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A B S T R A C T   

The adsorption of organic molecules on metal surfaces is often mediated by metal adatoms, however their effect 
on the geometry of the resulting supramolecular structure can be difficult to determine. Herein, the role played 
by reactive copper atoms in the adsorption chemistry of benzotriazole (BTAH), an organic corrosion inhibitor for 
copper well-known for forming adatom mediated supramolecular structures, on an inert substrate, Au(111), has 
been investigated in an ultra-high vacuum environment using a combination of complementary surface sensitive 
techniques and density functional theory calculations. Pseudo-ordered and hydrogen bonded flat-lying assem
blies convert into ordered -[CuBTA]n- flat-lying organometallic species of well-defined stoichiometry upon 
addition of copper atoms from the gas phase onto an Au(111) surface, which has been pre-dosed with BTAH. The 
formation and characterisation of these organometallic species are discussed in the light of the experimental 
results and computational modelling. The combination of complementary experimental and computational 
methods is crucial in order to obtain a thorough characterisation of such a complex system. The final supra
molecular structure shows previously unseen BTA phases, which are favoured by the adsorption distribution of 
copper adatoms on Au(111), and are stable up to 500 K.   

1. Introduction 

The bottom-up synthesis of extended organic monolayers on metal 
surfaces has gained considerable research interest because of the pos
sibility of tailoring surface morphologies and functionalities. When 
organic molecules are deposited on a surface, self-assembly can be 
regarded as the result of a balance between the different interactions in 
the system, such as molecule–surface and molecule–molecule in
teractions, leading to adsorption and rearrangement. The binding of a 
molecule to a surface may be mediated by the presence of adatoms 
[1–22], as is the case also for benzotriazole (BTAH, Scheme 1a), a well- 
known corrosion inhibitor for copper and its alloys [23–40]. 

Often the presence of adatoms is inferred from the spacing between 
STM features, without a direct observation [7,9–22]. Single adatoms can 
seldom be identified when isolated [18–20], in an organometallic 
compound [17,19,21], or when they form small clusters [12]. In 
contrast, the role of hetero-adatoms, that is adatoms that are chemically 
different from the metal substrate [9–22], can be assessed directly, for 
example via XPS, and their surface concentration can be easily varied 

[14]. Moreover, chemically equivalent but morphologically different 
structures have been seen to form when hetero-adatoms are dosed after 
the deposition of the organic species rather than before [18,19]. Thus, it 
is of great interest to study hetero-adatoms in supramolecular structures, 
both to clarify the role of adatoms in structures where this is not 
otherwise clear, as well as to understand the kinetic effects regulating 
the behaviour of adatoms in adsorbed organometallic complexes. 

In this contribution, attention is focused on the effects played by 
copper atoms, dosed from the gas phase, in the formation of BTAH 
organometallic assemblies, on Au(111) surfaces pre-covered by BTAH. 
A better understanding of the behaviour of BTAH/Cu organometallic 
complexes has important technological implications. Indeed, under
standing the nature of the interactions between BTAH and copper ada
toms can lead to the recognition of the fundamental building blocks 
which form the passivating layer protecting the copper surface from 
further oxidation, which would ultimately lead to corrosion. In addition 
to this, rationalisation of the adsorption mechanism can also help in the 
search for novel corrosion inhibitors based on similar scaffolding, or on 
similar principles as BTAH, such as, for example, functionalized BTAH 
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[39,40] or N-heterocyclic carbenes [21–22,41–42]. 
To unravel the complexity of such a system, a synergistic experi

mental and computational approach has been employed. Measurements 
were conducted in an ultra-high vacuum environment, through com
plementary surface sensitive techniques including scanning tunnelling 
microscopy (STM), to obtain topographic images of the organometallic 
structures with molecular resolution, and high-resolution electron en
ergy loss spectroscopy (HREELS), giving information on molecular co
ordination and orientation. Synchrotron based techniques, such as X-ray 
photoelectron spectroscopy (XPS) and near edge X-ray absorption fine 
structure (NEXAFS) spectroscopy were crucial in providing information 
on the chemical state and orientation of the system. The observed 
structures are compared with density functional theory (DFT) calculated 
models and critically discussed in the light of previously proposed 
adsorption models. 

2. Materials and methods 

Before exposure to benzotriazole and copper the Au(111) single 
crystal was prepared by argon ion sputtering and annealing cycles until a 
featureless background was seen in HREELS, XPS and large terrace with 
the characteristic (22 × √3) reconstruction were observed on STM. 

BTAH dosing was carried out by simply opening a gate valve sepa
rating a quartz crucible containing the compound from the main 
chambers containing the Au(111) crystal held at room temperature. 
BTAH has a vapour pressure high enough at room temperature to sub
lime under UHV conditions [27–28]. Copper was dosed on the Au(111) 
surface by electrically heating a high purity copper wire (5 N purity, 0.1 
mm diameter) wrapped around a tantalum filament (5 N, 0.25 mm), 
yielding a deposition rate of ca. 0.07 ML (monolayer) min− 1 

[20,31,43–45]. 1 ML is defined as one copper atom per surface unit cell 
of Au(111). The copper coverage was calibrated by following the 
attenuation of the Au 4f7/2 surface component on XP spectra. 

HREEL measurements (VSW HIB 1001 double-pass spectrometer) 
were carried out in a UHV system with a base pressure better than 1 ×
10− 10 mbar, in the specular direction (θi = θs = 45◦, where θi and θs are 
the angles formed by the incident, i, and scattered, s, electron beams with 
the surface normal), with a primary beam energy of 4 eV and a typical 
elastic peak resolution of ca. 50 cm− 1 (6.2 meV fwhm). 

NEXAFS and XPS measurements were performed at the SuperESCA 
beamline [46–47] 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 home
made delay-line detector [48] and has a background pressure of about 2 
× 10− 10 mbar. NEXAFS data were collected by monitoring the yield of N 
KLL Auger electrons at 380 eV. Data were recorded for angles of inci
dence in the range 20◦ ≤ θ ≤ 90◦; the angle between the photon beam 
and the electron energy analyser was 70◦ and the linear polarisation of 
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 [49], 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. Post processing, 

normalization to a step height of 1 unit, and peak fitting were done with 
the Athena package [50]. Angular dependency and estimation of the 
orientation of the molecular plane were addressed according to refs. 
[49] and [51]. 

Core level XP spectra were recorded with the sample at room tem
perature, and at photon energies of 320 eV (Au 4f), 400 eV (C 1s), 500 eV 
(N 1s), or 1050 eV (Cu 2p3/2) with an overall energy resolution better 
than 100–250 meV. At these photon energies, the kinetic energy 
measured by the analyzer is around 100 eV, allowing one to assume an 
approx. constant transmission function for the analyzer. Binding en
ergies were referenced to the Fermi level recorded for each photon en
ergy. XP spectra were used to verify surface cleanliness. Possible X-ray 
induced overlayer damage was minimized by probing the sample at 
different surface locations for each measurement. Data fitting was done 
using the CasaXPS software [52]. For the peak fitting a Shirly-type 
background was subtracted and Gaussian-Lorentzian shapes were used 
(typically Gaussian with a 35% of Lorentzian). In the quantitative 
determination of the stoichiometric ratios, the raw intensities were 
normalised by the respective photon flux and the following normalised 
cross-sections were used: C 1s 1, N 1s 0.925, Cu 2p 1.210 [53–54]. The 
data shown here are those calculated in the dipole length 
approximation. 

STM (VT-STM Omicron) experiments were performed in UHV with 
base pressure better than 1 × 10− 10 mbar; scanning was done in constant 
current mode, at room temperature, using home-made electrochemi
cally etched tungsten tips. Images were processed using the WSxM 
software package [55]. 

Simulations of copper adsorbed on BTAH pre-covered Au(111) have 
been optimized using VASP [56,57] with the optB86b-vdW functional 
[58] and the projector augmented wave (PAW) method [59]. The kinetic 
energy cutoff on the basis set was 400 eV. Periodic images were sepa
rated by ca. 20 Å vacuum and the atomic coordinates of the bottom two 
gold layers were kept fixed at bulk values. Convergence of all the set
tings was thoroughly checked. The Monkhorst-Pack k-point mesh for fcc 
Au bulk is 12 × 12 × 12, giving a lattice constant aDFT = 4.17 Å, in good 
agreement with the experimental one aexp = 4.07 Å. 

Four-layer-thick Au(111) slabs were used. High coverage structures 
along the [110] direction have a surface area of 3 × 2 unit cells (uc), 
while along the [112] direction structures with 5 × 2 uc, 6 × 2 uc, 7 × 2 
uc and 3 × 2 uc surface areas were tested. Isolated dimers were also 
tested in unit cells of 7 × 7 uc surface area. It was observed that the 
preferred position of copper adatoms on the Au(111) surface is in the 
three-fold hollow site, in good agreement with previous literature [60]. 
Adsorption on bridge and on top sites were found energetically more 
costly, by 0.03 eV and 0.8 eV respectively. 

The free energy of adsorption has been used to evaluate the energetic 
stability of the two consecutive adsorption processes which are exam
ined in this work, formation of BTAH hydrogen-bonded chains first, 
which convert into organometallic chains upon addition of copper atoms 
from the gas phase and release of hydrogen, are described with the two 
following reactions: 

nBTAH +Au(111)→-[BTAH]n-/Au(111) (1)  

-[BTAH]n-/Au(111) + mCu→-[CuBTA]m,n-/Au(111)+
n
2

H2 (2)  

where -[BTAH]n- and -[CuBTA]m,n- indicate the hydrogen bonded and 
organometallic polymer respectively, n is the number of BTAH mole
cules and m is the number of gas phase copper atoms; when n ≈ m 
(derived from XPS, see section 3.1.2), hydrogen bonded BTAH chains 
and copper atoms are quantitatively converted into organometallic 
chains. In the present modelling work, m = n = 2. A more complete 
description of this simplified scenario is reported in SI1. 

The free energies for reaction (1) and (2), E1 and E2, can be 
approximated as [61,62] (full derivation in SI1): 

Scheme 1. Chemical structure of (a) benzotriazole (BTAH) and (b) deproto
nated benzotriazole (BTA− ); in (a) N atoms are labelled for reference; in (b) the 
C2 axis of BTA− is shown; colour scheme: H, white; C, grey; N, blue. 
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E1 =
1
A1

(
E-[BTAH]n-/Au(111) − nEBTAH − E1

Au(111)

)
(3)  

E2 =
1
A2

(
E-[CuBTA]m,n-/Au(111) +

n
2
EH2 − mECu − A1E1 − nEBTAH − E2

Au(111)

)
(4)  

where A1 and A2 are the surface areas of the unit cell for the -[BTAH]n-/
Au(111) and -[CuBTA]m,n-/Au(111) systems, respectively (shown in SI1). 
The total energies are E-[BTAH]n-/Au(111) for the hydrogen bonded chains, 
E-[CuBTA]m,n-/Au(111) for the system of organometallic chains, EBTAH for the 
BTAH molecule in the gas phase, E1

Au(111) and E2
Au(111) for the Au(111) 

slabs of surface area A1 and A2, EH2 for a gas phase dihydrogen molecule 
and ECu for a single copper atom in the gas phase. Equation (3) corre
sponds to the free energy of adsorption of hydrogen bonded BTAH 
molecules on Au(111), Equation (4) to the energy change when the 
hydrogen bonded chains transform into organometallic chains upon 
deposition of gas phase copper atoms and release of hydrogen to the gas 
phase. Negative free energies of adsorption indicate increased stability. 

Adsorption energies, Eads, of BTA species are calculated as: 

Eads =
(
E-[CuBTA]m,n-/Au(111) − nEBTA − ECum/Au(111)

)/
n (5)  

where EBTA and ECum/Au(111) are, respectively, the total energies of the 
BTA species in the gas phase and of the fully relaxed Au(111) substrate 
with m copper adatoms. 

XPS core shifts for N 1s were calculated with VASP in the final state 
approximation using a modified PAW method [63]. The core electron 
binding energy, EB, is calculated as the difference between the total 
energies of the final (excited) state, EF, and the initial (ground) state, EI :

EB = EF − EI. The specific quantity reported herein is the binding energy 
shift, ΔEB, relative to a reference system, EB,ref : ΔEB = EB − EB,ref . As a 
reference system the atom closer to the surface was chosen. The model N 
1s XP spectra were generated from the shifts by the superposition of 
Gaussian peaks with full width at half maximum fwhm 0.95 eV. It has 
been shown that XPS simulations using this method provide an excellent 
signature of the binding structure of the azole moiety to the substrate 
[30]. 

Geometrical optimization and frequency calculation of gas phase 
species were done with Gaussian 09, [64], using DFT, B3LYP, 6-311g, 
under the assumption of a weak interaction with the surface, as was 
also the case for adsorption of BTAH on Au(111) [65], and Cu/Au(111) 
[31]. 

3. Results and discussion 

3.1. Experimental 

3.1.1. HREELS 
After initially dosing BTAH to saturation onto the Au(111) surface, 

as reported in Fig. 1, spectrum a), the vibrational spectrum is dominated 
by the energy loss signals of flat lying, hydrogen-bonded interlocked 
species [65]. Table 1 summarises the observed vibrations and their as
signments. A comparison with calculated spectra is reported in SI2. 

For flat-lying molecules characteristic vibrations are observed at 265 
cm− 1 (shoulder) corresponding to an out-of-plane (oop) buckling mode 
of the full molecule; at 410 cm− 1, 520 cm− 1 and 560 cm− 1 due to 6- and 
5- member rings out-of-plane deformations; at 750 cm− 1 assigned to the 
strong C-H out-of-plane bending mode. A raised background in the 1000 
– 1500 cm− 1 range accounts for weak C-N and C-C in-plane related vi
brations. A further signature of the flat orientation of the BTAH mole
cules is the absence of the vibrational modes related to the N-H group. 
Indeed, in a parallel adsorption geometry, the N-H stretch (ca. 3500 
cm− 1) is essentially dipole inactive, as is the in-plane bend at ca. 1560 
cm− 1. An N-H oop bend expected at ca. 690 cm− 1 is dipole active, yet 
very weak, because of hydrogen bonding between the molecules. 

Upon addition of ca. 0.2 monolayer equivalent of gas phase copper 

atoms (Fig. 1, spectrum b), no dramatic changes are seen in the energy 
loss spectrum; the main difference is the appearance of a peak at 1445 
cm− 1, and a slightly higher background in the ν CH region at around 
3000 cm− 1. This indicates that most of the adsorbed species still have 
their molecular planes almost parallel to the surface, in agreement with 
both STM and NEXAFS observations and the calculated model, as will be 
shown later. A different vibrational spectrum has been observed previ
ously when molecular species are coordinated with the copper surface 
and adsorbed in an upright configuration [26,27,66]. With annealing to 
340 K (Fig. 1, spectrum c), a further vibration appears at ca. 1115 cm− 1. 
On the ν CH region, a broad peak at ca. 2890 cm− 1 and a sharp peak at 
3080 cm− 1 are now more evident. The spectrum seen after annealing to 
420 K (Fig. 1, spectrum d) shows a general decrease in total intensity, 
which is attributed to desorption of weakly bound species. In particular, 
the vibrations at 410, 505 and 560 cm− 1 disappear, whereas new signals 
appear at 380 and 460 cm− 1. The CH wagging mode at 750 cm− 1 shows 
the more significant attenuation and develops a peak at 675 cm− 1, 
which is attributed to an oop mode of the triazo group. Additional vi
brations are seen at ca. 965 cm− 1, 1250 cm− 1, 1440 and 1585 cm− 1. A 
peak at 3055 cm− 1 becomes more evident. The spectral changes 
observed upon annealing render evident a change in coordination of 
BTAH with respect to copper, as will be shown later; the overall change 
in γ/ν CH, as well as the difference in the out-of-plane deformations of 
the benzene ring (410 – 560 cm− 1), can be interpreted as a reorientation 
from a flat-lying to a slightly more tilted geometry. 

3.1.2. XPS 
Fig. 2 shows XP spectra following dosing of the Au(111) surface with 

BTAH to saturation, then adding copper to ca. 0.2 ML equivalent and 
annealing. After preparation (panels b), a Cu 2p3/2 peak is recorded at 
931.9 eV (with a full width at half maximum, fwhm, of 1.2 eV). Since Cu 
(0) and Cu(I) have similar binding energy (BE) [72–74], it is difficult to 
determine unambiguously the copper oxidation state a priori, and often 
the evaluation of the copper oxidation state is made considering the Cu 
LMM Auger lines [75–79]. However, as very reactive copper atoms are 
deposited, the symmetric and narrow shape of the observed Cu 2p3/2 
peak and its BE value indicate that copper is more likely to be in the +1 
oxidation state. The absence of a peak at higher BE and of a satellite 
structure at ca. 945 eV [72–75,77–79] (not shown) rule out the presence 
of Cu(II). As a comparison, upon adsorption of copper on Au(111), a 
partial charge transfer from the copper atoms to the gold surface occurs 
[43–45], but a formal net charge cannot be attributed to copper. 

Fig. 1. HREEL spectra following exposure of an Au(111) surface to BTAH to 
saturation, addition of ca. 0.2 ML of Cu, and annealing to the indicated tem
peratures. Spectra are normalised to the intensity of the elastic peak and offset 
for clarity. 
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However, a more important effect occurs when copper atoms react with 
BTAH to form organometallic compounds. In fact, upon exposure of Cu/ 
Au(111) to BTAH, copper oxidises to Cu(I) [31]. The determination of 
the +1 oxidation state is also in agreement with what was observed on 
previous studies on adsorption of BTAH on Cu(111) [30], and Cu(110) 
[66] surfaces. 

The N 1s region shows a signal which is best fitted with three com
ponents having respective maxima at 399.2 eV, 400 eV and 400.8 eV 
(fwhm 0.7 eV) and an area ratio of 1.9:1.4:1. A Cu:N ratio of ca. 1:6 is 
calculated, which corresponds to two BTA species per copper atom. 
Furthermore, the C 1s region shows a signal which is best fitted with 
three components with maxima at 284.2 eV, 284.9 eV and 285.5 eV 
(fwhm 0.6 eV) and an area ratio of 4.6:2.8:1. The carbon to nitrogen 
ratio is calculated as 2.4:1 (expected 2:1). The shapes of both N 1s and C 
1s peaks are in agreement with those observed for oversaturated layers 
of BTAH on Cu(111) [30], Cu/Au(111) [31] and Cu(110) [66]. Such 
shapes were interpreted as an indication that the molecular layer is 
formed by a combination of various chemisorbed organometallic 
Cux(BTA)y species, adsorbed at varying angles with respect to the sur
face, and flat lying hydrogen bonded species [30,66]. Table S2 shows N 
1s and C 1s binding energy values (eV), for BTAH and selected 

organometallic compounds (see SI3). On annealing (panels c) to 393 K 
the Cu 2p3/2 peak position stays almost constant (931.95 eV), while its 
fwhm decreases slightly (1.12 eV). Both N 1s and C 1s regions lose their 
respective higher binding energy components. The N 1s region can now 
be fitted with two components at 399.1 eV and 399.9 eV, fwhm 0.7 eV, 
with an area ratio of ca. 1.6:1 (expected 2:1). The obtained peak ratio is 
inverted with respect to that recorded following adsorption on clean Au 
(111) [65], but similar to that observed for BTAH/Cu/Au(111) [31]. A 
previous study on BTAH pellets had also observed two N components in 
the XP spectra; the peak component at 399.5 eV was assigned to the N 
surrounded by other N atoms (N2 with reference to Scheme 1a), while 
the component at 400.5 eV was ascribed to N bonded with C (N1/3 with 
reference to Scheme 1a) [79]. In the present case, the observation of a 
doublet after annealing suggests that the nitrogen atoms in the triazole 
ring are in different chemical environments also when BTAH reacts with 
copper. The inverted ratio with respect to adsorption on clean Au(111) 
[65] and solid phase BTAH [79], implies that BATH behaves differently 
in the presence of copper, as expected. 

Analogously, after annealing to 393 K, also the C 1s region can be 
fitted with two components at 284.1 eV and 284.8 eV, fwhm 0.51 eV, 
with an area ratio of ca. 1.5:1 (expected 2:1). The observed ratio is 

Fig. 2. Cu 2p3/2, N 1s and C 1s XP spectra before, (a), and following exposure of a Au(111) surface to BTAH to saturation and addition of ca. 0.2 ML equivalent of Cu, 
(b), and annealing to 393 K, (c), to 493 K, (d) and to 670 K, (e); data points in black; peak fitting in colours. 

Table 1 
Observed energy losses and assignments /cm− 1.  

mode sat BTAH 0.2 ML Cu 340 K 420 K Ref. 

ν CH   2980, 3080 2980, 3055 [26,29,31,33,66–68] 
ν CC + ν CN + δ CH    1585 [27,31] 
ν C6H4 ring + δ CH  1440 1440 1440, 1480 [26,27,31,33,69–70] 
ν NNN in N—Cu(I)    1250 [27,31,71] 
ν NNN + ν CH   1115  [26,31,33,69–70] 
δ CH    965 [26,27,31,33,69] 
γ CH 750 750 750 740 [27,31,33,66,68] 
δ NNN    675 [31,68] 
γ C6H4 ring 560 560 560  [27,31,68] 
γ C6H4 ring 505 505 505  [27,31,68] 
γ C6H4 ring    460 [27,31,68] 
γ C6H4 ring 410 410 410  [27,31,68] 
ν Cu-N1    380 [27,69] 
whole molecule buckling 265 265 265 265 [27,31,68] 

ν stretch, γ out-of-plane bend, δ in-plane bend. 
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similar to that determined upon adsorption on clean Au(111) [65] and 
Cu/Au(111) [31], a clear indication that the benzene ring is in a similar 
environment. Part of the physisorbed BTAH molecules desorb, leaving 
on the surface almost exclusively BTA species coordinated with copper. 
A Cu:N ratio of 1:3.4 is calculated. Considering that each BTA species 
contains three N atoms, this is interpreted as the presence of an organ
ometallic compound in which the Cu:BTA ratio is ca. 1:1. The C:N ratio 
remained at 2.4:1, indicating that the BTA(H) species are still intact. 

Upon annealing to 493 K (panels d in Fig. 3), an overall decrease in 
peak intensities is seen, while peak positions, Cu:N and C:N ratios 
remain almost constant, up to 673 K, when both Cu 2p3/2 and N 1s 
signals vanish. Some residual signal is still present in the C 1s region. The 
changes in intensities and intensities’ ratios of the XPS signals with 
annealing are summarised in Table 2. 

The Cu:BTA ratio is in favour of an excess of BTAH; this is expected to 
manifest as some remaining BTAH diffusing species after addition of 
copper. However, the presence of some copper clusters is also seen on 
STM (see 3.1.4). This is ascribed to the difference in the areas sampled 
by the two techniques, XPS averaging over a much larger area, while the 
concentrations of the different adsorbed species may vary locally, as 
revealed by STM. The relative stability of Cu:N and C:N ratios with 
annealing and the relative decrease of the peaks’ intensities can be 
interpreted as initial desorption of weakly bound BTAH species, fol
lowed by some gradual desorption of a Cux(BTA)y compound, with 
Cux(BTA)y still remaining on the Au(111) surface. Desorption of an 
organometallic complex was also observed from Cu(111) [complete by 
ca. 600 K, 27], Cu/Au(111) [stable to 500 K at least, complete by 670 K, 
31] and Ni(111) [complete by ca. 600 K, 80]. 

3.1.3. NEXAFS 
Fig. 3 shows grazing, 55◦ and normal incidence N K-edge NEXAFS 

spectra following exposure to BTAH and copper at room temperature 
(a), and after annealing to 393 K (b) and to 493 K (c), with the 90◦-20◦

difference spectra (d) at each temperature. 
With reference to the spectrum collected at an incidence angle of 20◦

at room temperature (red lines), a detailed π* structure with resonances 
at 399.4, 399.9, 401.5 and 402.5 eV photon energy and σ* resonances at 
406.5 and 411.6 eV photon energies are observed. The room tempera
ture spectra are very similar to those recorded for BTAH deposited on Au 
(111) [65] and on Cu/Au(111) [31], however the fine structure of the 
π* resonance in the 20◦ angle spectrum is not as resolved as for Au(111) 
and the dichroism is slightly reduced, as a small π* resonance is still 
present in the normal incidence spectrum, as observed for Cu/Au(111). 
The change in the fine structure of the π* resonance is ascribed to the 
presence of both a hydrogen-bonded and a metal organic compound. A 
fitting procedure performed on angular dependent measurements (SI4, 
Figure S4a) gives an average tilt angle of 12◦ ± 5◦ for the triazole ring 
with respect to the surface. This has to be compared with an almost 
parallel adsorption on Au(111) [65], and with the adsorption on Cu/Au 
(111) where for mixed species adsorbed at various geometries an 
average angle of 38◦ ± 5◦ for the triazole ring was calculated [31]. Upon 
annealing to 393 K (Fig. 3b), the majority of the flat-lying freely 
diffusing hydrogen bonded species are desorbed and what remains on 
the surface are more strongly bound organometallic species. With 
reference to the spectrum collected at grazing incidence, π* resonances 
are observed at photon energies of 399.3, 399.9, 401.5 and 402.6 eV, 

whereas σ* are observed at 406.8 and 411.7 eV. When compared to the 
adsorption of BTAH on Cu/Au(111) [31], clear spectral differences are 
seen. Furthermore, considering the calculations reported in [31], the 
relative increase of the shoulder at 399.3 eV (a in inset Fig. 3d) with 
respect to that at 399.9 eV (b in inset Fig. 3d) in the fine structure π* 
resonance, is interpreted as the formation of a Cu-N1 bond. The a:b ratio 
from 0.67 at RT changes to 0.96 after annealing to 393 K. This relative 
increase is rendered more evident in the inset in the 90◦-20◦ spectra 
(Fig. 3d). Both the angular dependency and fine structure of the π* re
gion of the NEXAFS features indicate that the organometallic species is 
adsorbed either at a small angle, calculated as 10◦ ± 5◦ (SI4, 
Figure S4b), or the majority of which is adsorbed flat, and the small 
contribution to the dichroism is due to the upright species adsorbed at 
copper clusters at the elbows of the herringbone reconstruction, as 
evidenced by STM. 

Upon further annealing to 493 K (Fig. 3c), only small changes in the 
spectra are recorded. Qualitatively, the π* resonance structure remains 
essentially unaltered, whereas a worsening of the signal-to-noise ratio is 
seen. With reference to the spectrum collected at a 20◦ incidence angle, 
the π* resonances have maxima at 399.5, 399.9, 401.4 and 402.4 eV, 
whereas σ* resonances are observed at 406.6 and 411.6 eV. The a:b ratio 
stays 0.96, indicating that the overall structure of the adsorbed species 
does not change. The average tilt angle of the triazole ring with respect 
to the surface is estimated as 10◦ ± 5◦ (SI4, Figure S4c). In line with XPS 
measurements, for which peak shapes and positions are unchanged, only 
the areas change, this is interpreted as an easier desorption of the flat- 
lying Cu(BTA)2 species, the majority of which are on the surface, with 
those at the herringbone elbows still persistent. At each temperature, the 
residual intensity of the π* resonance recorded at a normal incidence 
angle can also be attributed to a minority of molecular species adsorbed 
at step edges and other surface defects. 

3.1.4. STM 
As already highlighted, after dosing BTAH to Au(111) to saturation, 

hydrogen-bonded flat-lying structures are formed [65, see also 
Figure S9]. Such structures are not observed at room temperature via 
STM, because of rapid diffusion [31,65]. Even upon addition of copper, 
to ca. 20% coverage equivalent, molecular diffusion is still prevalent; 
however, on annealing to 340 K loosely bound hydrogen-bonded species 
desorb and molecular features can be resolved, as shown by the STM 
topographs in Fig. 4. Such features are attributed to organometallic 
species, indicating that copper atoms play a fundamental role in sta
bilising the ad-layer structure. The brighter and larger features on the 
terraces in Fig. 4a are attributed to copper atoms which have condensed 
on the Au(111) herringbone elbows to form small clusters, whereas the 
organometallic species can be observed as a fine structure. Clusters 
cover ca. 5.2% of the area shown (see SI5), have widths in the range 5 – 
12 nm, and their positions match that expected for the elbows of the 
herringbone reconstruction, measured as 6.4 nm (expected value ca. 6.3 
nm) as in profile c in Figure S6c. The mass balance with respect to the 
nominal amount of copper dosed, ca. 20%, is essentially satisfied, 
considering that clusters are layered (see line profile a in figure S6c), 
copper is incorporated in the organic layer to form the organometallic 
species, and some migration of copper atoms sub-surface cannot be ruled 
out [18–20,43–45]. Adsorbed features appear as sequences of elongated 
protrusions (Fig. 4b, annealed to 420 K). 

Table 2 
Changes in XPS signals with temperature.  

temp /K Cu 2p3/2 /% N 1s /% C 1s /% C:N Cu:BTA Notes 

RT  100.00  100.00  100.00  2.4:1 1:2 As prepared 
393  90.06  51.69  52.16  2.4:1 1:1.1 ΔCu − 9.94%; ΔN − 48.31%; ΔC − 47.84% 
493  50.21  28.25  29.91  2.5:1 1:1.1 ΔCu − 39.85%; ΔN − 23.44%; ΔC − 22.25% 
673  –  –  12.71  – – Molecular desorption complete  
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Each protrusion is consistent with the molecular dimension of a 
benzotriazole molecule adsorbing with its molecular plane almost par
allel to the surface; an adsorption geometry also indicated by vibrational 
spectroscopy and NEXAFS measurements. Protrusions appear to pair 
and form chain-like structures running for several nm and are not 

confined within the ridges of the herringbone reconstruction, which is 
almost unperturbed (exception made for some of the elbows which are 
decorated by the copper clusters) under the ad-layer; its presence has 
been highlighted in Figure S6. The overview in Fig. 4a) also shows that 
chains appear to “connect”, or to change direction, in correspondence of 

Fig. 3. Angular dependent N-K edge NEXAFS spectra (a) following exposure of an Au(111) surface to BTAH to saturation and addition of ca. 0.2 ML equivalent of 
Cu, (b) after annealing to 393 K, (c) 493 K (d), 90◦-20◦ spectra at each temperature. The measurement geometry and the direction of the photon beam polarisation are 
sketched in the lower right corners of the graphs. 

Fig. 4. Topographic STM images showing features produced upon dosing ca. 0.2 ML equivalent Cu on an Au(111) surface pre-saturated with BTAH; (a) 340 K, 75 ×
75 nm2, − 0.8 V, 0.25 nA, surface directions as in the inset; (b) 420 K, A along [231], B along [110] and C along the [112], indicate line profiles reported in (c); i 
indicates diffusing species, ii indicates features which have been moved along the fast scanning direction (horizontal), iii indicates domain edge features which appear 
more elongated, iv indicates molecular condensation over a copper cluster at the elbow of the herringbone reconstruction, 22.5 × 22.5 nm2, − 1 V, 0.15 nA; (c) A, B 
and C line profiles as in (b). 

F. Grillo et al.                                                                                                                                                                                                                                    



Applied Surface Science 600 (2022) 154087

7

herringbone elbows. The majority of the chains on the left side of Fig. 4b 
follow close packed directions, whereas those on the right end side 
follow 〈112〉-type directions. The longer molecular axes appear to be 
rotated by 60/120◦ with respect to the direction of propagation of the 
chain, thus aligned to the same type of directions. The observation of 
organometallic chains running along the two principal and equivalent 
crystallographic directions, without a clear preference, points to the 
energy of adsorption of the chains being similar. Cross section mea
surements in Fig. 4b, reported in Fig. 4c, help in determining the 
possible coordination of the adsorbed features. Profile A, along the [231]
direction, runs across 12 rows of molecular features and shows two 
average spacings of 0.66 nm between maxima next to a shallow valley 
and 0.88 nm between to maxima next to a deep valley. Profile B, along 
close a packed direction, covers a row of 12 molecules and shows two 
peak-to-peak distances: 0.66 nm between to maxima next to a shallow 
valley, and 0.82 nm between maxima next to a deep valley. Profile C, 
along [112], shows average spacings of 0.58 and 0.76 nm. The alternate 
spacing of the line profiles across the chains may indicate a different 

mode of interaction every two BTA species, as will be clarified in the 
modelling section. Copper adatoms do not show STM contrast at the 
employed scanning condition. Some indication of diffusing species still 
present on the surface is given by portions of the images showing poor 
losing resolution of adsorbed features, as indicated in Fig. 4b, i. As 
indicated in Fig. 4b, ii, adsorbed features appear to have shifted by about 
one molecular unit along the fast scan direction (horizontal in figure). 
Features at the edges of the densely packed areas appear more elongated 
(Fig. 4b, iii), reminiscent of hydrogen bonded BTAH molecules on Au 
(111) [65]; such molecules are less constrained by molecular packing 
and have higher ability to diffuse outward. Brighter features in Fig. 4b, iv 
are ascribed to upright molecules, surrounded by molecules orientated 
with their molecular planes more parallel to the surface, all condensed 
over a copper cluster. These recall the features seen at the elbows of the 
herringbone reconstructions on the BTAH/Cu/Au(111) system [31]. 
This small portion of features orientated at a larger angle to the surface is 
likely contributing to the observation of additional active modes in 
vibrational spectroscopy and to the determination of the averaged 

Fig. 5. From left to right: atomistic representation, simulated STM and simulated N 1s XP spectra for two Cu/BTA/Au(111) systems. (a) Most stable organometallic 
chain along the [110] direction (and most stable structure overall), (b) most stable organometallic chain along the [112] direction. In the right panels, N atoms are 
labelled as follows: Nia,b, where i indicates the position on the triazole moiety, a the molecule on the left and b the molecule on the right. Colour scheme: H, white; C, 
dark grey; N, blue; Cu adatoms, brown; Au surface, light grey. 
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dichroism in NEXAFS. 
Additional STM images, showing less frequent features and including 

direct comparison with related systems, are reported in SI5. 

3.2. Modelling 

Density functional theory simulations were used to investigate the 
geometry and adsorption energy of benzotriazole adsorbed on Au(111), 
before and after the deposition of Cu atoms. 

For the Cu/BTA/Au(111) organometallic complexes a range of 
structures and coverages were considered, as shown in SI6. Two orien
tations for the complexes were tested, running along the [110] and the 
[112] directions. In contrast with the behaviour of benzotriazole on Cu 
(111) [37], structures consisting of two BTA species connected by one 
copper adatom were not found to be energetically favourable on Au 
(111). The most favourable complexes that were observed are organo
metallic polymeric structures, with a Cu:BTA 1:1 ratio, in agreement 
with the XPS data collected after annealing (see Table 2), which may 
bear similarities with the necklace polymer of Ref. [38]. The most stable 
organometallic chain oriented along the [110] direction is shown in 
Fig. 5a. All three nitrogen atoms in the azole moiety form a bond with a 
copper adatom. Copper adatoms, when not bonded to BTA species, 
reside in a hollow site of the Au(111) surface (see Materials and 
Methods), however, when part of the organometallic chains, are pulled 
out from this site by 0.2 Å in the direction normal to the surface. The 
benzene-like rings adsorb onto the gold surface via van der Waals in
teractions keeping the BTA species almost flat on the surface, the tilting 
angles being around 6-8◦, in good agreement with the estimations 
extracted from the NEXAFS data. 

The distance between neighbouring BTA species (the position of a 
BTA species is taken as the centre of the benzene-like ring) along the 
[110] direction (L1 in Fig. 5a) is 5.9 Å, while between BTA species across 
the chains (L2 in Fig. 5a) is 8.7 Å, values which are reasonably close to 
the measured molecular distances in Fig. 4c, line profile B, albeit slightly 
shorter. Along the [112] direction BTA species form very similar chains 
(Fig. 5b), the azole N atoms bonding to the copper atoms sitting on 
three-fold hollow-sites, yet pulled away in the vertical direction, and the 
benzene ring interacting with the Au(111) substrate. 

Analogously to the [110] direction, the chain geometry along the 
[112] direction presents slightly tilted BTA species, their angle with the 
surface being ~15◦. The molecular species present a further rotation 
around the C2 axis (see Scheme 1b) with respect to the configuration 
along the [110] direction, so that the molecular plane is not parallel to 
the surface but inclined by ca. 30◦. This extra rotation is due to the 
shorter distance of 5.1 Å (L1 in Fig. 5b) between neighbouring copper 
adatoms in the [112] direction with respect to the [110] direction. 
Opposite BTA species are 8.8 Å apart (L2 in Fig. 5b). Also for this di
rection, the calculated distances are slightly shorter than the measured 
ones (see Fig. 4c, profile C). The longer distances could be related to the 
thermal drift seen in the STM images, which are collected at room 
temperature, whereas the DFT assumes 0 K. 

Comparison of simulated STM images (central panels in Fig. 5) with 
the experimental STM images of Fig. 4 shows that both sets of chains 
produce a pattern which is compatible with the experimental system. In 
the “flatter” case of the chain along the [110] direction, some of the 
copper adatoms are visible in the calculated image, as seen in Fig. 5a. In 
the case of the more tilted molecular species chains orientated along the 
[112] direction, only the carbon rings are visible instead. Moreover, in 
both cases, the electron densities make the molecular species appearing 
at an angle with respect to the direction of propagation of the chain, in 
agreement with the experimental observations (Fig. 4b). 

On the rightmost column of Fig. 5 the simulated XP N 1s core level 
spectra of both systems are shown. Both calculated spectra reproduce 
well those collected after annealing to 393 K – 493 K (N 1s Fig. 2 panels 

c) and d). Excess molecules could generate the additional higher binding 
energy peak seen after preparation (N 1s Fig. 2 panel b) and in 
[30–31,66]. Considering that all Cu-N bonds are chemically equivalent, 
the difference in spectral fingerprint may originate from the different 
orientation of the -[CuBTA]n- chains with respect to the Au(111) sur
face, and the varying tilt angle of each BTA species. 

Regarding the energetics of the systems, before the deposition of 
copper atoms, the initial experimentally observed adsorbed structure is 
a series of hydrogen bonded BTAH chains, already investigated in [65]. 
Details of the structure are in SI9. Simulations of such chains on Au 
(111) show that the molecules physisorb on the surface with a free 
energy of adsorption per surface area (Eq. (3)) E1 = − 18.25 meV/Å2. 
When the organometallic chains form, the stability of the system is 
promoted by the chemisorption of the azole moiety to the copper ada
toms, and by the transition to a more compact structure which occupies 
a surface area which is roughly half with respect to that of the hydrogen 
bonded chains. The free energy of adsorption per surface area of these 
systems given in Eq. (4) is E2 = − 60.45 meV/Å2 for the system in Fig. 5a 
and E2 = − 63.53 meV/Å2 for the system in Fig. 5b, the negative number 
indicating that the transition between the hydrogen bonded chains and 
the organometallic ones is thermodynamically favoured. 

It is worth noting that when the adsorption energy of BTA per unit 
molecule is considered to understand purely the strength of adsorption 
of the molecular species to the surface, using Eq. (5), it is found that the 
system in Fig. 5a is more stable than that in Fig. 5b, the adsorption 
energies being Eads = − 4.22 eV/mol and Eads = − 4.16 eV/mol respec
tively. Thus, the system of Fig. 5a, along the [110] direction, binds 
slightly more strongly to the surface, but occupies a larger surface area, 
than the system in Fig. 5b, along the [112] direction. Regardless of that, 
the adsorption energies difference between the two systems is small, 
around 60 meV. This energy difference does not account for any kinetic 
effects which might affect the distribution of BTA species and copper 
atoms on the surface. The importance of kinetic effects is highlighted by 
the difference in the resulting systems when the copper atoms are 
deposited before [31] or after benzotriazole, as in this work. Thus, there 
is a high likelihood that the reaction of copper adatoms with benzo
triazole results in structures propagating in several directions, as the 
STM image in Fig. 4a shows. When considering the hydrogen bonded 
BTAH chains, before addition of the copper adatoms, BTAH molecules 
physisorb on the surface with an adsorption energy Eads = − 1.33 eV/mol 
(SI7)., 

These theoretical calculations definitely support the formation of 
-[CuBTA]n- chains over other systems on the Au(111) surface. 

3.3. Discussion 

In a UHV environment BTAH has been reported to chemisorb dis
sociatively on pristine copper low index surfaces and to form ordered 
adlayers based on a generic Cux(BTA)y stoichiometry which include 
upright CuBTA [26–28], Cu(BTA)2 [26–27] and chain structures [37], 
all anchored to the copper surfaces via copper adatoms. Additionally, 
combinations of the above [27,30–31] and flat-lying species have been 
reported [30–32]. Theoretical works have proposed adsorption models 
spanning from isolated molecules, oligomers, to polymerised species in 
various orientations, many involving the presence of adatoms 
[35–36,38–39]. To date the necklace polymer, predicted to be the most 
favourable on the (111) surface [36], has not been observed experi
mentally with certainty. 

Cu(BTA)2 species, requiring fewer adatoms than the -[CuBTA]n- 
chains, are observed more often experimentally [26–28,66]. This sug
gests that the morphology of the low index surfaces might not have an 
adequate availability of adatoms by, e.g., not exposing enough defective 
sites, to produce the necklace polymer. On the one hand this indicates 
the necessity to work on more realistic substrates [76–77,81–83], and to 
investigate further the role of copper adatoms. 
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A strategy to highlight the role of copper adatoms is the use of an 
inert substrate over which both BTAH and copper are dosed, such as Au 
(111) surfaces. Herein copper atoms are added over an Au(111) surface 
pre-saturated with BTAH, thus arguably making them even more active 
than in ref [18–19,31]. In fact, upon dosing copper on Au(111), copper 
atoms incorporate into Au(111) [18–20,31,43–45], then react with 
BTAH and are segregated to the surface [20,31]. Related systems 
considering the behaviour of Cu/Au(111) [20,44–45,60], the adsorp
tion of BTAH on copper single crystals [26–30,66], on Au(111) [65], 
and on Cu/Au(111) [31], to which comparison will be made, have been 
investigated separately elsewhere. 

HREELS measurements show a spectrum dominated by signals 
generated by flat adsorbed hydrogen-bonded chains upon dosing BTAH 
(Fig. 1a). On addition of copper and upon annealing, the dominant 
species, essentially still flat-lying, is characterised by Cu-N bonds 
(Fig. 1c-d). Overall, the behaviour with increasing temperature is in 
agreement with the combined evidence derived initially from adsorp
tion on Au(111) [65], and then on Cu/Au(111) [31]. 

Photoelectron spectroscopy measurements (Fig. 2) show that after 
annealing the hydrogen-bonded species desorb readily, whereas the 
organometallic species remain stable up to ca. 500 K. The Cu 2p3/2 peak 
stays essentially constant in BE, and its decrease can be correlated to the 
decrease of both N 1s and C 1s signals (Table 2). This points to 
desorption of a Cux(BTA)y compound, as was also the case for Cu(111) 
[27], Cu/Au(111) [31] and Ni(111) [80]. However, diffusion of copper 
atoms into the bulk cannot be ruled out. 

In agreement with HREELS data, NEXAFS measurements (Fig. 3) 
confirm that, in contrast to flat-lying adsorption on Au(111) [65], and 
upright/mixed orientation on Cu(111) [26–28,30–31,37,66] and Cu/ 
Au(111) [31], in the present work the adsorbed BTA moieties are flat- 
lying, yet not fully parallel to the surface. The adsorbed species after 
copper is added has some hydrogen-bonding character before annealing, 
as evidenced by the fine structure of the π* transition, similar to that 
recorded on Au(111) [65]. Upon annealing a change in the fine struc
ture of the π* transition is recorded. This is ascribed to the formation of 
N-Cu bonds [28,30–31] and rendered evident by annealing, causing the 
preferential desorption of the hydrogen-bonded species. The overall 
orientation of the BTA moieties with respect to the surface does not 
appear to change much with increasing temperatures. 

The STM contrast (Fig. 4) indicates that after addition of copper and 
mild annealing, the majority of adsorbates are flat chain-like species. In 
Fig. 4a, chains seem to propagate mainly along 〈110〉 and 〈112〉 − types 
of directions and their concentration varying locally. From the images it 
cannot be unambiguously determined whether copper adatoms are 
incorporated into the adsorbed species. Some features at herringbone 
elbows can be ascribed to copper clusters decorated by benzotriazole, 
similarly to what seen on Cu/Au(111) [31 and figure S7b]. The flat- 
lying species are different from those observed on Au(111) [65 and 
Figures S5, and S9]. In the case of Au(111), a balance of intermolecular 
interactions (hydrogen-bonding and dispersive) and interaction with the 
substrate results in BTAH molecular chains with irregular periodicity 
(0.5 – 0.78 nm) and widths (0.63 – 0.73 nm) [65]. The different struc
tures observed in this work are a clear indication of the effects of the 
added copper atoms. It is worth noting that for a similar coverage in 
copper, on Cu/Au(111) a few large copper related islands had formed 
[31], whereas in the present case a lot of small clusters at herring bone 
elbows can be seen. This is an indication that benzotriazole facilitates 
the dispersion of copper, as a consequence of copper atoms encountering 
BTAH and reacting with it, before landing on the Au(111) surface, 
making clear that the preparation recipe has important consequences on 
the resulting morphology. 

DFT calculations show that copper adatoms allow BTAH to chemi
sorb on the Au(111) surface; moreover, the position of the copper 
adatoms on the surface determines whether BTA species adsorb flat or 
tilted. The average tilt angle has been found in agreement with that 

obtained via NEXAFS. On Cu(111) the central nitrogen atom in the 
triazole moiety, N2, binds with a surface copper atom on one molecule, 
whereas does not on the adjacent molecule [37]. In that case, the copper 
adatom forced the molecular species to adopt an upright geometry. 
Instead, in the structures described in this work (Fig. 5), -[CuBTA]n- 
chains are more closely packed, and all nitrogen atoms can bind with 
copper adatoms, not with copper surface atoms, resulting in chains with 
a flat structure. It is also worth noting that copper adatoms will stay 
almost in registry with the most energetically stable hollow sites, even 
though they are pulled away in the vertical direction by the interaction 
with BTA species. This indicates that the Cu - BTA interaction is slightly 
stronger than the Cu - Au one. This is seen clearly in the reversed system, 
where BTAH can segregate copper atoms form subsurface to the surface 
layer [31]. 

Even though copper adatoms are not sitting precisely in the hollow 
sites, the distance between neighbouring hollow sites on the surface 
seems to influence the structure of the chain, and in particular the 
spacing between adjacent BTA species, which induces tilts of the BTAs’ 
molecular planes with respect to the surface. Such tilting is also the 
reason why BTA moieties appear orientated at an angle with respect to 
the direction of propagation of the chains, on STM images, as appears 
clear when comparison between the contrast observed in Fig. 4b and the 
calculated electron densities in Fig. 5 central panels is made. STM shows 
that chains run preferentially along high symmetry directions, indi
cating that the formation of Cu – BTA bonds and ultimately the 
condensation into the -[CuBTA]n- chains is energetically of a similar 
order of magnitude than the interaction with the support. 

Table 3 summarizes chain dimensions for the different systems 
considered. In the gas phase the change from hydrogen bonded to 
organometallic chains makes both L1 and L2 distances to contract, L1 by 
far indicating the effect of the copper atoms. When hydrogen bonded 
chains are adsorbed on Au(111), the substrate has a minimal effect. 
However, for organometallic chains on Au(111) L1 slightly expands and 
L2 slightly contracts. This clearly shows the effect of the copper adatoms 
on the morphology of the chains. Simulations of hydrogen bonded and 
organometallic chains are reported in SI8. 

Remarkably, this work shows evidence of the formation of -[CuB
TA]n- chains which, although theoretically predicted to be the most 
stable structures on Cu(111) [35,37], have not been experimentally 
observed so far [21–31,66]. When depositing BTAH on the Cu(111) 
surface, the copper adatoms necessary to stabilize the organometallic 
complexes have a costly formation energy of 0.8 eV per adatom [37], 
and, as a consequence, Cu(BTA)2 species, which require fewer adatoms, 
form. On the other hand, here copper atoms are added to the system, and 
the adatoms’ formation energy is no longer relevant, thus favouring the 
formation of the more stable chains shown in Fig. 5. One crucial dif
ference is that the BTA moieties of the organometallic -[CuBTA]n- chains 
on Cu(111), predicted via computational methods, are supposed to be 
orientated upright, whereas those prepared in this work are lying flat. 

4. Conclusion 

In this work, the role of copper atoms in the room temperature 
adsorption of BTAH on Au(111) has been investigated using 

Table 3 
Summary of L1 and L2 (defined as in Fig. 5) distances in Å for the systems 
considered.  

system DFT STM 

L1 L2 L1 L2 

Gas phase -[BTAH]n-  9.37  9.64 – – 
Gas phase -[CuBTA]n-  4.90  9.22 – – 
-[BTAH]n-/Au(111)  10.16  7.75 6.8 [65] 6.3–7.3 [65] 
-[CuBTA]n-/Au(111); [110] 5.9  8.7 6.6 8.2 
-[CuBTA]n-/Au(111); [112] 5.1  8.8 5.8 7.6  
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complementary surface sensitive techniques and theoretical 
calculations. 

A way to enhance the reactivity of copper is to dose it from the gas 
phase onto BTAH precovered Au(111) surfaces, in an attempt to high
light the role reactive atoms can play when reaching the surface. 

The techniques that give direct access to orientational information 
(HREELS, NEXAFS) indicate that the structures that have been prepared 
are flat lying overall. The presence of both hydrogen-bonded and 
organometallic structures and the persistence of the organometallic 
structures after mild annealing is determined from XPS, NEXAFS, and 
HREELS. STM shows that organometallic structures can propagate in 
several directions and have homogeneous contrast overall. DFT model
ling shows that the prepared structures are essentially chemically 
equivalent and almost degenerate. 

Rationalisation of the role of the copper adatoms comes from the 
comparison between experimental measurements and DFT modelling. 
The adsorption site of copper adatoms and the relative mobility of the 
adlayer are crucial factors in determining the resulting Cu-BTA organ
ometallic structure; favourable copper adatoms adsorption sites on the 
Au(111) surface are almost maintained and presumably strengthen by 
van der Waals interactions between the aromatic systems and the metal 
surface. 

This hints to the possibility of creating chain structures of BTAH on 
copper surfaces by adding metal atoms post-organic deposition, and 
more generally, of engineering organometallic structures on surfaces 
exploting the relevant adatoms. 
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