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Abstract

Benzotriazole (BTAH) has been used for several industrial applications, but most commonly as a
corrosion inhibitor for copper, since the 1950s. However, the mechanism of its interaction with
copper surfaces at the atomistic scale is still a matter of debate. Here, the adsorption of BTAH onto
a clean Cu(110) surface has been investigated by a combination of scanning tunnelling microscopy,
X-ray photoelectron spectroscopy, high resolution electron energy loss spectroscopy and density
functional theory calculations. Different supramolecular structures have been observed depending
on molecular coverage and annealing. In the low coverage regime, flat lying deprotonated species
are formed which give way to benzotriazolate molecules in an upright configuration by increasing
the BTAH exposure. The ensuing monolayer is self-limiting but, upon annealing above 150 °C,
transforms into a highly ordered nano-ridge structure resulting from a significant in-plane and out-
of-plane reconstruction of the surface. All structures are characterised by a strong molecule-
substrate interaction and the high coverage phases are dominated by the formation of metal-
organic complexes between copper adatoms and benzotriazolate species. These findings shed light
on the nature and strength of the interaction occurring between BTAH and copper which lies at the

basis of the effectiveness of this prototypical corrosion inhibitor.



1. Introduction

The corrosion of metals and its prevention play a very important role in industry due to its high
economic impact[1]. Indeed, recent studies estimated the annual global cost of corrosion to be
USS2.5 trillion[2]. Copper is a material of great interest in this context, as it is widely used in many
areas such as metallurgical industries, electrical power and electronics industries, automotive
manufacturing and telecommunications[3]. The main reason behind its versatility is the
combination of excellent electrical and thermal conductivities, although the relative ease by which
copper can undergo tarnishing and corrosion often represents a challenge to its applications[4]/[5].
As a result, protection of copper and its alloys is a topic of particular interest that has attracted a
great deal of research efforts over the years. One way to achieve this is through the use of organic
corrosion inhibitors which form self-assembled monolayers (SAMs). These SAMs are typically
ultrathin organic films where chemisorbed molecules spontaneously organise into a self-limiting
single layer with high molecular order and density that can act as a physical and chemical barrier
against corrosion and dissolution[6]. Throughout the years, much attention has been given to
benzotriazole (BTAH, Fig. 1a) and its derivatives as a class of multifunctional corrosion inhibitors due
to their ability to protect copper and its alloys under various media[7]. BTAH has been widely used
in industry since the 1950s[8] and it is known that it forms an insoluble, strong and two-dimensional
barrier film against several oxidising agents[9]. However, its molecular adsorption, orientation and
chemical state on copper surfaces have been debated for many years[10-12] and the precise
mechanism of its action is still not known[1]. There have been propositions that the effectiveness of
BTAH depends on its ability to chemisorb and form Cu(l)-BTA complexes[13] but a clear and fully
evidence-supported atomic and molecular scale picture is still missing. Indeed, apparently
contradictory data can be found in the literature for the molecular adsorption and orientation of
BTAH on copper, which in different studies was reported as upright, inclined or flat with respect to

the metal surface[1, 12, 14, 15].

In an attempt to answer these questions, it is desirable to start with simple model systems in order
to attain a deeper understanding based on strong experimental and theoretical evidence. This can
be achieved by studying the interaction of BTAH in ultra-high vacuum (UHV) conditions with
atomically flat and clean single crystal substrates, starting from the three main low Miller indices
copper surfaces. The most reliable studies so far have been conducted on the Cu(111) orientation,

where it has been shown that BTAH is able to form several different and complex structures[16-19].



These studies suggested that upright, chemisorbed species commonly form by deprotonation of
BTAH to benzotriazolate, BTA, and coordination with free copper adatoms or low coordinated
copper atoms such as at step edges and surface defects. It has been suggested that these features
are likely to be in the form of Cu(BTA), and Cu(BTA) complexes in the low coverage regime. At higher
surface coverage, scanning tunnelling microscopy (STM) data revealed a pseudohexagonal pattern
formed by these complexes, which was also observed in the full monolayer regime and showed
good agreement with density functional theory (DFT) calculations on the same system. Much less
information is available for the interaction of BTAH with the other two, low Miller index surfaces,
with a single STM and low electron energy diffraction (LEED) study performed on Cu(110) reporting
the formation of a flat lying BTA phase with a c¢(4x2) unit cell[20]. Conversely, on Cu(100) a study,
using near edge X-ray absorption fine structure (NEXAFS) spectroscopy, suggested that
deprotonated BTA molecules re-oriented from an almost upright to a more flat configuration by

increasing the coverage from monolayer to multilayer[15].

(@)

Fig. 1. Corrosion inhibitor molecule and cupper substrate used in this study. (a) Structure of the BTAH molecule. BTA,
the deprotonated form of BTAH, is obtained by removing the triazole hydrogen. (b) Atomic structure of the Cu(110)
surface; the two principal crystallographic directions [110] and [001], respectively, are explicitly indicated.

2. Material and methods

Cu(110) single crystal surfaces were prepared by a series of Ar* ion sputtering cycles (4 uA/cm?for
15 minutes) followed by annealing (500 °C, 10 minutes). BTAH has a relatively high vapour pressure
at room temperature, which prevents its storage in UHV and complicates its transfer to surfaces by
molecular beam deposition. As a consequence, BTAH was stored as a solid powder in a glass crucible

separated from the UHV preparation chamber through an angle valve. Prior to deposition, the
3



crucible was pumped for a few hours by means of a 300 |/s turbomolecular pump backed by a scroll
pump. In order to achieve better control over the molecular pressure, the crucible was cooled by
immersing it into a mixture of ice and sodium chloride until a stable temperature of about —10 °C
was reached. Molecular deposition was then performed by opening the valve to the preparation
chamber and backfilling it with a BTAH pressure in the range of 108107 mbar, measured with an
ion gauge. The base pressure of the preparation chamber was 1x10° mbar. Different molecular
exposures were obtained by varying the time the valve was kept open. It should be noted that the
values of BTAH exposure, typically expressed in langmuir, might vary from one UHV system to
another, mostly due to variations in the pressure reading (calibration and position of the pressure

gauges).

STM measurements were carried out by transferring the samples to a neighbouring UHV chamber
separated by a gate valve, that hosts a commercial variable temperature STM. Samples were
typically cooled to around —140 °C before being imaged, in order to decrease molecular surface
diffusion. This improved the image quality — with respect to room temperature measurements — for
the lowest density phases. However, the compact molecular phases showed no change between
room temperature and low temperature imaging, demonstrating their thermal stability in this
range. The STM was operated in constant current mode and the tunnelling current, /, and bias
voltage, Vbiss (applied to the sample), are explicitly indicated for each of the presented images. The

WSXM software package was used to process the STM data[21].

X-ray photoelectron spectroscopy (XPS) measurements were performed in a separate UHV system
that also included a LEED setup. The Cu(110) single crystal was prepared similarly to that for the
STM experiments and its order and cleanliness were checked by LEED and XPS prior to molecular
deposition. The same technique used for transferring BTAH to the Cu(110) surface in the STM
experiments was used here. XPS measurements were performed using a monochromatic Al Ka X-
ray source (photon energy of 1486 eV). The CasaXPS software[22] was used for analysing XPS data.

The procedure for fitting the XP spectra is described in detail in the supplementary material (SM).

High-resolution electron energy loss spectroscopy (HREELS) measurements were carried out in a
separate UHV system, where the substrate and the molecular films were prepared similarly to those
for the STM and XPS experiments. The spectrometer was operated in the specular geometry
(9 = U= 45°) with a nominal primary beam energy of 8 eV and a typical elastic peak resolution of
ca. 50 cm™ (6.2 meV full width at half maximum, FWHM). Spectra were normalised to the intensity
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of the elastic peak. For comparison with HREEL spectra, gas phase DFT calculations of several
CuxBTA, species were performed using the B3LYP functional and the 6-311G basis set as
implemented in Gaussian09[23]. Vibrational spectra were calculated after geometrical optimisation.
Energy scales were corrected according to the formula proposed by Kasahara and co-workers[24]
to compensate for the overestimation due to the functional/basis set combination. Calculated peaks
were convoluted with Gaussian functions having FWHM of 50 cm™. To simulate the decrease in
sensitivity at increased energy loss typical of HREELS, empirically, each intensity was divided by its

respective frequency.

Simulations of BTAH adsorbed on Cu(110) have been performed with the VASP[25-27] code with
the optB86b-vdW functional[28]and the projector augmented wave (PAW) method[29]. The kinetic
energy cut-off on the planewave basis set was 400 eV. The Monkhorst-Pack k-mesh used for the
bulk copper unit cell is 13x13x13 k-points and the optimisation was run until the forces on the ions
were lower than 5x10% eV/A. With these parameters the lattice constant of copper is aprr = 3.606
A, matching perfectly the experimentally reported value aexp=3.61 A[30]. We also obtained very
good agreement between calculated and experimental bond length on benzotriazole, as reported
in the SM. Four-layer-thick Cu(110) slabs were used, with a range of surface unit cells, having surface
areas of 3x5, 3x8, 1x8, 4x2 with respect to the Cu(110) (1x1) unit cell. The Monkhorst-Pack k-point
meshes for such systems are (3,3,1), (3,2,1), (3,2,1), (3,2,1), respectively. In all unit cells ca. 20 A of
vacuum was placed between the copper slabs in the surface normal direction and the ionic
coordinates of the bottom copper layer were kept fixed at bulk values. Convergence of all the

settings was thoroughly checked[18]. The adsorption energies, E 45, were calculated as:
Eqas = system NgraEpra — Egiap + NCuEgL(zrm (1)

where Egystem is the total energy of the whole system, consisting of deprotonated BTAH molecules
(i.e. BTA radicals) adsorbed on the copper slab. Egr4 and Eg;,p are, respectively, the total energies
of the BTA radical in the gas phase and of the fully relaxed Cu(110) substrate. The substrate might

include copper adatoms, whose formation energy, Ef;*rm, is calculated as the energy needed to add

a bulk atom onto a clean surface and it amounts to Engrm = 0.35 eV for Cu(110). Ngr4 and N, are

the numbers of BTA and copper adatom species considered, respectively.



3. Results and Discussion

The results are organised in terms of experimental and theoretical techniques used to obtain the
data (STM, DFT, XPS and HREELS) and presented following an increasing exposure of the Cu(110) to
the BTAH vapour.

3.1. Scanning Tunnelling Microscopy
3.1.1. Low coverage regime

A freshly cleaned Cu(110) surface was exposed to a BTAH pressure of 1.3x10% mbar for 60 seconds,
corresponding to 0.6 langmuir. Larger area STM images (Fig. 2a) show the formation of an extended
molecular layer that covers the entire surface. Significantly reconstructed Cu(110) monoatomic step
edges are clearly recognisable running along the [111] and [111] surface directions and are a first
indication of a strong interaction between BTAH and the copper substrate. XPS measurements (vide
infra) show that the molecules deprotonate upon adsorption and that the species present on
Cu(110) are actually benzotriazolates (BTA), in agreement with previous results in the literature[20].
Higher resolved STM images (Figs. 2b,c) show the presence of locally ordered structures composed
of bright dots, whose size is compatible with that of individual flat-lying BTA species. Two main
structures, a lower and a higher density phase, can be observed. At very low molecular coverage,
the lower density phase is predominant (see Fig. S1) but, by increasing the exposure time to the
BTAH vapour pressure, most of the surface is characterised by the higher density phase coexisting

with only small patches of the low density one (e.g. central lower part of Fig. 2b).

The lower density phase is characterised by regions that are relatively closed-packed but disordered,
coexisting with ordered regions whose lateral extension appears to increase with increasing
molecular coverage. These latter regions have a close-to-square symmetry, with a unit cell oriented
parallel to the two main surface directions [110] and [001]. The molecular periodicity along [110]
is ~0.77 nm, compatible with a x3 unit spacing with respect to the Cu(110) atomic lattice in this
direction. Along [001] the molecular periodicity is ~0.76 nm, which is compatible with a x2 unit
spacing with respect to Cu(110) substrate. Overall, based on the STM data, this phase is therefore
locally organised into a commensurate (3x2) superlattice with a theoretical molecular density of 1.8

molecules/nm?, while the density measured from the STM images is (1.6 + 0.2) molecules/nm?. We



note that the limited resolution of the STM images does not allow us to distinguish the molecular

orientation within this phase.

The higher density phase (upper part of Fig. 2b and whole of Fig. 2c) is characterised by rows of
molecules directed along [001] with a periodicity of (0.78 + 0.08) nm, compatible with a x2 unit
spacing with respect to this orientation of the Cu(110) surface. The rows are separated by (0.55 +
0.05) nm in the [110] direction, compatible with a x2 unit spacing with respect to the Cu(110)
atomic lattice. However, neighbouring rows are offset with respect to each other by one substrate
unit spacing along [001]. Thus, the analysis based on the STM data indicates the presence of a c(4x2)
commensurate structure. The expected molecular density for a c(4x2) superstructure is 2.7
molecules/nm?, while the density determined directly from the STM images is (2.1 + 0.2)

molecules/nm?2.

For certain tip conditions, it is possible to achieve some sub-molecular contrast in the c(4x2)
structure by distinguishing two sub-units, one larger than the other. These are tentatively assigned
to the benzene and triazole rings, respectively, on grounds of size and electronic configuration.
Based on this, the orientation of the BTA molecules within the unit cell can be proposed, resulting
in the best estimate for the adsorption model shown in Fig. 2d, where we are assuming that the
molecules are essentially flat and pointing toward the [111] direction. This model shows that, if the
molecules were indeed completely flat, they would be extremely close to each other, resulting in
unrealistic steric hindrances. This gives us a first indication that the molecules cannot be completely
flat, something that is further supported by the HREELS measurements and by the DFT calculations
(vide infra). This model also implies the existence of four equivalent domains obtained by rotations
of 180° and reflections with respect to principal substrate crystallographic directions (Fig. S2). It
should be further noted that from our STM (and XPS, vide infra) measurements we cannot
determine whether adatoms are included within the observed supramolecular structures.
Theoretical studies have shown that adatoms generally stabilise the interaction of BTAH with
copper, as they allow a larger number of strong Cu-N bonds to be formed[18, 31, 32]. Moreover,
the formation of metal-organic complexes with substrate adatoms has been proposed for several
other organic molecules that become anions upon adsorption on metallic substrates, such as, for
example, various benzene carboxylic acids[33-36], ketone[37, 38], pyrimidine[39] or cyano-
containing electron acceptors[40-42]. For the latter in particular, the presence of adatoms has been

directly proven through a combination of experimental quantitative structure determination and



DFT calculations[43]. However, the DFT calculations show that for the c(4x2) phase of BTA on

Cu(110) the presence of adatoms is not favourable (vide infra).

Figure 2b shows that the c(4x2) structure is highly defective, with ordered domains extending only
for an average of (2.3 £0.2) nm in the [001] direction and for (1.7 £ 0.2) nm in the [111] direction
and the domains being separated by darker lines that run along [001], [111] and [111]. The nature
of these domain boundaries can be determined by superposing a carefully scaled molecular model
of the c(4x2) superstructure onto high resolution STM images. For example, with reference to Fig.
2¢, it is possible to establish that two neighbouring, ordered translational domains, separated by a
[111]-oriented darker line are shifted with respect to each other by ~1 nm along the [001] direction
which is compatible with a separation of x3 substrate units. Therefore, the darker lines are most
probably very small regions of exposed copper substrate that separate small c(4x2) domains along
the [001], [111] and [111] surface directions (see model in Fig. S3). Effectively, these can be
thought as dislocations within the c(4x2) molecular superstructure and are most probably caused
by the competition between molecule-molecule and molecule-surface interactions, as has been
suggested for other molecular systems[44, 45]. In Fig. 2 it is also possible to distinguish quite clearly
a few parallel straight lines composed of pairs of brighter dots with an apparent height of ~1.8 A
with respect to the first molecular layer. These double-dot chains separate different c(4x2) domains
and run along the same [111] and [111] surface directions that delimit the reconstructed surface
steps. While their origin is still unclear, this observation could suggest that the chains are composed
of pairs of BTA molecules coordinated to copper adatoms. Overall, our description of the low
coverage regime of BTAH on Cu(110) is in agreement with previous data [20, 46, 47] although earlier

papers only reported the molecular periodicity of the c(4x2) phase.
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Fig. 2. Low coverage regime of BTA on Cu(110). (a) Large area STM image (88 x 88 nm?) showing significantly
reconstructed step edges. (b) 30 x 30 nm? image showing the coexistence of the c(4x2) with the lower density (3x2)
phase (the latter is visible in the bottom-centre part of the image). (c) High resolution image of the c(4x2) phase with
superimposed molecular model. The red rectangle shows the unit cell of the supramolecular structure, while green
dashed lines indicate dislocations between small ordered regions. (d) Molecular model proposed for the c(4x2)
superstructure. The model assumes a fully flat adsorption geometry resulting in unrealistic steric clashes (see main text).
For clarity, only the copper atoms in the topmost copper layer are shown, i.e. the close-packed [110] rows. H atoms are

white, C grey, N blue, Cu brown. Tunnelling parameters were [ = 60 pA, Vbias =—0.6 V in (a), I = 100 pA, Vbias =—0.6 V in

(b) and I = 100pA, Vbias =—0.6 V in (c).

3.1.2. High coverage regime

Increasing the exposure of the Cu(110) surface to the BTAH gas up to ca. 1.4 langmuir, results in the
appearance of a new phase. Initially, by adding a small amount of extra BTAH, this new phase

coexists with the c(4x2) and develops in thin stripes — mostly oriented along the [001], [111] and



[111] surface directions — that appear in between ordered c(4x2) domains (Fig. S4a). By comparing
the position and the relative registries of the molecules in adjacent c(4x2) domains, it is possible to
conclude that the new phase nucleates at dislocations and domain boundaries in the c(4x2)

structure (see Fig. S4b).

Further increases in BTAH exposure cause the extension of the regions covered by the new phase
until this occupies the entire surface (Fig. 3a). Reconstructed surface step edges can be recognised
running along [111] and [111] (Fig. 3b), the same as those observed in Fig. 2a for the lower density
phase. Higher resolution STM images allow individual elongated bright dots within the molecular
layer to be distinguished (Figs. 3b and 3c), whose lateral dimensions and separation are too small to
be compatible with flat-lying BTA molecules. A better fit is obtained with molecules in an upright (or
close to upright) configuration (Fig. 3c) with their molecular plane aligned along the [110] direction.
This indicates that a transition from a mostly flat to a mostly upright configuration is occurring by
increasing the molecular coverage, an interpretation which is confirmed by the HREELS
measurements (vide infra). The elongated dots appear to be generally aligned parallel to each other
and arranged into wavy rows composed of short straight segments (Fig. 3c); the latter are mainly
oriented along three surface directions: [001],[114] and [112] (and along those equivalent by
reflection and rotation symmetry). The molecular periodicity along the [001] rows is
(0.37 + 0.04) nm, i.e. compatible with a x1 periodicity with respect to the Cu(110) substrate, along
the same direction. This intermolecular separation is consistent with the parallel m-nt stacking
distance between aromatic rings[48, 49], representing a further indication that the molecules are
adsorbed in an upright fashion. The minimum separation between molecules along [110] (i.e.
perpendicular to the [001]-rows) is of (0.76 + 0.08) nm, consistent with x3 substrate periodicity in
this direction. Thus, in this high coverage phase, the BTA molecules appear to be organised into a
(3x1) local arrangement with respect to the underlying Cu(110) surface. The expected molecular
density for a (3x1) superstructure is 3.6 molecules/nm?, while the density measured from the STM

images is (3.5 + 0.3) molecules/nm?.

The other two main directions of the molecular rows can be rationalised by considering that, besides
the parallel (or sandwich) configuration, the m-it stacking between successive BTA molecules could
also be of the parallel-displaced type[38]. Molecular rows oriented along [112] form an angle of
34° + 3° with respect to [001] and two neighbouring molecules are separated by (0.39 + 0.06) nm.

This is compatible with successive molecules within a row being shifted with respect to each other
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by one substrate unit lattice along both [001] and [110] (see model highlighted by the green line in
Fig. 3d, expected angle with [001] of ~35°), and thus interacting through parallel-displaced m-nt
stacking (average distance from the literature ~0.38 nm[50]). Similarly, molecular rows along [114]
form an angle of ~19° with [001] and are compatible with a regular alternation of a parallel and
parallel-displaced m-it stackings (see model highlighted by the cyan line in Fig. 3d, expected angle
with [001] of ~20°).

Often the elongated bright dots tend to form local pairs along the [110] direction, leaving a larger
separation to the following pair (see Fig. S5a). Although in this phase this organisation does not
extend into a long-range ordered pattern, it is partially responsible for the wavy appearance of the
molecular rows. Most probably these local pairs are a first manifestation of the Cu(BTA), complexes
that dominate the surface morphology after annealing (vide infra) and that have been reported for
the BTA/Cu(111) system[16-18]. Also here, the STM measurements cannot establish the presence
(or absence) of adatoms within the molecular rows. However, DFT calculations give a clear
indication for a significant energy gain achieved by binding two upright BTA molecules with one
copper adatom into a [110]-oriented Cu(BTA), metal-organic complex (vide infra). The energetically
most favourable phase at high molecular coverage should thus be characterised by [001]-oriented
double chains formed by the periodic succession of Cu(BTA),; complexes in a (6x1) superstructure
(see DFT section). The fact that experimentally this is only observed locally and that Cu(BTA)
complexes appear to be more frequent than Cu(BTA); species (see HREELS section), is probably the

result of kinetic limitations during the growth of the molecular layer.

The high coverage phase is essentially self-limiting since by increasing the exposure of BTAH up to
=6 langmuir, no major changes were observed in the STM images. This is compatible with what is
measured by XPS (vide infra). However, the occasional presence of small ‘fuzzy’ areas was
sometimes observed (e.g., top right of Fig. 3b). Most likely, they represent patches of a physisorbed

second layer of molecules that are highly mobile and thus not well resolved by STM.
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Fig. 3. High coverage regime of BTA on Cu(110). (a) Large area STM image (50 x 50 nm?). (b) 30 x 30 nm? image showing
that the surface is covered by wavy molecular rows with short straight segments. Clearly reconstructed step edges are
also visible. (c) High resolution image with superimposed models of upright BTA molecules, demonstrating the three
main directions of the molecular rows: [001],[112] and [114] identified by black, green and cyan lines respectively. (d)
Corresponding molecular models on the Cu(110) surface. For clarity, only the copper atoms in the topmost copper layer
are shown. Tunnelling parameters were /=100 pA, Vbias =—1.0 V in (a), / = 100 pA, Vbias =—0.6 V in (b) and / = 100pA,
Vbias = —1.0 V in (c).

3.1.3. 3D nano-ridges

Figures 4a and 4b show that annealing the high coverage phase to 150 °C results in a major
transformation of the surface morphology which appears to be dominated by 3D nano-ridges
selectively oriented along two directions, [112] and [112], that are mirror-symmetric with respect
to the principal surface orientations of Cu(110). Higher resolution STM images reveal the presence

of extremely regular parallel rows of features elongated in the [332] direction and aligned with the
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3D nano-ridges (e.g. Fig. 4c). The shape and size of these dots is very similar to those in Figure 3, and
in fact they are compatible with essentially upright molecules (see superposed molecular model in
Fig. 4c). Their periodicity along [112] is (0.46 + 0.04) nm, compatible with the expected distance
between successive equivalent Cu(110) surface sites in this direction (~0.44 nm). In a few cases (e.g.
central row in Fig. S6a), a single [112]-oriented molecular row terminates the peak of a nano-ridge.
However, the top of most nano-ridges is constituted by two parallel rows of molecules at the same
height, with successive neighbouring parallel rows being at increasingly lower heights. In particular,
the measured height difference between neighbouring parallel rows is ~1.3 A, which is compatible

with the height of a Cu(110) monoatomic step (~1.28 A, see Fig. S6b).

All these observations lead to a proposed model for the nano-ridges being formed by a succession
of narrow Cu(110) terraces, delimited by monoatomic step edges along [112] and decorated by BTA
molecules in an almost upright configuration. Most likely, molecules preferentially adsorb at the
step edges, which represent the most reactive sites for the coordination of BTA and the formation
of CuxBTAy metal-organic complexes. The terraces have an average width of (4.9 £ 0.4) nm, which
corresponds to a typical extension of about 20 atoms along [110]. When a nano-ridge is terminated
with a double molecular row (e.g. in Fig. 4c), neighbouring molecules on the apex of the ridge are
most probably bonded to a single adatom located between them, forming Cu(BTA), metal-organic
complexes which are similar to those observed for the deposition of BTA on Cu(111)[16, 19] and are
shown to be energetically favourable by DFT calculations (vide infra). A schematic of this model is
shown in Fig. 4d. The complexes are expected to interact with each other through n-it stacking of
the aromatic rings of successive BTA molecules along [112]. Assuming that each of the elongated
dots in the high-resolution STM images corresponds to an individual molecule, the measured
molecular density for the 3D nano-ridges phase is 3.2 £ 0.3 molecules/nm?, which is very similar to

the density measured before annealing.

This radical change in the surface morphology implies a strong in-plane and vertical reconstruction
of the Cu(110) substrate and can only be rationalised through a considerable transport of copper
atoms both parallel and perpendicular to the surface, promoted by the presence of BTA and by its
strong interaction with copper atoms. Annealing the sample up to 250 °C does not result in any
observable change. At 300 °C the surface becomes quite rough and, despite this limiting the
resolution that can be attained in the STM images, there seems not to be any presence of the

molecules, indicating a possible thermal desorption of BTA[17].
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Fig. 4. 3D nano-ridges induced by annealing the high coverage phase of BTA on Cu(110). (a) Large area STM image (140
x 140 nm?) showing that the nano-ridges are oriented along two preferential surface directions. (b) 50 x 50 nm? image
showing that the nano-ridges are decorated by a highly regular arrangement of upright BTA molecules. (c) High
resolution image displaying the details of a single nano-ridge. A few scaled models of the Cu(BTA)2. metal-organic
complexes are superposed onto the image. (d) Corresponding molecular model on the Cu(110) surface. The red spheres,
represent copper adatoms coordinated to pairs of BTA molecules and are tentatively positioned in hollow sites of the
substrate that are consecutive along [112]. For clarity, the Cu(110) substrate is shown in its unreconstructed form and
only the atoms in the topmost layer are displayed. H atoms are white, C grey, N blue; the copper substrate atoms are

brown and the copper adatoms are red. Copperadatomsarered-Tunnelling parameters were / = 100 pA, Vbias =—1.0V

in (a), I = 100 pA, Vbias =—1.0 V in (b) and / = 100 pA, Vbias =—1 V in (c).
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3.2. Density Functional Theory
3.2.1. Low coverage regime

With a view to aiding the interpretation of the STM and the other experimental measurements, we
performed a series of DFT calculations for BTA on Cu(110), with and without copper adatoms. The
three most stable structures found are shown in Fig. 5. The c(4x2) arrangement (Fig. 5a), is the
overall most stable one, with an adsorption energy of E,;; = —4.66 eV per molecule. Low coverage
Cu(BTA)2 complexes arranged along the [001] direction, shown in Fig. 5b, present flat-lying
molecules and their adsorption energy is E,;; = —4.0 eV per molecule, i.e. 0.66 eV per molecule
less stable than for the c(4x2) structure. A third low-energy structure is shown in Fig. 5c, and it
includes a BTA molecule with a copper adatom. This structure has an adsorption energy
E,qs = —3.87 eV per molecule, i.e. 0.69 eV per molecule less stable than the c(4x2). It is worth
noting that the adatom formation energy does not affect the energy ordering between the three
structures. Indeed, even without including it in Eq. 1 (that is, by removing the last term of Eq. 1) the
c(4x2) structure shown in Fig. 5a is more energetically stable than the structures in Figs. 5b and 5c

by 0.32 eV per molecule and 0.45 eV per molecule, respectively.

The structure of the Cu(110) surface provides a good template for the adsorption of BTA molecules
in the c(4x2) superstructure, without the need for additional adatoms. The adsorption is stabilised
by the formation of three strong bonds between the azole moiety and surface Cu atoms, with a
bond length of 2.0 A in all three instances. Steric interactions between neighbouring BTAs are
minimised by two mechanisms: the tilting of the molecular plane with respect to the surface by 21°
and by a ~5° rotation along the c2 molecular axis. The tilt of the molecular plane is also suggested
from the HREELS and STM results. The addition of an adatom in the formation of Cu(BTA); or
Cu(BTA) complexes, breaks this arrangement of Cu surface bonds and leads to the less stable
structures shown in Figs. 5a and 5c, respectively, in stark contrast with the behaviour observed on

Cu(111)[11, 18].
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Fig. 5. DFT evaluated low-energy configurations of the low coverage phases of BTA on Cu(110). Top-view (upper row)
and side-view (lower row) along the [001] direction of (a) the periodic c(4x2) BTA superstructure, (b) low coverage
Cu(BTA)2 complex and (c) a BTA single molecule with a copper adatom. H atoms are white, C grey, N blue; the copper

substrate atoms are brown and the copper adatoms are red.
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3.2.2. High coverage regime
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Fig. 6. DFT calculations of the high coverage phase of BTA on Cu(110). (a) Side view along the [001] direction and (b)
top view of the lowest energy configuration of Cu(BTA)2 metal-organic complexes on Cu(110) stacked in a (6x1)
superstructure. For clarity, only the top-most layer of copper atoms is shown. (c) Plot of the energy of two gas-phase
Cu(BTA)2 complexes as a function of their separation d. The closest commensurate distances on Cu(110) and Cu(111)
are indicated by vertical dashed lines. H atoms are white, C grey, N blue; the copper substrate atoms are brown and the

copper adatoms are red.

At high coverage, STM images suggest the formation of upright BTA molecules organised in a local
(3x1) or (6x1) arrangement. Our calculations show that Cu(BTA), complexes composed of two
upright molecules connected by a copper adatom (as shown in Fig. 6a and 6b) are the lowest-energy

high-coverage structures and possess a (6x1) periodicity with respect to the Cu(110) substrate.

The dominance of the Cu(BTA), complexes on the Cu(110) surface at high coverage is related to the

synergy between their structure and that of the surface. Fig. 6b displays the lowest energy
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configuration of Cu(BTA), complexes on Cu(110), which is stabilised by the m-stacking interaction
between the aromatic parts of the BTA molecules. Fig. 6¢ shows how the stacking energy, Esiqcking,

between two isolated Cu(BTA), complexes varies with their distance d perpendicular to the

stacked

Cu(BTA
stacked __ 2 X E ( )2, where Etotal 1S

molecular plane and it is calculated as: Esiqcking = Etotal total

the DFT total energy of the system of two Cu(BTA), complexes in the gas phase at a distance d, and

Etcobéfﬁm)z is the DFT total energy of a single Cu(BTA), complexe in the gas phase. The graph is

characterised by a clear minimum for d = 3.65 A and has a relatively sharp increase for smaller and
larger values. This optimal distance is very close (~1% larger) to 3.61 A, which is the substrate lattice
parameter of the Cu(110) substrate along [001]. Thus, the development of [001]-oriented double
chains of BTA molecules formed by the periodic succession of Cu(BTA). complexes in a (6x1)
superstructure is energetically stable. As a matter of fact, this rather unique molecular structure is
stabilised by two hierarchical successive levels of interactions. First there is the favourable
orientation within each Cu(BTA). complex that allows the nitrogen atoms to bond strongly with the
surface copper atoms and the adatoms that hold the complex together. Then there is the stacking
of successive Cu(BTA)2 complexes in the [001] direction, which is mediated through m-it van der
Waals interactions. Indeed, the corresponding adsorption energy of E ;s = —4.02 eV per
molecule, is the lowest for any of the Cu-BTA complexes we have optimised, including extended
[Cu-BTA], metal-organic chain oriented along [110]. However, the adsorption energy of the c(4x2)
system is still overall the lowest one, explaining why this phase forms at low molecular coverages,

while the (6x1) is the structure observed by STM in the high coverage regime (vide supra).

In principle, the formation of Cu(BTA); complexes can happen with the same geometry and
distances for all three low-Miller index surfaces of copper since the [110] surface direction of
Cu(110) has the same structural characteristics as the [011] directions of Cu(100) and Cu(111) (see
Fig. S12). However, the surface lattice parameters and the symmetry of Cu(111) are far less
favourable for the formation of n-stacked chains of Cu(BTA), complexes. In fact, for a commensurate
molecular superstructure, distances of 2.56 A, 5.11 A or 4.41 A would only be available on Cu(111)
— corresponding to 1x or 2x periodicities along [011] and to a 1x periodicity along the [112],
respectively (see Fig. S12). Indeed, although the same type of Cu(BTA), metal-organic complexes
have already been shown to play an important role in the interaction of BTAH with Cu(111)[17-19,
31], on that surface they are very close in energy to extended [011]-oriented [Cu-BTA], metal-

organic chains, which are also experimentally observed. Conversely, the Cu(100) surface would
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allow for stacking at d = 3.61 A along the [010] and [001] directions (see Fig. $12), but this would
be a parallel-displaced n-stacking; moreover, the substrate and its ability to release any potential
strain generated by the formation of Cu(BTA), complexes might also play a role in the way these

complexes organise onto the surface.

3.3. X-ray Photoelectron Spectroscopy

XPS measurements were carried out for a series of successive depositions, whereby the Cu(110)
surface was exposed for increasing amounts of time to a BTAH pressure of 3x107° mbar. XP overview
spectra were acquired together with higher resolution spectra in the Cu 2p3/2, N 1s and C 1s binding
energy (BE) regions after each deposition step. Figure 7 shows the evolution of the relative
intensities of the Cu 2ps/2, N 1s and C 1s peaks as a function of the cumulative exposure to BTAH. It
should be noted that the measured values of the relative intensities of the N 1s and C 1s signals
might be affected differently by inelastic photoelectron losses and/or by photoelectron diffraction
effects (see later). Consequently, while these signals are proportional to the surface concentration
of nitrogen and carbon, respectively, the proportionality factors might be different and could vary
as a function of BTAH exposure. Moreover, the horizontal axis in Figure 7 should not be thought of
as directly representing the total molecular coverage since the relation between BTAH exposure
time and molecular coverage depends on the sticking coefficient of the molecules and this is likely
to be coverage-dependent. Nevertheless, even when taking these effects into consideration, the
data in Figure 7 indicate that the surface molecular coverage increases up to an exposure of about
400 s and then effectively saturates for further exposure. This is a clear demonstration of the self-

limited nature of the upright BTA monolayer, in agreement with the STM observations.

The hollow data markers in Figure 7 were obtained after annealing the sample that had been
exposed for 780 s to BTAH to 150 °C for 20 minutes; thus, based on what was observed in STM, this
sample corresponds to the 3D nano-ridge phase. As a matter of fact, LEED measurements on this
sample showed a pattern with characteristic stripes oriented at about +35° and —35° with respect
to the [001] direction (Fig. S9), thus compatible with the [112] and [112] orientations of the 3D
nano-ridges as measured by STM. The other phases could however not be identified by LEED, as
they were not stable under the electron beam. Nevertheless, an approximate assignment could be
obtained by comparing the relative intensities of the C 1s and N 1s signals with the molecular

densities of the phases determined by STM (see Table S1). By doing so, four different regimes could
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be identified in the XPS experiments (see Fig. 7): (i) a low coverage regime, characterised by mostly
flat BTA molecules mainly arranged in a c(4x2) superstructure; (ii) an intermediate coverage regime
where c(4x2) regions coexist with regions of upright BTA molecules; (iii) a self-limiting, saturated
high coverage regime where molecules are mostly upright in a local (3x1) arrangement; (iv) the 3D
nano-ridge regime, obtained after annealing the high coverage phase to 150 °C. Based on this
assignment, in the following we discuss the details of the fitting and the interpretation of the N 1s

and C 1s XP spectra separately for the three main molecular phases of BTA on Cu(110).
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Fig. 7. Relative intensities of the Cu 2p3/2, N 1s and C 1s XPS signals as function of the BTAH exposure time for a pressure
of 3x107° mbar. At any time, the sum of the three intensities adds to 1. Empty symbols refer to the 150 °C annealing of
the saturated upright phase, corresponding to the 3D nano-ridges (see text). The vertical dashed lines separate the

different observed phases; their position is only approximate.

3.3.1. Low coverage regime

The best fit to the N 1s spectra was obtained with two components (Fig. 8a). The peak at lower BE
is assigned to the N-C environment (399.6 eV, orange), while the peak at higher BE (400.4 eV, blue)
is assigned to the N-N environment, in close agreement with previous literature[18]. The absence

of a third peak at even higher BE, typically assigned to the H-N-C environment[51], confirms that
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molecules are in the fully deprotonated state. The ratio between the integrated intensities of the
two peaks is ~1.5 which is close to the expected ratio of 2. The departure from the ideal ratio might
be due to slight differences in the N-Cu local binding environments of the three nitrogen atoms,
which has been shown to cause chemical shifts of up to 0.8 eV[18] and could thus rebalance the
relative intensities of the N-C and N-N species. The C 1s spectrum is also best fit with two
components (Fig. 8b), a lower BE peak (284.9 eV, red) assigned to the C-C environment and a higher
BE peak (285.6 eV, purple) assigned to the C-N environment[51]. The ratio between the integrated
intensities in this case is ~1.3, which is quite far from the expected ratio of 2 between C-C and C-N
environments. We do not have a clear explanation for this observation, which was however
consistently confirmed in numerous repeat experiments. We speculate that it might be due to

inelastic photoelectron losses and/or to photoelectron diffraction effects.

3.3.2. High coverage regime

In this coverage regime, the N 1s spectrum is best fit with three components (Fig. 8c). The two peaks
at lower BE (399.7 eV, orange, and 400.7 eV, blue) have an almost identical position as those
measured for the lower coverage phase and are thus similarly assigned to the N-C and the N-N
environments, respectively. The presence of a third peak at higher BE (401.7 eV, green) is assigned
to the H-N-C environment of protonated (and possibly hydrogen-bonded) BTAH molecules adsorbed
atop of the first upright BTA layer (most likely, the second-layer physisorbed mobile molecules
identified in STM). Based on this assignment, it is possible to evaluate the relative contribution of
the BTAH and the BTA molecules to the N 1s spectrum, which results in a percentage of second-
layer protonated molecules around 20-30% (see Figs. S7 and S8). This is in good agreement with
what we observed in STM (vide supra) and with previous data reported in the literature for the
BTAH/Cu(111) system[18], the BTAH/Cu/Au(111) system[51] and for a BTAH film on copper

prepared from solution[52].

The C 1s spectrum for the high coverage regime is best fitted with three components (Fig. 8d). The
two peaks at lower BE (284.7 eV, red, and 285.3 eV, purple) are almost rigidly shifted by 0.3-0.4 eV
with respect to the two corresponding C 1s components measured at low coverage (Fig. 8b) and are
thus assigned to the C-C and C-N environments, respectively. The shift to lower binding energies
was also observed in a similar system[51] and might be the result of changes in the surface dipole

layer generated by the BTA molecules when they are oriented almost parallel to the surface (low
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coverage) or almost perpendicular to it (high coverage). The origin of the third peak at higher BE
(286.1 eV, cyan) is not clear although it must be related to the loosely bound second-layer molecules
because it disappears after annealing (see Fig. 8f). While the carbon atoms should not be directly
affected by the protonation of the triazole group, one could speculate that physisorbed BTAH
molecules might undergo C-H---N hydrogen bonds and that this could create a slightly different
chemical environment for the C 1s core electrons resulting in a higher BE component. Interestingly,

a very similar high BE shoulder was observed also for BTAH deposited on Cu/Au(111)[51].

3.3.3. 3D nano-ridges

The N 1s spectrum measured after having annealed the high coverage phase to 150 °C lacks the
higher binding energy shoulder, indicating that the second layer species have desorbed. The best fit
is obtained with only two components (Fig. 8e) centred at 399.6 eV (orange) and 400.5 eV (blue),
respectively; these are just slightly shifted with respect to the corresponding ones in the pre-
annealed phase and are therefore similarly assigned to the N-C and the N-N environments,
respectively. The relative intensity of these peaks is in the expected ratio of 2:1. After annealing, the
higher BE component in the C 1s spectrum disappears (Fig. 8f) and the best fit is obtained with two
components (284.8 eV, red, and 285.4 eV, purple), virtually unchanged with respect to the pre-
annealing phase and thus assigned to the same C-C and C-N environments, respectively. Similarly to
the case before annealing, also here the relative intensity of these two components if far from the

expected 2:1 ratio.
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Fig. 8. XP spectra in the N 1s (left column) and C 1s (right column) BE regions for different molecular phases formed by
exposing the Cu(110) surface to a BTAH pressure of 3x10~° mbar and increasing amounts of time. (a) N 1s spectrum
after 60 s of BTAH exposure, resulting in low coverage phases characterised by mostly flat BTA molecules; (b)
corresponding C 1s spectrum. (c) N 1s spectrum after 780 s of BTAH exposure, resulting in the high coverage phase
characterised by mostly upright BTA molecules; (d) corresponding C 1s spectrum. (e) N 1s spectrum of the sample in (c)
after 780 s annealing to 150 °C resulting in the formation of 3D nano-ridges; (f) corresponding C 1s spectrum. The data
points are shown by black circles, the best fit curve by a black line, while coloured lines indicate the different fit

components.
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3.4. High Resolution Electron Energy Loss Spectroscopy

Vibrational spectra following deposition of BTAH on Cu(110) and annealing are shown in Fig. 9.
Energy losses observed experimentally, and their assignments, are summarised for ease of

comparison in Table 1.
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Fig. 9. HREEL spectra following deposition of BTAH on Cu(110) at room temperature and annealing to 150 °C. Spectra
are offset vertically for clarity. BTAH exposures are indicated in langmuir (L). In the inset: calculated v NH and v CH

vibrational region for BTAH and two CuxBTAy species evaluated via DFT methods (see SM).



Tablel. Observed energy losses /cm™ and assignments. BTAH exposures are indicated in langmuir (L).

Mode 1L, RT 10L,RT 150 °C
v CH (Cu(;)BTA) 3065 3065 3055
v CH (CuBTA;) 2910 2905
vCC+vCN 1605 1610
d NH (H-bonded) 1585
Vasym CeHa 1470 1460 1455
v CH + breathing 1315
v NNN (N... Cu(l)) 1285 1290
v NNN + v CH 1155 1150 1160
v NH (H-bonded) +w 960 960
CH
v CH 760 780 765
CeH4 ring breathing 650
Y CeHa 470 540
Y CeHa 430 425

v stretch, y out of pane bend, 4 in plane bend, t torsion, w wag

The HREEL spectrum recorded for the low coverage regime at room temperature, 1L (130s x 1x1078
mbar, black trace), shows energy loss modes at 470 cm™ (with a possible shoulder at 430 cm™), due

to out of plane deformations of the benzene ring (y CsHa); at 760 cm™

, corresponding to a C-H out
of plane mode of the benzene ring, y CH; and at 3065 cm™, corresponding to C-H stretches of the
benzene ring, v CH. Typically, a y CsHs deformation is observed for flat lying BTAH[53], and would
be expected also for BTA. However, the spectral fingerprint of a flat lying molecule usually also
shows a high y CH :v CH ratio[53], the v CH being largely forbidden because it is dipole inactive,
which is not the case in the present spectrum. The energy loss at ca. 960 cm™ could be assigned to
the y NH (coupled with a CH wag) and that at ca. 1585 cm~ to & NH, both for hydrogen bonded
BTAH[53]. These, along with the presence of additional vibrations in the region 800 — 1600 cm~2, can
indicate the coexistence of species adsorbed with their molecular plane at a small angle with respect
to the surface[51]. In fact, the modes at ca. 1285 cm~! and 1155 cm™ are assighed to stretches of
the triazole group in an N...Cu(l) environment[54] and coupled with v CH respectively; these may
indicate that formation of some CuxBTA, species has occurred, and are expected to be dipole active
only for inclined/upright adsorption[17]. The energy loss at ca. 1470 cm™ is assigned to CH
asymmetric stretches. These HREELS observations are compatible with the presence of the c(4x2)

phase, where the molecules have their molecular planes not completely flat, as previously discussed
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in the STM (because of steric reasons, see model in Fig. 2d) and in the DFT (see Fig. 5) sections.
However, as determined by taking into account the XPS measurements at low coverage, in the
c(4x2) phase the molecules are fully deprotonated and thus the signature of the N-H moiety
indicates that the coverage is already in the “mixed flat and upright” regime, see Fig. S8. This latter
phase is characterised by flat-lying BTAH molecules physisorbed on top of the c(4x2) phase; hence
the dipole generated by their y CH vibration is dampened and the mode has a low intensity, while

those generated by v CH and v NH are dipole inactive.

Several differences in the energy loss spectrum are seen at increased coverage (total of 10 L, room
temperature, olive trace). The peak at 470 cm™ is replaced by one at 430 cm™%; a peak at 650 cm™
is assigned to a benzene ring breathing motion; the y CH shifts to 780 cm™! and broadens slightly.
The broadening is the result of the summation of y CH vibrations generated by additional tilted
species, with a weak contribution from species orientated almost upright, as y CH is dipole inactive
for a fully upright geometry. The 800 — 1600 cm~region is more resolved. In the v CH region, a peak
appears at ca. 2910 cm™L. Calculated spectra shown in Fig. S11 help in rationalising the broadening
of the y CH signal and in assigning the peaks observed in the v CH region. The y CH of both BTAH
and CuBTA are calculated at ca. 790 cm™, whereas that of Cu(BTA) is calculated at about 860 cm™2.
A downshift of the vibration for both species could be due to a packing effect, tentatively m-nt
stacking. Additionally, as shown in the inset in Fig. 9, both BTAH and CuBTA have a calculated CH
stretch at 3055 cm™!, whereas that of Cu(BTA), — in this case including some additional copper
adatoms, see Figs. $10 and S11 — falls at 2905 cm~. A downshift for an aromatic v CH was recently
reported upon metal complexation of di-pyridyl-tetrazine on Ag(111)[55], and ascribed to the
presence of the metal which could render the aryl C-H more aliphatic. The HREELS fingerprint is very
similar to that recorded for high coverage BTAH on Cu(111), which was determined to consist mainly
of Cu(BTA), species, with some minor contribution due to CuBTA, all adsorbed upright[17]. In the
present case, however, based on the relative intensity of the corresponding v CH stretches, the
surface concentration of adsorbed CuBTA is thought to be higher than that of Cu(BTA),. These
results are fully compatible with the STM data in Fig. 3 showing that, at high coverage, the mostly
flat lying species are displaced such that adsorbed molecules adopt an upright geometry in a local
(3x1) or (6x1) superstructure stabilised by r-rtinteractions (see also DFT results). In particular, it can

be proposed that the CuBTA species could correspond to the single features constituting the (3x1)
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phase of Fig. 3, whereas the Cu(BTA)2 species could correspond to the local pairing of molecules

highlighted in Fig. S5a.

On annealing to 150 °C (brown trace), a general decrease of the intensity is seen, in particular for
the w CH and (v CC + v CN) signals. In the v CH region, the peak associated to Cu(BTA). becomes
more intense than that associated with CuBTA. Upon annealing to this temperature, STM images
(Fig. 4) show the formation of 3D nano-ridges essentially created by a strong interaction of BTA with
copper atoms, inducing a high degree of surface reconstruction and a significant increase in short-
and long-range order. STM images also show features attributed to single BTA molecules decorating
the step-edges of the mini-terraces constituting the flanks of the 3D nano-ridges. In agreement to

this description, the HREEL spectrum indicates that both Cu(BTA). and CuBTA species are present.

4. Conclusion

A combined experimental (STM, XPS, HREELS) and theoretical (DFT) investigation of the interaction
of benzotriazole molecules with a Cu(110) single crystal has been performed. Different
supramolecular structures have been observed depending on the BTAH exposure, with XPS showing
that the molecules directly in contact with the copper substrate are always in the deprotonated BTA
form. At low coverages, the surface is dominated by BTA molecules adsorbed almost flat and
organised in a c(4x2) supramolecular structure. Upon increasing the molecular coverage, a gradual
transformation towards a higher density phase occurs, where BTA molecules adsorb in an almost
upright configuration until a self-limiting monolayer is formed. This phase is characterised by the
inclusion of copper adatoms that bind to BTA molecules in Cu(BTA) and Cu(BTA); metal-organic
complexes. Moreover, m-1t stacking between the aromatic rings of BTA molecules causes an
alignment of the complexes along the [001] substrate direction forming wavy rows with a local
(3x1) and (6x1) periodicity. Annealing to 150°C results in a major transformation that involves a
substantial in-plane and out-of-plane reconstruction of the Cu(110) substrate with the development

of 3D nano-ridges decorated by long-range ordered rows of Cu(BTA) and Cu(BTA), complexes.

Although several characteristics of the observed molecular phases are closely dependent on the
specific energetics and structure of the Cu(110) surface — e.g. the molecular lateral packing that is
clearly templated by the substrate and the 3D nano-ridges reconstruction that is facilitated by the

open nature of the Cu(110) surface and by its strong in-plane anisotropy — a few general features
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appear to be common to the BTAH/Cu(111) system[16, 17]. In particular, this is true for the
deprotonation of molecules in direct contact with the copper substrate, the transition from a mostly
flat to a mostly upright adsorption configuration with increasing molecular coverage and, crucially,
the formation of strongly bound Cu(BTA). metal-organic complexes. The presented result are a
further important step in the characterisation of the interaction of BTAH with copper surfaces and
are expected to be of relevance for the development of a molecular-scale understanding of the

action mechanism of this prototypical molecular corrosion inhibitor for copper.
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