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On-surface condensation of low-dimensional benzotriazole —
copper assembliest
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Neville V Richardson?

The reactivity of benzotriazole with copper on a gold surface has been studied by a combination of surface sensitive methods
with support from DFT (density functional theory) calculations. For some time benzotriazole has been known to enhance
the corrosion resistance of copper at the monolayer level, although the exact mechanism is still a matter of discussion and
disagreement in the literature. A single crystal Au(111) surface allows to evaluate the interaction of weakly physisorbed,
intact benzotriazole molecules with copper atoms dosed to sub-monolayer amounts. These interactions have been
characterised, in the temperature range ca. 300 — 650 K, by scanning tunnelling microscopy, high resolution electron energy
loss spectroscopy and synchrotron-based X-ray photoemission spectroscopy and near-edged X-ray absorption fine structure
studies. Supporting DFT calculations considered the stability of isolated, gas-phase, benzotriazole/Cu species and their
corresponding spectroscopic signature at the N K absorption edge. In agreement with previous investigations, benzotriazole
physisorbs on a clean Au(111) surface at room temperature forming a hydrogen-bonded network of flat-lying BTAH
molecules, relatively weakly bonded to the underlying gold surface. However, in the presence of co-adsorbed copper atoms,
proton removal from the molecules leads to species better described as BTA" interacting directly with Cu atoms. In these
situations the molecules adopt a more upright orientation and Cu(BTA) and -[Cu(BTA)].- species are formed, depending on
temperature and coverage of the adsorbed species. These species are stable to relatively high temperatures, 550 — 600 K.

1. Introduction

The search for efficient and economical methods to protect
metals and alloys from corrosion is a key aspect of industrial
manufacturing. A well-known corrosion inhibitor for copper and
copper alloys is benzotriazole (BTAH, scheme 1a); however, to
date there is no universal consensus on either BTAH
coordination mode with copper or its adsorption and
passivation mechanism [1-4]. On the one hand, it is generally
accepted that the ability of BTAH to act as an etching and
corrosion inhibitor in aqueous media is attributed to the
formation of strongly bound Cu-BTA surface complexes [5] (BTA
is deprotonated BTAH). These may act as a water repellent
physical barrier that impedes the adsorption of water and other
polar organic molecules, conferring some degree of surface
passivation [5, 6]. On the other hand, it has also been proposed
that the passivating film comprises a hybrid hydrogen-bonded
network enclosing some sections of a Cu(l)-BTA polymeric layer
with a 1:1 Cu:BTA stoichiometry and a bidentate structure [5,
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6]. However, there is still a lack of a clear experimental evidence
regarding the morphology and chemical behaviour of these
species. In fact, a variety of complex structures have been
identified for the interaction of benzotriazole with different
substrates at different temperatures and coverages [1-23]. Inan
ultra-high vacuum (UHV) environment, upon adsorption on
reactive surfaces, benzotraizole has been shown to dissociate
into BTA and hydrogen and chemisorb through the triazo
moiety. Several ordered structures have been identified,
including upright Cu(BTA) monomers [9-11, 19-20], Cu(BTA);
species (scheme 1b) [9-11], flat-lying [12-13, 20] or upright
metal organic chains [11], in some cases stabilized by
intramolecular hydrogen bonding [21].

Scheme 1. Chemical structures of: a) BTAH; b) a Cu(BTA), species; c¢) —[CuBTA],—
monomer of the “necklace” polymer. Nitrogen atoms are labelled for ease of description
and discussion.



Computational works have considered various adsorption
configurations including physisorption as a flat-lying molecule
[2, 4, 6, 22], formation of hydrogen-bonded overlayers [3, 8,
11], chemisorption as an intact molecule through the triazole
moiety [2, 4, 6, 22], or through deprotonation and formation of
structures stabilized by copper surface atoms [3, 8, 11, 15, 23].
Metal organic Cu-BTA complexes such as chmisorbed Cu(BTA),
species [7-8, 11, 15], or —[Cu(BTA)],— chains, the so-called
“necklace” polymer (scheme 1c) [3, 7-8, 11, 15, 22-23] have also
been considered. Even though —[Cu(BTA)],— chains adsorbed
with a BTA unit upright and adjacent units tilted to a variable
angle with respect to the surface normal represent the
theoretically most energetically favored structures [3, 8, 11],
upright Cu(BTA), species [9, 10] or a combination of both have
been reported experimentally [11].

Additionally, the specific adsorption sites present on a surface
directly relate to the morphology of the substrates. On a
metallic substrate, an adsorption site may change its
configuration because of the presence of adatoms [8, 11, 24,
25]. The role of copper adatoms in influencing the adsorption
morphology on Cu(111) has been recently considered [3, 8, 11,
15, 23]; the authors concluded that the adsorbed structures are
a combination of variable amounts of metal organic Cu-BTA
structures including —[Cu(BTA)l.— polymeric chains and
Cu(BTA), species adsorbed at various orientations [11].

An alternative way to investigate the role of mobile copper
atoms is to consider the interaction between benzotriazole and
copper on a less reactive substrate, for example Au(111). This
stems from the observation that BTAH preferentially
chemisorbs over reactive substrates [9, 10, 12, 13, 18-21] and
physisorbs over unreactive ones [14]. Moreover, the
determination of the oxidation state of the copper atoms
embedded in the organic matrix can be extremely difficult when
the experiments are carried out using a copper surface as a
substrate, as recently demonstrated [11].

In this work, to gain a better understanding of the chemistry of
benzotriazole and its binding with copper, BTAH was dosed on
copper-doped Au(111) surfaces. On such a substrate, Au(111)
merely acts as a 2D inert support and copper-rich islands
formed on the Au(111) crystal surface [26, 27] can be regarded
as a reservoir of copper atoms [28-33], which react with BTAH
to form low-dimensional metal organic species. Combined
scanning tunnelling microscopy (STM), high resolution electron
energy spectroscopy (HREELS),
spectroscopy (PES), near-edge X-ray absorption fine structure
(NEXAFS) and density functional theory (DFT) calculations
allowed us to derive adsorption models to gain a better
understanding of the morphology, composition and thermal
stability of the adsorbed structures, and the selectivity of
benzotriazole for copper.

loss photoemission
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2. Results and discussion
2.1 Experimental
2.1.1 Scanning tunnelling microscopy

Copper has been shown to nucleate at the elbows of the clean
Au(111) (22 x V3) reconstruction [26, 27]. At increased
coverage, ca. 0.2 ML (monolayer), copper-rich islands of
characteristic ‘D’ shape form via a substrate templating effect.
Small copper clusters can still be observed at some elbows; step
edges are also decorated. Copper-rich islands are characterised
and straight edges and a surface with
lines reminiscent of the herringbone

by regular
discommensuration
reconstruction.

On these surfaces, BTAH physisorbs on the unmodified Au(111)
regions and chemisorbs on copper-rich areas, figure 1la.
Namely, BTAH selectively chemisorbs at the elbows of the
herringbone reconstruction, i and inset in figure 1a, on copper-
rich islands, ii in figure 1a, and at copper decorated step edges,
iii in figure 1a. It is worth noting that STM is unable to image the
physisorbed species at room temperature because of fast
diffusion [14].

Molecules assemble in small ensembles at the elbows of the
herringbone reconstruction. These structures correspond to
Cux(BTA), metallorganic complexes, as be further
corroborated in the discussion of the spectroscopic data. They
are characterised by central brighter features of elongated
shape, having a lateral separation of around 0.42 nm (line
profile a in figure 1e), surrounded by dimmer and slightly more
rounded features (apparent heights are ca. 1 A and ca. 0.55 A
respectively, line profiles b and a in figure 1e, respectively). Each
of these features is attributed to benzotriazolate molecules
nucleated at, and coordinating to a small Cu, cluster. The
difference in apparent heights suggests that brighter features
represent upright molecules, whereas dimmer features are
attributed to molecules orientated with their molecular plane
more parallel to the surface. Such molecular ensembles may
find correspondence with Cu-BTA clusters produced in solution,
one of which was modelled as Cug(BTA)4, having a tetrahedral
Cuy core, surrounded by two BTA-Cu(l)-BTA units [34]. In the
present case, the observed ensembles may result from a
combination of these, or similar clusters, adsorbed on the
Au(111) surface. Cuy(BTA), ensembles do not appear to
populate every elbow of the herringbone reconstruction, figure
SI1. Moreover, the directions of their elongations are not
random but rather seem to be related to the orientation of the
elbows and to align with the close packed directions of the
underlying Au(111). Adjacent ensembles do not necessarily
exhibit elongation in the same direction, as neighbours may
grow towards the same or the opposite side of the elbow.

On copper-rich islands, ii in figure 1a, and figure SI2, which have
an apparent height of ca. 1.85 A (line profile c in figure 1f),
Cuy(BTA)y species are adsorbed in a less ordered fashion than
those at the herringbone elbows. A higher concentration of
ensembles is seen at the ridges of the discommensuration lines
over the islands; these are highly stressed, strained areas, and
correspondingly more reactive [35].

will

This journal is © The Royal Society of Chemistry 20xx



12 4
< 42] Lyl f f L o]
E 0] a £, g 25]
S 08 < s:w 2219
Pty < g £ 201
E 085 £ €15]n
2 0.4 gald o 1
@ g | 5 10
o p2 o 2] I
o [ [ c o
< 0.04 b <] ‘ : < ;o]
1T ''5T '@ ~1°7> —7r =1 =0 & 7 .0
0 1 2 3 4 5 0 5 10 15 2 25 0 1 2 3 4 5
Lateral displacement /nm Lateral displacement/nm Lateral displacement/nm

Fig. 1 a) STM images showing the features produced upon deposition of BTAH to nominal saturation on ca. 0.2 ML (monolayer) Cu/Au(111). a) room temperature; i indicates Cu,(BTA),
species nucleated at herringbone elbows, ii indicates condensation on a Cu-rich island, iii indicates condensation at a Cu-rich step-edge; 140 x 140 nm?,-1.2 V, 0.2 nA; inset) 13 x 13
nm?, -1V, 0.1 nA; b) annealing to ca. 400 K, 50 x 50 nm?, -1.5 V, 1.0 nA; c) annealing to ca. 450 K, 50 x 50 nm?, -1.5V, 0.2 nA; d) annealing to ca. 500 K, 75 x 75 nm?, -1.2 V, 0.1 nA;
inset) 13.5x 13.5nm?,-1.2V, 0.04 nA; e) line profiles as in the inset in a); f) line profiles for copper-rich islands as in a), b), c) and d); g) line profiles as in the inset in d).

An added complexity is that the top layers of Cu-doped Au(111)
surfaces are generally intermixed [26-29, 32], therefore
benzotriazole can not only react with copper adatoms, but also
with copper atoms within the surface plane. Features observed
at the edges of the islands (figure SI2) may correspond to a line
of single molecules. Similarly, molecular features typically
follow and have an elongation normal to the step edge, at
copper-decorated gold step edges (figure 1a, iii and also figures
SI1, SI2, SI3).

Upon heating these preparations to progressively higher
temperatures (400 K), weakly bound hydrogen-bonded species
desorb. Copper-rich islands, formerly covered by a disordered
Cux(BTA)y, undergo an etching process, as displayed in figure 1b
and by the line profile d in figure 1f, which shows an apparent
height of ca. 1.9 A, with some depressions having the same
height. This is ascribed to the combination of two different
phenomena. On the one hand, Cux(BTA), weakly bound to the
gold surface desorbs from copper-rich islands. In fact, the

formation of the Cuy(BTA), species may result in the weakening
of the interaction between the copper atoms and the Au(111)
surface. As a comparison, in the case of the adsorption of BTAH
on Cu(111), temperature programmed desorption
measurements show that a saturated monolayer is stable up to
ca. 600 K, whereas the physisorbed layer is seen to desorb at ca.
400 K. The chemisorbed layer is thought to desorb in the form
of Cux(BTA), [10, 34]. On the other hand, in Cu-doped Au(111)
systems, copper has the tendency to diffuse into the bulk gold
upon annealing [27, 28, 32].

In figure 1c features recorded after annealing to ca. 450 K are
shown. The topography of the surface is almost restored to that
of a clean preparation following the annealing step, except for
the ragged appearance of the step edges, a clear consequence
of the etching process. Nevertheless the islands appear clean
and flat, with a measured step height of ca. 2.2 A (line profile e
in figure 1f), a value in good agreement with that of clean
Au(111) [26, 27, 29], as if the etching were healed. A few



Cux(BTA), ensembles are still visible at the elbows of the
discommensuration lines. Island peripheries and step edges are
cleaner, yet decorated by a single line of molecular features.
Features adsorbed at the elbows of the herringbone
reconstruction are stable up to ca. 500 K, when the formation
of a new structure is seen, as shown in figure 1d and inset. Such
new features originate at the edges of copper-rich islands, or at
gold step edges, and grow toward the terraces. These features
are thought to be formed by Cux(BTA), sub-units and are
confined within the herringbone ridges. They are mostly
localised on the fcc regions of the surface, seldom crossing over
the bridge sites into the hcp areas. Such structures have an
apparent height of ca. 1.6 A and a width of ca. 2 nm (line profile
g in figure 1g). Some sub-unit have a length of ca. 1.2 nm, which
could correspond to a Cu(BTA), species [9]; some other sub-
units have a length of ca. 1.6 nm (line profile h in figure 1g);
some portions are not resolved enough to determine the
periodicity. As for the Cuy(BTA), ensembles observed at the
elbows of the herringbone reconstruction upon BTAH dosage
(figure 1a), such features have similarities with a recently
synthesized polymorph comprising three crystallographically
independent Cu(l) ions and two BTA ligands. These form a
[Cuz(BTA);] sub-unit, which aligns in an antiparallel fashion to
form a [Cux(BTA);]> secondary building unit, further linked
through bridging Cu(l) atoms, resulting in a one-dimensional
chain structure along the c axis [36]. Apart from the presence of
such structures, the islands remain largely flat and clean,
presumably gold-terminated, and exhibit a step height of ca.
2.25 A (line profile fin figure 1f).

2.1.2 High resolution electron energy loss spectroscopy

After exposing the Cu-doped Au(111) surface to BTAH to
saturation, the vibrational spectrum at room temperature
(figure 2a) is dominated by the energy loss signals generated by
flat-lying hydrogen-bonded interlocked species, as it shows the
same peaks recorded on clean Au(111) [14]. The observed
energy losses and their assignments are summarised in table 1.
As already highlighted, such species are not imaged via STM
because of fast diffusion across the surface, however their
energy losses can be recorded via HREELS. Energy losses are
observed at 270 cm! corresponding to an out-of-plane buckling
mode of the full molecule, 425 cm1 (with a shoulder at 525 cm-
1) due to 6- and 5- member rings out-of-plane deformations,
750 cm assigned to the C-H out-of-plane bending mode, with
a very weak shoulder at ca. 690 cm-* due to the N;-H out-of-
plane bending mode and a weak 3055 cm™ C-H stretching
mode. The absence of the N;-H stretch, expected at ca. 3500
cm [37], confirms flat adsorption. Weak C-N and C-C in-plane
related vibrations for the flat molecule, or for a more upright
species, account for a raised background in the range 1000 —
1500 cml. The vibrations generated by the physisorbed
hydrogen-bonded species mask those generated by the
chemisorbed species, which represent a minority of the
adsorbed species and are related to the amount of copper
dosed.
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Fig. 2. HREEL spectra following dosing of Cu (ca. 20%) and BTAH (to saturation) as
prepared at room temperature (a) and after annealing to 400 K (b) and 500 K (c).

Table 1. Observed energy losses and assignments /cm™t

mode RT 400 K 500 K Ref.
v CH 3055 3055 3055, 2930 9,10, 14, 38-40
v CeHa ring 1465 9,10, 38-40
v NNN in N---Cu(l) 1250 10, 34
v NNN + v CH 1150 9, 38-42
6 CH 985 9,10, 38, 39, 41
y CH 750 755 760 10, 14, 38, 42
vy NH 680 14,
oop CeHa ring 530 525 520 10, 14
oop CeHa ring 425 400 10, 14
whole molecule
buckling 270 270 14

v stretch, & in-plane bend, y out-of-plane (oop) bend

With annealing, the desorption of the physisorbed flat-lying
species and concomitant decrease in their spectral finger print,
opens up the possibility to record the signals pertaining to the
chemisorbed species. In fact, the spectrum seen after annealing
to 400 K, figure 2b, is related to the species observed at
herringbone elbows and to those condensed at step edges,
which are likely orientated in a more tilted geometry. After
annealing the energy loss peaks related to the more upright
species become more intense (500 K, figure 2c).

This spectrum is a summation of vibrations generated
predominantly by upright and, to a lesser extent, flat-lying
species coordinated with copper atoms. In particular, the
intensities of the out-of-plane vibrations at 270 cm™ and 400
cmare less intense; the CH out-of-plane bend mode at 750 cm-
1 shows the more important attenuation, due to both
desorption of the hydrogen-bonded species and partial re-
orientation of the remaining molecules upon reaction with the
copper atoms. Correspondingly, the CH in-plane wagging mode

This journal is © The Royal Society of Chemistry 20xx



accounts for a raised background at around 1000 cm-%; the small
peaks at ca. 1150 and 1250 cm! are assigned to in-plane N-N
stretches of the triazole ring in a Cu(l)---N configuration [10, 34];
the vibration at 1465 cm is assigned to in-plane vibrational
modes of the aromatic CgH4 rings, and the peaks at 2930 cm-?
and shoulder 3055 cm! are assigned to CH stretches.

2.1.3 Photoemission

Figure 3 shows photoemission spectra following dosing of
copper to ca. 0.2 ML and BTAH to saturation on the Au(111)
surface and annealing steps. The as prepared Cu 2ps,; peak is
recorded at 932.6 eV (full width at half maximum, fwhm, 0.92
eV), indicating that following adsorption on the clean Au(111)
surface copper is in its metallic oxidation state (figure 3, left
panel b) [43, 44, 45]. After exposure to BTAH the Cu 2p3,; peak
shifts to 932.2 eV (figure 3, left panel c), and there is a small
increase of the fwhm to 0.98 eV. This indicates that the
electronic configuration of metallic copper is modified by the
interaction with benzotriazole, in favour of a more oxidised
copper species. A clear assignment to copper in the +1 oxidation
state is complicated since the binding energies for Cu(0) and
Cu(l) fall roughly within the same range [43-45]. Furthermore,
copper and gold can alloy and are completely miscible over a
wide temperature range. Thus, the concentration of copper
atoms the uppermost gold layers, their chemical
environments [27, 129, 32] and binding energies will vary [46-
48]. Therefore an unequivocal assignment to a specific copper
species in a specific position or chemical state, i.e. in the surface
layer, on the surface, or adatoms, is here not feasible.

in

Nevertheless, a clear binding energy downshift is seen upon
exposure to BTAH. On clean Cu(111), copper adatoms are
predicted to show a downshift in binding energy with respect to
bulk copper, whereas the shift in binding energy for copper
atoms coordinated to BTAH has been calculated to span within
1.5-2 eV; the direction and magnitude of the shifts depend upon
the specific N-Cu environment [11]. The absence of signals at
higher binding energy values rules out the presence of Cu (Il)
[43-45]. The overall peak position stays constant up to
annealing to 500 K. By 670 K the signal completely vanishes,
confirming once more that copper has either desorbed as a
Cux(BTA), compound, dissolved into the bulk gold, or more likely
a combination of both, as also supported by the STM
measurements.

After exposure to BTAH, the N 1s region shows a signal which is
best fitted with three components with maxima at 399.3, 400.2
and 400.6 eV (fwhm 0.85 eV) and area ratio ca. 1:1:2 (figure 3,
central panel) .

Similar binding energies were recorded for BTAH dosed to yield
saturation on Cu(111) [11]. Upon adsorption on pristine
Au(111), only two peaks were reported, at 400.4 and 399.4 eV;
these were assigned to the two inequivalent nitrogen atoms
expected for hydrogen-bonded structures [14]. The observation
of a doublet is also consistent with measurements on solid
pellets of benzotriazole [49]. The triplet measured upon
preparation may derive from the combination of flat-lying
hydrogen-bonded species and deprotonated species of various
structures. A comparison with binding energies values recorded
on different systems is reported in table 2.
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Fig. 3. Cu 2p3/2, N 1s and C 1s photoemission spectra following dosing of Cu (ca. 20%)

404 403 402 401 400 399 398 397 396 288 287 286 285 284 283 282
Binding Energy /eV

Binding Energy /eV

and BTAH (to saturation) on the Au(111) surface as pre pared at room temperature

and after annealing; a) clean Au(111); b) copper dose; c) BTAH dose; d) anneal to 400 K; e) anneal to 500 K; f) anneal to 670 K. Data points in black; fits in colours.
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Table 2. N 1s binding energy values; comparison with literature

Species BE /eV Ref.
399.3 400.2 400.6 (as prep)
BTAH/Cu/Au(111) 399.3 399.9 (anneal) This work
399.4 400.3 (low 6)
BTAH /Cu(111) 399.2 400.2 401.3 (high 6) 11
BTAH Au(111) 399.4 400.4 14
BTA(H?)/Cu wafer 399.9 42
BTA(H?) pellet 399.5 N-N*-N
400.5 N-N*-C
Cu(l)BTA 399.8 49
BTA(H20) / Cu 399.8 50
Cu’BTAH  Cu*(BTA)  Cu?(BTA): 400.0 51
5CI-BTA / Ni 400.8 52
BTA(H20)/NaCl/Cu 400.5 398.5 (sputter) 53
NaBTA solid 399.9 This work
0 coverage
Table 3: Changes in photoemission signals with temperature
temp /K Cu2ps2/% N1s/% Cls/% N:C Cu:BTA notes

RT 100 Cu dosed on Au(111)

RT 94 100 100 1:2.5 1:1 BTAH dosed on Cu/Au(111)
400 115 57 55.6 1:2.45 1:0.44 ACu +21%; AN -43%; AC -44.4%
500 92 42.75 42.8 1:2.5 1:0.42  ACu-23%; AN -14.3%; AC-12.8%
670 - 12.6 - - molecular desorption complete

After annealing to 400 K the peak at higher binding energy
disappears, the one at 400.2 eV shifts to 399.9 eV but stays in a
1:2 ratio with the component at 399.3 eV. Such an intensity
ratio is the opposite of that recorded on Au(111). This implies a
coordination different from hydrogen bonding and more in
favour of metal organic compounds in which BTA is associated
to Cu(l) [34, 36], well in agreement with the STM observations.
Such a doublet in the N 1s core level region was previously
associated with either BTA monomers bound to adatoms via
both the N; and N3 atoms in a bidentate configuration, or with
a low coverage of -[CuBTA],- chains [11]. After annealing to 500
K the remaining peaks decrease in intensity, but their ratios stay
constant. The signal disappears upon annealing to 670 K.

The C 1s region shows a signal which is best fitted with three
components having binding energy of 285.6 eV, 284.9 eV and
284.3 eV (fwhm 0.6 eV) and area ratio 0.33:1:1.7 (figure 3, right
t panel). By comparison, a single C 1s peak at 284.8 eV, with an
asymmetry towards higher binding energies, was recorded on
Cu(111) [11]. On Au(111), a doublet with maxima at 285.3 eV
and 284.3 eV (area ratio 1:2.2) was recorded [14].

After annealing to 400 K, the peak at 285.6 eV is lost; the other
two decrease in intensity and have a 1:1.4 area ratio, suggesting
that the benzene rings are in slightly different chemical
environments than on Au(111). After annealing to 673 K, some
residual carbonaceous species are present, which cannot be
removed by further annealing, only by sputtering.

A N:C ratio of 1:2.5 was derived from the PES data, versus the
expected stoichiometric 1:2 ratio, which remains approximately
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constant throughout the annealing treatments (1:2.45 at 400 K,
1:2.5 at 500 K), indicating that the BTA moiety in Cux(BTA), is
stable up to at least 500 K. The Cu:BTA ratio is calculated as ca.
1:1 after preparation, 1:0.44 at 400 K and 1:0.42 at 500 K. Given
that copperisin excess, the Cu:BTA ratio indicates that a portion
of the copper atoms has coordinated to benzotriazole, and a
portion has remained in, or close to, the Au(111) surface. As
already highlighted, the Cu 2ps;; core level signal includes
multiple contributions, which are hardly distinguishable. The
changes in the intensities of the photoemission signals are
summarised in table 3.

2.1.4 Near edge X-ray absorption fine structure

Figure 4 shows angular dependent N K-edge NEXAFS spectra as
prepared a) at room temperature, b) annealed to 400 K and c)
to 500 K with d) the 90°-20° difference spectra at each
temperature.

Spectra collected at room temperature, with reference to the
one recorded at 20° in figure 4a, show n* resonances with
maxima at 399.2, 400.0, 401.5 and 402.6 eV and c* resonances
at 407.2 and 412.0 eV. The peaks positions remain within + 0.1
eV through the different angles recorded, except for the first o*
resonance, which progressively shifts to 406.9 eV. They are
similar to those following adsorption on the pristine Au(111)
surface [14] figure Sl4a, albeit with two main differences: the
fine structure in the m* resonance is not as resolved as on
Au(111) and the dichroism is reduced, as evidenced by the
presence of an appreciable t* resonance throughout the whole

This journal is © The Royal Society of Chemistry 20xx



range of angles recorded and shown by the 90°-20° spectra in
figure 4d. The decrease in dichroism can be interpreted either
as a change in the adsorption configuration of a single species
from a flat-lying to a more tilted geometry, or as the presence
of a mixture of flat-lying and upright species. Assuming a single
species, an average tilt angle of 38° £ 5° for the triazole ring with
respect to the surface was calculated (figure SI5a). As a
comparison, an average tilt angle of 5° + 3° was estimated
following adsorption on Au(111) (figure Sl4c).

The spectra recorded after annealing to 400 K, with reference
to that measured at 20° in figure 4b, show a nt* fine structure
with resonances having maxima at 399.4, 400.0, 401.5 and
402.5 eV and o* resonances at 407.1 and 411.8 eV. The main
differences with respect to the as prepared spectrum are the
relative increase in intensity of the resonance at 399.4 eV, and
decrease of the resonances at 400.0 eV and 402.5 eV. Assuming
the presence of a single molecular species, the average tilt angle
is estimated as 44° + 5° (figure SISb).

After further annealing to 500 K (figure 1c), the NEXAFS
signature remains very similar to that recorded at 400 K, with a
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further small loss in intensity. With reference to the spectrum
recorded at 20°, t* resonances have maxima at 399.3, 399.9,
401.6, 403.1 and 405.0 eV and o* resonances at 407.0 and
411.8 eV are recorded. Assuming a single molecular species, the
calculated average angle of the triazole ring with respect to the
surface is 40° + 5° (figure SI5c).

2.2 Computational

Figure 5 shows calculated NEXAFS spectra at the N-edge for

Iu

several “gas-phase” benzotriazole, and benzotriazole-copper,
related species. Two geometrical configurations between a
photon beam and a surface are considered. In grazing geometry
(6 = 20°, red spectra) the incident beam is almost parallel to the
surface and the electric field vector is close to the surface
normal. In the normal geometry (6 = 90°, brown spectra) the
incident direction is along the surface normal, with the electric

vector parallel to the surface.
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Fig. 4. N K-edge angular dependent NEXAFS spectra of a) as prepared saturated BTAH layer on 0.2 ML Cu/Au(111) at room temperature, b) after annealing to 400 K, c)
to 500 K, d) 90°-20° spectra show opposite dichroism for both ©* and o* transitions at each temperature.
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Fig. 5. N K-edge calculated NEXAFS spectra at normal (6 = 90°, brown spectra) and grazing incidence (6 = 20°, red spectra) for a) hydrogen-bonded BTAH chain, b) —=[Cu(BTA)],—
chain, c) Cu(BTA), for both upright (c,) and flat-lying (cf) orientations, d) N; and N, Cu(BTA); e) — h) chemical structures corresponding to the calculated spectra in a) —d) respectively.

Nitrogen atoms are numbered for ease of description and discussion.

Separate calculations considered the excitations induced by the
electric vector of the photons aligned with the three distinct
directions of these planar species, e.g. perpendicular to the
plane, parallel to the long axis, and parallel to short axis of a
given molecular species. Appropriate combinations of the
spectra for these three orientations of the electric vector allow
spectra for all possible surface orientations to be determined
under any photon incidence angle. The threefold symmetry of
the substrate allows the influence of the various molecular
azimuthal orientations to be considered simply as a sum of the
spectra of the relevant in-plane electric vector (x,y) components
[54, 55]. In general, the molecular structures are depicted as
orientated flat with respect to a notional surface. The effect of

8 | Nanoscale, 2012, 00, 1-3

an upright molecular species is essentially to interchange the
grazing and normal spectra, as seen in the case of Cu(BTA);
species, where spectra for both flat-lying and upright species
are shown. Although in the calculations the interaction with the
Au(111) substrate has been neglected, therefore essentially gas
phase calculations have been performed, the calculated spectra
are in good agreement with the experimental ones. In particular
the spectra calculated for the hydrogen-bonded polymer (figure
5a, structure in figure 5e), are in excellent agreement with the
experimental ones ([14], S2, figure Sl4d), thus validating the
assumption of a weak interaction with the substrate for the
calculations. Optimised geometries are reported in ESI S4 and
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the analysis of nitrogen atoms and respective excitations is
listed in ESI (S5).

For the flat-lying hydrogen-bonded BTAH polymer, w*
resonances show four peaks at 399.9, 400.5, 401.6 and 402.6
eV. The spectra and the structure of the flat-lying —[Cu(BTA)]—
species is shown in figure 5b and 5f respectively. Copper atoms
are bound to nitrogen atoms in the Ni (N3) and N’; (N’s)
positions and BTA moieties alternate sides along the chain.
From the conformational similarity between the hydrogen-
bonded and —[Cu(BTA)],— polymers, one might think that there
would not be a drastic change in the nitrogen spectra. However,
the calculated spectra show marked differences due to the
changes in the electronic structure going from a hydrogen
bonding interaction to a chemical bond between nitrogen
atoms and copper. For —[Cu(BTA)],—, figure 5b, at grazing
incidence at least three discernible peaks in the m* resonance
are seen (400.4, 402.2 and 403.6 eV), compared to four for the
hydrogen-bonded polymer, figure 5a. In fact, in the hydrogen-
bonded polymer the three nitrogen atoms have inequivalent
environments, whereas in —[Cu(BTA)],— there are only two, as
N1 and N3 position are equivalent. The two Cu-N bonds in —
[Cu(BTA)],—are expected to have the same chemical nature and
length. Thus, one would expect a simpler spectrum for the more
symmetric case of —[Cu(BTA)],—, when compared to that of
hydrogen-bonded BTAH. Calculated spectra for a Cu(BTA):
species assumed upright or flat-lying are shown in figure 5c¢ (5c,
upright, 5¢¢flat-lying) and its structure is shown in figure 5g. This
case illustrates well the changes in the n* and o* resonances
with the direction of the electric vector. Four peaks are seen in
the n* region, at 399.8, 400.3 eV, 401.5 and 403.3 eV. The
spectra of Cu(BTA) with copper bound to either N; or N; are
shown in figure 5d and their corresponding structures are
reported in figure 5h. The spectrum of the monomer with the
copper atom bonded to N; shows four distinctive peaks at
398.8, 400.3, 401.6 and 402.6 eV. The spectrum of the
monomer with copper bonded to N, on account of its higher
symmetry, shows only three peaks, at 399.7, 401.4 and 403.5
ev.

The photon energy scales of the calculated spectra of the two
polymers, hydrogen-bonded and —[Cu(BTA)],.—, and Cu(BTA)
species are shifted by -1.2 eV for comparison with the
experimental ones, whereas for the spectra of the monomers a
shift of close to -2.0 eV is required.

2.3 Discussion

Several experimental [9-14, 19-21, 38, 50-63] and
computational [2-8, 11, 15-17, 22, 23] studies have set to
explore the complexity of the chemistry and morphology of the
species produced upon adsorption of benzotriazole on copper
surfaces, focusing on the role of the specific local morphology
of the surface [4, 15, 16] and in particular of copper adatoms [2,
7,8, 11].

On a pristine Cu(111) surface, at low coverage, BTAH adsorbs
dissociatively in the form of upright Cu(BTA), and Cu(BTA)
species [9]. Highly-packed self-assembled structures, essentially
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based upon the same species, are produced at saturation
coverage and above [10]. Later, a coverage dependent
combination of Cu(BTA), and Cu-BTA chains was reported [11].
On Cu(110) adsorption is reported to occur in the form of flat-
lying molecules in a c(4 x 2) configuration [12, 13]. On Cu(100),
at submonolayer coverage, benzotriazole has been shown to
adsorb with its molecular plane within 15° of the surface
normal; at multilayer coverage, the molecular plane has been
reported to tilt by ca. 40° from the plane of the substrate
instead [19]. On polycrystalline copper in the form of
evaporated films exhibiting predominantly {111} facets, Fang et
al. [21] proposed a structure of upright BTA molecules
connected by intramolecular hydrogen bonds between
adjacent benzene and triazole rings and having an alternate tilt
of 9° from the surface normal. However, inherent to such
investigations and typical of UHV studies, the metal single
crystal approach is complicated by the difficulty in isolating the
role of the atoms belonging to the surface plane from that due
to adatoms. For example, the identification of a signal due to
copper adatoms under the Cu 2ps/; peak via photoelectron
spectroscopy is challenging, due to its almost negligible
intensity [11]. However, copper adatoms have been shown to
influence greatly the adsorption geometries of adsorbates [24,
25]. A further hurdle is to determine unambiguously the local
oxidation state of copper on a copper single crystal because of
the similarity of the binding energy values for copper 0 and |
[43-45].

In this context, the use of copper doped Au(111) surfaces can
be a convenient choice in order to isolate the behaviour of
copper adatoms from the contribution due to the copper
surface atoms. In fact, on such surfaces, Au(111) acts as a mere
2D support with copper-rich islands acting as a source of
reactive copper atoms. This is facilitated by a multi-technique
approach. The behaviour of the Cu/Au(111) system [26, 27, 29,
31, 46-48], the adsorption of BTAH on copper single crystals [9,
10, 12, 13, 19] and on Au(111) [14] have been investigated
separately elsewhere.

In the present study, STM measurements show that starting
from a relatively low coverage in copper, ca. 0.2 ML, and
saturation of BTAH, a range of metal organic features, generally
as Cux(BTA), species, form and evolve as a function of the
The topographic
reported in figure 1 give some indication on the possible
structures of such Cux(BTA), species: they may be represented
by small clusters (figure 1a) or short polymers (figure 1d), which
may find some correspondence to metal-organic compounds
synthesised from solution. In such clusters BTA units are
expected to have their molecular planes orientated to different
angles with respect to the surface. HREELS measurements
(figure 2) show that upon adsorption at room temperature the
amount of BTAH in excess with respect to copper adsorbs
forming hydrogen-bonded chains, as on clean Au(111) [14]. In
the present case, the imaging of such flat-lying, fast diffusing
species is beyond the capability of STM at room temperature.
Upon annealing, physisorbed species are removed. The
vibrational spectra can be interpreted as indicating that a mix of
flat-lying and more upright species is present (figure 2c). This is

annealing temperature. measurements
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consistent with the information derived from STM and NEXAFS.
However, although STM images give some indications as to
their potential structures, a chemical characterisation is still
elusive.

One crucial piece of information is supplied by PES (figure 3).
Upon adsorption on pristine Au(111) copper is in its metallic
state, and its electronic configuration changes on reaction with
BTAH in favour of a more oxidised species. Even though the Cu
2p3/; core level peak has a narrow fwhm, a full interpretation is
rather difficult. This is due to the complex structure of the top
layers of the Cu/Au(111) system [26, 27, 29, 32, 46-48] and the
difficulty in detecting postulated copper adatoms [11]. The
absence of secondary peaks above the one observed and
satellite structures allows one to exclude structural models
involving Cu(ll) [59]. Many studies focussing on solution
chemistry report the presence of Cu(l)-BTA compounds [5, 38,
53, 56-58]. Often the presence of Cu(ll) in those samples has
been attributed to post oxidation due to exposure to
atmosphere [60-63].

A model based on a Cu(BTA), species, as in figure 5g, further
coordinated to copper atoms through N, and N’; can explain the
observation of two chemical environments for the nitrogen
atoms as determined by PES: there would be a Cu-N
environment (for N1, N2 and N’1, N’2) and one N-N environment
(for N3 and N’3); the ratio would be Cu-N;(N;):Ns = 2:1, the
opposite of what is seen on Au(111) [14], where the
environments and ratios are Ni(Ns):N> = 2:1. This structure
would bare similarities with the Cug(BTA)4 cluster proposed by
Salorinne et al. [34] and is not too dissimilar from the oligomer
prepared by Liu and co-workers [36]. Both previous structures
would have to adopt a modified geometrical structure in order
to be accommodated on a surface. For hypothetical hydrogen-
bonded chains adsorbing flat on Cu(111), three nitrogen
environments have been reported: one involved in a hydrogen
bond (N3 with reference to figure 5e), the central one, N,
coordinated with a surface copper atom in a N—Cu bond and
one, N3, bonded to the hydrogen atom. Their calculated binding
energies differ by ca. 0.6 eV [11, ¥]. Even though no strong
chemical bonding to the surface was inferred, also on Au(111),
the three nitrogen atoms are chemically different. Yet, upon
adsorption the binding energies of N1 and N3 are perhaps very
similar, so that their individual contributions are not resolved
and a doublet is observed instead [14]. It is worth noting that
the N 1s binding energy range calculated in [11] spans up to 4
eV depending on the chemical environment and the chemical
species present. In the present work, the N 1s peaks are
constant in position, indicating that the chemical environments
of the nitrogen atoms do not vary much upon annealing.

The intensity of the Cu 2p3/, peak after dosing BTAH decreases
by ca. 6%, after annealing to 400 K increases by ca. 22%, then
after annealing to 500 K decrease by ca. 20% and after
annealing to 670 K the signal disappears completely. The N 1s
and C 1s peaks show similar intensities trends with annealing:
after annealing to 400 K the N 1s decreases by ca. 43%, the C 1s
decreases by ca. 44.4%; after annealing to 500 K, the N 1s peak
decreases by ca. 25%, the C 1s decreases by ca. 23%; after
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annealing to 670 K, the N 1s peak vanishes and only a residual C
1s signal is recorded.

The changes in the intensities of the photoemission signals can
be rationalised as follows: after dosing to saturation,
benzotriazole covers the whole surface (i.e. both the pristine
Au(111) and the copper-rich islands), leading to an attenuation
of the copper signal. With annealing to 400 K, physisorbed
species are desorbed and there is some surface segregation of
copper atoms induced by the reaction with BTA; as a
consequence of both effects, the copper signal increases. Upon
annealing to 500 K, desorption of some Cuy(BTA), species and
incorporation of copper in the bulk Au(111) are competitive.
Finally, after annealing to 670 K, also the remaining Cuy(BTA),
species desorb and the remaining copper is lost to the bulk gold.
From the similarity in the relative percentage decrease and the
retention of the spectra profiles of the N 1s and C 1s signals,
some desorption occurs, likely in the form of Cux(BTA), species
[10, 18, 34], with BTA moieties remaining intact on the surface
after each annealing step, except the final. Decomposition of
the species remaining on the surface would show as a change
of the shape of the photoemission peaks [11] and presumably a
loss of the NEXAFS mt* structure. However, a small amount of
decomposition may occur above 500 K, as suggested by the
residual C 1s signal, still present after annealing to 670 K.

From the values reported in table 3, it can be observed that the
N:C ratio calculated from PES is almost constant, 1:2.5, and
close to the expected 1:2 ratio. Additionally, from the
comparison between figures 4 and 5, the experimental n*
system signatures observed via NEXAFS are consistent with the
calculated ones, where intact BTA moieties are considered.
These observations indicate that the BTA moieties remain intact
throughout there is no appreciable
degradation on annealing, and further support the analysis of
in order to determine molecular

the experiments,

the angular dichroism
orientation.

BTAH adsorbed on Cu/Au(111) behaves similarly to multilayer
preparations on Cu(111), where the onset of the desorption of
physisorbed species is observed at around 320 - 350 K [10, 11].
This is also in agreement with the desorption of physisorbed
species observed on Au(111) [14]. The chemisorbed species, on
the other hand, were seen to desorb as Cu,(BTA), at about 550
— 595 K [10]. Gattinoni and co-workers [11] reported the onset
of desorption and surface assisted decomposition of a layer
consisting of dissociated BTA arranged in dimers with a ca. 30%
of BTA-Cu chains at a significantly lower temperature, around
430 — 450 K. As a further comparison, the onset of surface
assisted decomposition on Ni(111) was observed at 600 K [18].
NEXAFS measurements (figure 4) and their rationalisation
through comparison with the literature [11, 19], our own
modelling (figure 5) and the other experimental results allow us
to determine that the majority of the structures prepared upon
reaction of BTAH with copper-rich islands are likely Cu(BTA),
species associated with small copper clusters, which evolve to
short polymers, likely based on [Cu(BTA)], species, upon high
temperature annealing.

When considering the as prepared experimental spectrum at
20° (figure 4a), the comparison with the calculated spectra
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indicates the possibility that there could be a mixture of both
types of polymers (H- bonded and Cu-bonded), as the main nt*
peaks (400.5 eV) overlap significantly. In addition, the presence
of other species cannot be ruled out a priori. The principal
spectral signature appears to be related to the hydrogen-
bonded polymer, as also suggested by the decrease in the
photoelectron Cu:N peak ratio upon annealing to 400 K (table
3). On the 90° spectrum, a small 1t* signal bears a signature
similar to that of an upright Cu(BTA), species. Overall, when
considering the information derived from STM (figure 1a),
HREELS (figure 2a), PES (figure 3c), the species present are
considered to consist mainly of a flat-lying hydrogen-bonded
polymeric physisorbed species, as a majority, and a small
amount of Cux(BTA), chemisorbed species orientated more
upright.

NEXAFS measurement on multilayers of BTAH on Cu(100) have
reported that BTAH may adsorb in a tilted geometry
characterised by an overall 40° tilt angle of the molecular plane
with respect to the surface [19]. Such an overall tilt angle could
also be derived from an adsorption configuration in which the
top few layers are composed of flat-lying molecules, over an
upright monolayer, as in the low coverage regime, which shows
the opposite dichroism [19]. The dissociatively chemisorbed
molecules also show a much less resolved fine structure for the
n* resonance [19], as is also the case for the high coverage
regime on Cu(111), which was ascribed to BTA mostly arranged
in Cu(BTA); species and partially as chains of alternating upright
and flat BTA molecules [11]. The identification of Cu(BTA);
species chemisorbed upright and further coordinated with near
surface copper atoms is consistent with previous STM and
vibrational spectroscopy measurements on Cu(111) [9, 10].

As highlighted, on annealing to 400 K (figure 4b), the NEXAFS
spectra lose the signature of the hydrogen-bonded polymer and
assume something more akin to a species coordinated to
copper. As for the as prepared spectra, because of the overlaps
of the t* resonances for —[Cu(BTA)],— and Cu(BTA),, both such
species could be present after annealing to 400 K. A component
of the copper monomers could also be present; however the
assignment to a Cu(BTA), species explains the spectral change
well and also reproduces better the low energy shoulder at
403.3 eV seen in the first peak. Also different shifts in energy for
both monomers and Cu(BTA), would be required. Inclusion of
the monomers would lead to a much more prominent first peak
rather than a shoulder, given the presence of a feature at 398
eV. From a direct comparison between experimental and
calculated spectra, it cannot be determined whether only a
single species tilted to a specific angle is present, or if there is a
mixture of both flat and upright species, as the NEXAFS cannot
discriminate between the two configurations. A combination of
the calculated spectra for the —[Cu(BTA)]l,— and Cu(BTA),,
adsorbed to different angles, may well explain the angular
dependency of the experimental spectra, even though the
morphologies of the features present on the surface are more
complex than the calculated models, as derived from the STM
measurements reported in figure 1. STM images show that at
this temperature the prevalent condensed species is an
adsorbed species similar to that shown in the inset of figure 1a.
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Such structures may be composed of several Cu(BTA); species,
coordinated to a copper cluster. Because such structures are
not isolated Cu(BTA), species per se, they inherently bear a
signature of further coordinated Cu(BTA),, perhaps polymeric
species, albeit very short. Note that y/x evolves from 2 towards
1 with increasing length. Recently, in the low coverage
adsorption of benzotriazole on Cu(111), Cu-BTA chains, in which
the BTA moieties are alternating upright and flat-lying, have
been reported to be the prevalent species, along with a 25-35%
of upright bidentate monomers [11]. This is only partially
consistent with previous low coverage STM studies, which
revealed the surface to be covered in laterally stacked and
diffusing Cu(BTA), species and strongly adsorbed Cu(BTA)
species [9], which have been later ascribed to the interaction of
BTA with copper adatoms on the Cu(111) surface [8].

On annealing to 500 K (figure 4c) a further small desorption of
Cux(BTA), species from the surface is determined. However only
a small variation in the dichroism is seen, as shown by the
evaluation of the average angles of the * systems (figures 4b
and 4c). STM images show the appearance of a different species
on the Au(111) terraces, interpreted as a Cux(BTA), short
polymer, with stoichiometry close to 1:1, in which some of the
BTA molecules are upright, some other more tilted, and some
species are anchored at steps and islands edges (figure 1d). The
morphology of such a species is consistent with the NEXAFS
measurements.

Recently Gattinoni and co-workers [11] have presented
calculated NEXAFS spectra for various BTAH/BTA-Cu species
adsorbed on Cu(111). When compared to our work, the main
differences are that ours are gas-phase calculations, the
methods used are different and some of the chemical species,
although having the same empirical chemical formula, have
different geometry. Nevertheless, there are some similarities,
which are of a help in rationalising the experimental spectra.
Qualitatively our calculated spectra of the hydrogen-bonded
BTAH polymer match very well with the experimental spectra
recorded on Au(111), as shown in ESI S2. In ref. [11] the spectra
of a flat-lying hydrogen-bonded polymer on Cu(111) are
calculated instead. The main difference in the interpretation of
the spectra is that those of ref. [11] involve a N>-M (M, metal)
bond [£]. There is no evidence of a N;-Au bond in the case of
Au(111), suggesting that at least one of the nitrogen chemical
environments is different from those on the study on Au(111)
[14]. In addition, to date there is no experimental evidence for
hydrogen-bonded flat-lying chains on Cu(111) [9, 10].
Nevertheless, the calculated spectra reported in ref. [11] are
qualitatively similar to those presented in this work.

Our —[Cu(BTA)]n- chain calculated spectra could be considered
similar to those obtained for the low/high coverage chains
presented by ref. [11]: the ©* resonances show two evident
transitions and a smaller one. However, the geometries are
notably different: the models proposed by Gattinoni et al. [11]
show alternation of upright and tilted BTA moieties coordinated
to the Cu(111) surface through adatoms, whereas our model is
just a flat structure with BTA moieties alternating either side. It
is argued that the different orientation of the BTA moieties
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would result in a difference in the dichroism, which is not
observed here.

It is difficult to compare the spectra calculated for the Cu(BTA),
species: although the chemical species are similar, differences
in the chemical environments of the nitrogen atoms arise when
considering the bonding with the surface. In our gas phase
model only the N1(N’;1)-Cu bond is present; the model proposed
in ref. [11] takes into account also the interaction with the
surface through N3(N’;), whereas N3 (N’3) is bound to an adatom
[#].

No direct comparison can be made between the calculated
spectra of the monomers in this work and that of ref. [11], as
ours are monosubstituted, whereas that of ref. [11] is adsorbed
upright through N; and N3 [].

The most significant changes occurring upon depositing copper,
followed by BTAH, and after annealing, are highlighted in
scheme 2: on clean Au(111) (scheme 2a), copper is added, as
evidenced by the appearance of Cu-rich features (scheme 2b);
after exposure to BTAH, preferential chemisorption thorough
the triazole moiety occurs on Cu-rich areas; physisorption as
hydrogen-bonded chains is seen on the unmodified Au(111)

Nanoscale

surface (scheme 2c); annealing to ca. 400 K causes desorption
of the hydrogen-bonded physisorbed and induces copper
migrating into the bulk gold, whereas chemisorbed species still
remain anchored to the surface in various orientations (scheme
2d); upon annealing to ca. 500 K part of the chemisorbed
species desorb, part reorganise in short polymers initiated at
step (or islands) edges; copper keeps migrating into the bulk
gold (scheme 2e); finally, as a consequence of annealing to 650
K, all molecular features are desorbed, copper has fully
dissolved into the bulk gold and the morphology of Au(111)
surface is slightly changed, with the appearance of a gold island
where a Cu-rich island had formed upon deposition of copper
(scheme 2f).

The identification of the Cu(BTA), as a prevalent species,
accompanied by short oligomers, is in agreement with several
recent studies [9-11]. The reason why the necklace polymer,
although calculated to be the most energetically favourable
structure [3, 8, 11, 15, 23] is elusive has yet to be understood,
but is likely linked to the amount and character of copper atoms
available.
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Scheme 2. Most significant changes occurring upon depositing copper, followed by BTAH, and after annealing. a) clean Au(111); b) addition of Cu; c) addition of BTAH;
d) annealing to 400 K; e) annealing to 500 K; f) annealing to 650 K; see text for detailed description. Colour scheme: H, light grey; C, dark grey; N, blue; Cu, orange; Au,

yellow.
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3. Experimental and computational details

The Au(111) single crystal was cleaned by argon ion sputtering
at room temperature and annealing (ca. 830 K) cycles until a
surface characterized by the typical (22 x V3) structure of the
reconstructed clean substrate was observed by both LEED and
STM. BTAH dosing was carried out by opening a gate valve
separating a quartz crucible containing the compound from the
main chamber containing the Au(111) crystal held at room
temperature. BTAH has a vapour pressure high enough at room
temperature to sublime under UHV conditions [20]. Copper was
dosed on the Au(111) surface by electrically heating a high
purity copper wire wrapped around a tantalum filament,
yielding a deposition rate of ca. 0.07 ML min™ [26, 27]. The
copper coverage was calibrated by following the decrease of
the Au 4f;/; surface component on photoemission spectra.
HREELS (VSW HIB 1001 double-pass spectrometer)
measurements were carried out in a UHV system with a base
pressure better than 1 x 10-1° mbar, in the specular direction (0;
= Bf= 45°), with a primary beam energy of 4 eV and a typical
elastic peak resolution of ca. 50 cm™ (6.2 meV fwhm). STM (VT-
STM Omicron) experiments were performed scanning in
constant current mode, using home-made, electrochemically
etched, tungsten tips. Images were processed using the WSxM
software package [64].

NEXAFS and photoemission measurements were performed at
the SuperESCA beamline [65, 66] of the Elettra third generation
synchrotron radiation source in Trieste, Italy. The experimental
chamber was equipped with a Phoibos hemispherical energy
analyzer (SPECS GmbH) with a homemade delay-line detector
[67] and had a background pressure of about 2 x 1019 mbar.
NEXAFS data were collected by monitoring the yield of N KLL
Auger electrons at 380 eV. Data were recorded for angles of
incidence in the range 20° < 6 < 90°; the angle between the
photon beam and the electron energy analyser was 70° and the
linear polarisation ca. 100%. Data were normalised following an
established procedure that includes dividing the spectrum of
the adsorbate covered surface by that of the clean surface [68],
having first divided each spectrum by the measured incident
photon flux as recorded from a clean gold mesh located close to
the main experimental chamber. Normalisation to a unit step
height and peak fitting were done using the Athena package
[69]. Angular dependency and estimation of the orientation of
the molecular plane were addressed according to [54, 68].
Core level photoemission spectra were recorded with the
sample at room temperature and at photon energies of 320 eV
(Au 4f), 400 eV (C 1s), 500 eV (N 1s), or 1050 eV (Cu 2ps3,2) with
an overall energy resolution better than 100 meV at a photon
energy of 320 eV and 250 meV at a photon energy of 1050 eV.
At these photon energies the kinetic energies for emission from
each of the elemental core levels are of ca. 100 eV for all
spectra; therefore the transmission function of the analyser can
be considered constant for all measurements. Binding energies
were referenced to the Fermi level recorded for each photon
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energy. Photoemission spectra were used to verify surface
cleanliness. Damage to the overlayer was minimized by probing
the sample at different surface locations for each
measurement. Data fitting was done using the CasaXPS
software [70]; in the quantitative determination of the
stoichiometric ratios, the following cross-sections were used (in
the dipole length approximation, referenced to C 1s): C1s 1, N
1s 0.925, Cu 2p3/2 1.210 [71, 72]. Spectra were normalised by
dividing the measured signal by the number of scans and the
photon flux.

Density Functional Theory (DFT) calculations for both the
geometry optimisation and the NEXAFS spectra at the N-edge
for several benzotriazole, and benzotriazole-copper related
species were performed using the StoBe code [55, 73]. The non-
local exchange functional of Becke [74], together with the
correlation functional of Perdew [75], were used for the density
functional. For the ground state calculations, TZVP basis sets
[76] were used: 7111/411/1 for carbon and nitrogen and 311/1
for hydrogen together with the auxiliary basis sets of (5,2; 5,2)
for carbon and nitrogen and (3,1; 3,1) for hydrogen. For the
excited state NEXAFS spectra, the half core hole approach, or
transition state approach, was applied [77, 78]; this approach is
considered as a balance between initial and final state effects
and includes relaxation terms. Apart from this treatment of the
relaxation, the calculation does not include any other treatment
of processes that are on the time scale of the lifetime of the core
hole and could affect the resonance intensity and structure. No
bonding to the Au(111) surface is considered, in the assumption
of a weak interaction with the substrate [14]; the geometrical
structures are from optimised “gas phase” species.

4. Conclusions

The formation and thermal behaviour of low dimensional metal
organic species produced upon adsorption of benzotriazole on
copper-doped Au(111) surfaces have been investigated through
complementary surface sensitive techniques and supported by
computational modelling. Benzotriazole has been seen to
physisorb as a hydrogen-bonded species on unmodified
Au(111), whereas on copper-rich areas dissociative
chemisorption occurs. The prevalent species is a Cu(BTA), metal
organic compound further coordinated with copper atoms on
or in the gold surface top layers. Short polymers (oligomers)
based on a Cu:BTA 1:2 ratio are also seen. On annealing such
oligomers evolve into longer polymers, with a ratio moving in
favour of 1:1; however, the necklace polymer, which is
considered the most stable structure formed on adsorption of
BTAH on copper surfaces, was not observed. The tendency to
produce oligomers, rather than extended polymers, may be
linked to the limited availability of active copper atoms.

These findings contribute to a further understanding of the
interaction between benzotriazole and copper and, in turn, are
expected to help in rationalizing the mechanism at the basis of
the protection of copper and copper alloys from corrosive
phenomena.
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