we can easily recognized the molecules; a
bright spot corresponds to a BPYB molecule well-spaced by cop-
per adatom. Based on these results, we can better understand
the T-shaped structure observed for the smaller BPY molecule. In-
deed, in the case of BPY molecule we need a higher adatom/BPY
ratio to form lines with similar length. When they are depleted,
these molecules prefer to rank between the lines through hydro-

gen bonding.

F|g 8 STM image of BPYB/Cu(111) recorded at 110 K. (V;
=10 pA).

=-19V,

4.3 STM signature of Cu adatoms

Finally, we want to discuss the fact that STM images cannot
clearly reveal the presence of Cu adatoms within surface com-
plexes while STS measurements indicate their contribution to the
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bonding with BPY on the Cu(111) surface. Since Cu adatoms
are more probably adsorbed in three-fold sites of the Cu(111)
surface where they would occupy a bulk-like site, we may pre-
sume that Cu adatoms could be below the adsorbed BPY layer.
From this premise, we have investigated two different scenarios
for Cu adatoms to give a negligible contribution to STM images.
This was performed with the help of STM simulations using our
DyFlex software. 20-21

First, Fig. 9 compares the variation of the STM contrasts from
a simple BPY-Cu-BPY complex on a Cu(111) surface where a Cu
adatom is located at h, = 1.70 A over a hollow site of the Cu(111)
surface while the two BPY molecules are at 3.0 A (he+1.30 A). As
shown in the upper STM images in Fig. 9, the STM simulations
using such arrangement reproduce the main STM experimental
features in which the Cu adatoms weakly contribute to the tun-
neling current. To evaluate the influence of the Cu adatom on
STM features, we considered the two displacements shown in the
top part in Fig. 9: (a) a lift-off of the Cu adatom toward BPY, and
(b) an increasing separation between the two BPY molecules. In
each cases, we show the calculated tunneling current on a high
resolution grid (0.3 A); pixel by pixel on the left side and av-
eraged over the pixels contained within a radius of 2 A on the
right side that emulates a more realistic STM apex. Figure 9(a)
shows that the height of the Cu adatom has a drastic effect on
the STM contrasts that supports the model proposed in Fig. 4
where the Cu adatoms are located underneath the BPY molecules
on the Cu(111) surface. Otherwise, the contribution of adatoms
is rapidly dominating the STM signal as the Cu adatoms become
closer to the BPY layer. In addition, Fig. 9(b) shows the influ-
ence of the distance between the BPY molecules, that increases
from 2.6 A (d, = 0.0 A) to 3.4 A (d, +0.8 A). This increasing spac-
ing between BPY molecules decreases the overlap between Cu
adatom and the BPY molecules. Hence, the charge density on
Cu adatom increases as well as the tunneling current over that
specie. The trends observed in these STM simulations, combined
with the experimental observations, suggest that the Cu adatom
is more probably tightly bonded to BPY, and is located under-
neath the BPY units. Beyond our STM simulations, different STM
works performed on a single adatom species also suggest that
STM contrasts strongly depends on the charge state of the ad-

sorbed adatom.31-32

5 Conclusions

We have studied the influence of Cu adatoms on the formation
of an organized overlayer where organometallic complexes and
molecular assemblies can be formed on the Cu(111) surface.
High concentration of mobile Cu adatoms favors the formation
of continuous nanolines made of (Cu-BPY) units. Intermediate
Cu adatom concentration leads to the formation of ladder-like
arrangement where the (Cu-BPY) units form the sidelines and
individual molecular BPY-Cu-BPY units are connecting both side-
lines through hydrogen bonding. In absence of Cu adatom, BPY
molecules self-assembled into large domain where the BPY units
are weakly bonded into a T-shaped fashion. Although STM exper-
iments were not convincingly demonstrated the presence of Cu
adatoms into the adsorbed layer, their signature was clearly ob-

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Simulated STM images of Cu-BPY complexes on Cu(111) as a function of (a) the relative position of the Cu adatom with respect to an equilibrium
position ., and (b) the relative distance between BPY groups with respect to an equilibrium position d,. STM images are shown without any convolution
on the left side, and with a radial convolution of 2 A on the right side. STM images were simulated at constant height, V; = +1.5 V.
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served with the help of differential conductance spectroscopy and
explained by DFT and STM simulations.
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