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A B S T R A C T   

The interaction of benzotriazole (BTAH) with Cu(100) has been studied as a function of BTAH exposure in a joint 
experimental and theoretical effort. Scanning tunnelling microscopy (STM), X-ray photoelectron spectroscopy 
(XPS), high resolution electron energy loss spectroscopy (HREELS) and density functional theory (DFT) calcu
lations have been combined to elucidate the structural and chemical characteristics of this system. BTAH is found 
to deprotonate upon adsorption on the copper surface and to adopt an orientation that depends on the molecular 
coverage. Benzotriazolate (BTA) species initially lie with their planes parallel to the substrate but, at a higher 
molecular coverage, a transition occurs to an upright adsorption geometry. Upon increasing the BTAH exposure, 
different phases of vertically aligned BTAs are observed with increasing molecular densities until a final, self- 
limiting monolayer is developed. Both theory and experiment agree in identifying CuBTA and Cu(BTA)2 
metal-organic complexes as the fundamental building blocks of this monolayer. This work shows several simi
larities with the results of previous studies on the interaction of benzotriazole with other low Miller index copper 
surfaces, thereby ideally completing and concluding them. The overall emerging picture constitutes an important 
starting point for understanding the mechanism for protection of copper from corrosion.   

1. Introduction 

The study of organic corrosion inhibitors has attracted significant 
interest due to their great versatility and extensive use, especially in 
industrial applications. In particular, benzotriazole (BTAH) has been 
employed for a long time mainly as a corrosion inhibitor for copper [1]. 
However, despite its wide and frequent usage, there is still a lack of 
fundamental, molecular-scale knowledge of its adsorption and orienta
tion on copper surfaces,[2] as well as of the nature of the bonding 
established with the substrate [3–6]. Indeed, understanding the 
adsorption of BTAH on copper is non-trivial since the molecule can 
adsorb in a variety of forms depending on the copper surface orientation 
and the corrosive medium [7]. It has been shown that BTAH is able to 
form strong and densely packed self-assembled monolayers [8] which 
constitute highly effective 2-dimensional [9–11] and 3-dimensional 

barriers [11] against the corrosion of copper and of its alloys. Howev
er, the structural and chemical atomistic details of the BTAH-copper 
interaction – essential for understanding, modifying and improving 
the anti-corrosion properties of BTAH – have been debated for a long 
time in the literature and are still not fully understood [6]. While an 
overall picture is starting to emerge relating the efficiency of BTAH in 
protecting copper to its ability to chemisorb by forming strong Cu(I)– 
BTA complexes [12], various studies in the literature have presented 
different and not always fully consistent results concerning the 
adsorption and orientation of BTAH onto Cu surfaces [5,6,13–16]. 

In this regard, the study of model systems starting from the simplest, 
idealised cases and gradually moving onto more complex and realistic 
scenarios is highly beneficial to achieve a better understanding, strongly 
rooted in reliable experimental and theoretical evidence. Consequently, 
there have been a few recent studies investigating the interaction of 
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BTAH with atomically flat and clean low Miller index copper surfaces 
under ultrahigh vacuum (UHV) conditions. These were aimed at 
developing a fundamental and solid understanding to be used as a series 
of ‘knowledge building blocks’ for the analysis of more complex cases 
such as, e.g., the interaction with real-world, polycrystalline and oxi
dised copper samples or the effect of BTAH on liquid-environment 
corrosion of copper. In particular, we contributed to some of the more 
detailed and comprehensive of these studies, which thus far were 
focussed on Cu(111) [2,9,10,16,17] and Cu(110) [11,18–20]. A 
common result emerging from these reports is that BTAH deprotonates 
upon interaction with the copper substrates at room temperature, 
forming a dense monolayer of strongly bound benzotriazolate (BTA) 
species. While a transition from essentially flat to essentially upright 
molecules is observed on Cu(110) with increasing molecular coverage 
[11], on Cu(111) BTA always adopts an upright adsorption geometry. 
The upright, covalently bound, high-coverage monolayer is substan
tially self-limiting, with further BTAH exposure resulting in 
second-layer, still protonated and loosely bound molecules. In this 
phase, the BTA radicals can form a variety of different complex struc
tures [2,9–11,16,17] but these are all characterised by combinations of 
Cu(BTA)2 and CuBTA metal-organic complexes. So far, only a single 
near edge X-ray absorption fine structure (NEXAFS) spectroscopy study 
has analysed the BTAH/Cu(100) system, finding that, also here, mole
cules are in the fully deprotonated state and form an upright standing 
layer upon room temperature deposition [15]. A similar methodology 
has also been recently applied to the fundamental study of the interac
tion of a sulphurated derivative of BTAH, 2-mercaptobenzothiazole 
(2-MBT), with copper surfaces [21–24]. 

Here, we intend to complete the detailed analysis of the interaction 
of BTAH with low Miller index copper surfaces under extremely 
controlled conditions, by investigating the BTAH/Cu(100) system via a 
combined experimental and theoretical study aimed at precisely eluci
dating its structural and chemical properties. 

2. Materials and methods 

Experiments were performed in three different UHV chambers. The 
preparation of the Cu(100) single crystal surfaces was very similar for all 
three UHV systems, with a series of Ar+ ion sputtering cycles followed by 
annealing. Also, the BTAH deposition was performed in a very similar 
manner across the three setups by filling the deposition chamber with 
BTAH vapour at a certain pressure and exposing the copper surfaces to 
this atmosphere for a given amount of time (for more details, see sup
plementary material, SM). However, it should be noted that the actual 
values of BTAH exposure, nominally expressed in langmuir (L), could 
vary from one UHV chamber to another one due to potential differences 
in the pressure reading (position of the pressure gauges and calibration). 

Scanning tunnelling microscopy (STM) experiments were performed 
using a variable temperature STM setup operated in constant current 
mode. Samples were often cooled to − 140 ◦C for imaging, in order to 
decrease the surface diffusion of the adsorbed species. Analysis of the 
STM data was carried out by using the WSxM software [25]. X-ray 
photoelectron spectroscopy (XPS) measurements were carried out in the 
second UHV system using a monochromatic Al Kα X-ray source with 
energy of 1486.7 eV. The CasaXPS software [26] was used to analyse 
XPS data using the fitting procedure described in the SM. 
High-resolution electron energy loss spectroscopy (HREELS) measure
ments were carried out in a third UHV system. The spectrometer was 
operated at room temperature, in the specular geometry (θi = θf = 45◦), 
with a nominal primary beam energy of 5 eV and a typical elastic peak 
resolution of ca. 50 cm− 1 (6.2 meV full width at half maximum, FWHM). 
Spectra were normalised to the intensity of the elastic peak. More 
detailed information on the sample preparation and analysis can be 
found in [11]. 

Density functional theory (DFT) calculations of BTAH and BTA 
adsorbed on Cu(100) were performed with the VASP [27–29] code with 

the optB86b-vdW functional [30] and the projector augmented wave 
method [31]. The kinetic energy cut-off on the planewave basis set was 
400 eV. The Monkhorst-Pack k-mesh used for the bulk copper unit cell 
was 13 × 13 × 13 k-points and the optimisation was run until the forces 
on the ions were lower than 5 × 10− 4 eV/Å. With these parameters the 
lattice constant of copper is obtained as aDFT = 3.606 Å, matching very 
well the experimentally reported value aexp = 3.61 Å [32]. We also 
obtained very good agreement between calculated and experimental 
bond lengths for BTAH [11]. Four-layer-thick Cu(100) slabs were used, 
with a range of surface unit cells, having surface areas varying from 2 ×
2 to 4 × 8 with respect to the Cu(100) (1 × 1) unit cell. The 
Monkhorst-Pack k-point meshes for such systems vary from (4,4,1) to (2, 
1,1). In all unit cells ca. 20 Å of vacuum were placed between the copper 
slabs in the surface normal direction and the ionic coordinates of the 
bottom copper layer were kept fixed at bulk values. Convergence of all 
the settings was thoroughly checked. The adsorption energies, Eads, were 
calculated as: 

Eads = Esystem − NBTAEBTA − Eslab (1)  

where Esystem is the total energy of the whole system, consisting of NBTA 

deprotonated BTAH molecules (i.e. BTA radicals) adsorbed on the cop
per slab. EBTA and Eslab are the total energies of the BTA radical in the gas 
phase and of the fully relaxed Cu(100) substrate, respectively. The 
substrate might include NCu copper adatoms, whose formation ener
gy, Eform

Cu , is calculated as the energy needed to extract a bulk atom onto 
a clean surface and amounts to 0.55 eV for Cu(100). In order to evaluate 
the effect of this formation energy on the adsorption of BTA on Cu(100), 
we consider another formulation of the adsorption energy, that we call 
ECu

ads, defined as: 

ECu
ads = Eads +NCuEform

Cu (2)  

3. Results and discussion 

3.1. Scanning tunnelling microscopy 

3.1.1. Low coverage regime 
A clean Cu(100) surface was initially exposed to 0.56 L of BTAH. 

Large area STM images (Fig. 1a and b) show that this results in two types 
of features covering the substrate and appearing bright in STM: larger 
ones with an irregular and often rather jagged contour and smaller and 
slightly dimmer ones. The latter have a lateral dimension that is 
compatible with the scaled molecular model of individual flat lying 
BTAs (Fig. 1c), an adsorption configuration that is confirmed more 
rigorously by DFT and HREELS (vide infra). The observation of a low 
molecular coverage flat (or nearly flat) phase resembles very closely 
what has been reported on Cu(110). However, while on Cu(110) the 
BTA molecules formed an ordered c(4 ×2) structure [11,18], no ordered 
flat-lying supramolecular structure was observed on Cu(100), irre
spectively of the molecular coverage. Nevertheless, in higher resolution 
images (e.g. Fig. 1c) it is still possible to observe some short, locally 
ordered molecular rows with a minimum distance of (0.83 ± 0.08) nm, 
which is compatible with a × 3 periodicity of the underlying atomic 
copper lattice along [011] or [011] (highlighted by a red contour in 
Fig. 1c). Occasionally, as can be expected from the square symmetry of 
the substrate, these rows combine into very small patches of a few 
molecules arranged into a local 3 × 3 superstructure, although these are 
extremely rare. The overall impression is that there must be an effective 
intermolecular short-range repulsion not allowing the BTA molecules to 
get closer than the × 3 minimum distance. This might be due to a 
combination of factors such as electrostatic repulsion between nega
tively charged azole groups and strain induced into the substrate by the 
molecular adsorption. The BTA molecules appear to cover the entire 
surface, including also the larger and brighter features. The 
STM-measured apparent height of these features is compatible with that 
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of a monoatomic Cu(100) terrace (Fig. S1) and they are therefore 
identified as small copper monoatomic islands. The origin of their for
mation is unclear but they are probably a consequence of the strong 
interaction between the BTA molecules and copper. 

3.1.2. High molecular coverage regime 
By exposing the Cu(100) surface to 0.7 L of BTAH, a different phase 

was observed (dubbed high-density phase 1, HD1) which seems rather 
disordered and characterised by bright features of varying apparent 
lateral size (see Fig. S2). While it was not possible to further resolve 
these features, it was also quite apparent that they had a high surface 
density and that their size was not compatible with that of flat mole
cules. As a result, we tentatively assign them to (mostly) upright 
standing molecules. Increasing the BTAH exposure further to 3.2 L, 
resulted in the appearance of a new high-density molecular phase (high- 
density phase 2, HD2) which is ordered and that, initially, coexists with 
small patches of HD1 (e.g. see the top third of Fig. 2a). HD2 is charac
terised by extended bright rows that, in the STM images in Fig. 2, run 

along the substrate [011] direction and are separated by a distance of 
(1.49 ± 0.12) nm along [011] (compatible with a ×6 periodicity of the 
underlying copper atomic lattice). Clearly, due to the symmetry of the 
Cu(100) substrate, the same structure can be seen rotated by 90◦ in 
different regions of the surface, with the rows running along [011] (see 
Fig. S3). A closer inspection of higher resolution images (e.g. Fig. 2c), 
reveals a regular structure within these rows with a periodicity of (1.77 

± 0.16) nm which is compatible with a × 7 the periodicity of Cu(100). 
Additionally, between two consecutives rows one can distinguish 
further, more sparse features that are regularly spaced at a distance of 
(0.87 ± 0.09) nm, a periodicity which is not compatible with any integer 
multiple of the Cu(100) atomic lattice but close to the half-integer value 
of 3.5. 

The bright features constituting the [011]-oriented rows and those in 
between the rows have different size, elongation and orientation and 
their precise appearance depends heavily on the status of the STM tip. 
None of them is compatible with flat-lying BTA molecules but their 

Fig. 1. Low coverage regime of BTA obtained by exposing the Cu(100) surface to 0.56 L of BTAH. (a) 100 × 100 nm2 STM image showing some brighter Cu 
monoatomic island having irregular contours. (b) 40 × 40 nm2 STM image showing Cu monoatomic island and BTA molecules. (c) 15 × 15 nm2 STM image with 
scaled molecular models of BTA superimposed onto isolated bright features. The intention is to compare the lateral size, not to infer the molecular orientation. An 
example of local ordering of BTA molecules along [011] with × 3 periodicity is highlighted by a red contour. (d) Proposed model of BTA adsorbed on Cu(100) at low 
molecular coverage. Cu atoms are brown while H atoms are white, N blue and C grey. Tunnelling parameters were I ¼ 100 pA, Vbias = − 1 V (applied to the sample). 
All STM images were acquired after cooling the sample to ca. − 140 ◦C. 
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lateral dimension is consistent with that of molecules with their plane 
perpendicular to the surface. The assignment to upright molecules, 
which is only provisional when based on the STM data, is confirmed by 
DFT calculations and HREELS measurements (vide infra) and indicates a 
transition from an almost flat to an almost upright molecular adsorption 
with increasing coverage, similar to what we observed for the BTA/Cu 
(110) system [11]. In the case of BTA/Cu(100), however, it is not 
possible to identify a clear-cut appearance of individual upright BTA 
molecules and any molecular model of the adsorption superstructure is, 
therefore, necessarily speculative. Fig. 2d shows a tentative assignment 
of the different features appearing in the STM images. The bright pro
trusions within the [011]-oriented rows are attributed to pairs of BTA 
molecules (blue ovals) coordinating a copper adatom (green circle) into 
Cu(BTA)2 metal-organic complexes. The features between the rows are 
assigned to single BTA molecule, possibly bound to a copper adatom in a 
CuBTA complex. The latter seem to have a (mostly regular) alternating 
orientation, with their main axes oriented at about ± 10◦ with respect to 
[011]. This is probably caused by the separation between the CuBTA 
complexes along [011] not being constant but alternating between × 3 

and × 4 with respect to the Cu(100) substrate; this results in an average 
separation of × 3.5, in agreement with the value measured by STM. 

The presence of CuBTA and Cu(BTA)2 complexes is compatible with 
the lowest energy adsorption configurations predicted by DFT calcula
tions for upright molecules (vide infra). Moreover, both types of metal- 
organic complexes were reported for BTA on Cu(110) [11] and Cu(111) 
[10] and parallel rows of [011]-oriented Cu(BTA)2 complexes with a 
similar internal periodicity (ca. 1.8 nm) were also found in the BTA/Cu 
(111) system [10]. Based on this model, the darker, randomly distrib
uted features observed in the STM images can be interpreted as defects 
in the supramolecular structure caused by vacancies of individual BTA 
molecules. Despite this overall good agreement with the experimental 
and theoretical data, we reiterate that this is only a tentative model and 
that the existence of alternative models with an equivalent (or possibly 
even better) fit, cannot be excluded. 

Increasing the total BTAH exposure to 4.2 L resulted in the appear
ance of a further molecular structure (high-density phase 3, HD3, see  
Fig. 3a and b) which initially coexists with HD2 and then, by increasing 
the total BTAH exposure to 5.0 L, takes over the entire surface. The 

Fig. 2. High coverage regime of BTA on Cu(100), obtained by exposing the copper surface to 3.2 L of BTAH. (a) 50 × 50 nm2 STM image showing small patches of 
the disordered HD1 phase (upper part) coexisting with the highly ordered HD2 phase which covers most of the sample. (b) 30 × 30 nm2 and (c) 15 × 15 nm2 STM 
image showing higher magnifications of the HD2 phase. (d) same image as (c) with superimposed schematic representation of a tentative model for HD2. Blue and 
red ovals represent BTA molecules and green circles Cu adatoms. Tunnelling parameters were I = 100 pA, Vbias = − 1 V in (a), I = 100 pA, Vbias = − 1 V in (b) and I 
= 100 pA, Vbias = − 1 V in (c). All STM images were acquired after cooling the sample to ca. − 140 ◦C. 
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images acquired on HD3 were even more difficult to interpret than those 
on HD2 and a similar strong dependence of the image appearance on the 
status of the STM tip was noted. However, a constant observation was 
the presence of stripes that, in Fig. 3c, run along [011]. These stripes have 
a variable width (see e.g. Fig. 3d) with a measured average of (2.87 

± 0.17) nm. Several different bright features can be recognised within 
the stripes and although their appearance changes even within the same 
STM image (e.g. Fig. 3c), they display a common periodicity of (1.81 

± 0.15) nm along the main axis of the stripe (separation between the 
green lines in Fig. 3d). We note that this distance is comparable with the 
lateral dimension of a Cu(BTA)2 complex aligned along [011], in 
accordance with that found by DFT (vide infra). The individual bright 
features have sizes that are compatible with that of upright-standing 
single or pairs of BTA molecules which, as for HD2, we propose to 
interpret as CuBTA and Cu(BTA)2 metal-organic complexes locally 
organised into specific patterns. However, we refrain from suggesting 

any further detailed molecular model for HD3, as this would be exces
sively speculative based on the available STM data. Similarly to what we 
observed for HD2, due to the twofold symmetry of the Cu(100) sub
strate, HD3 also presents two equivalent domains rotated by 90◦ with 
respect to each other (see Fig. S4). While it is difficult to make any 
precise statement without a clear molecular model, the qualitative 
impression obtained from considering the density of individual bright 
features in the STM images is that HD3 is more densely packed than HD2 
– as would be expected given that it appears at higher BTAH exposures. 
HD3 also appears to be self-limiting since no major changes were 
observed in the morphology of the sample by increasing the amount of 
BTAH up to 10 L through successive exposures. The only modification 
that was observed was a decrease of the width of the stripes with 
increasing BTAH exposure and the occasional appearance of ‘fuzzy’ 
areas in the STM images, that we interpret as an indication of loosely 
bound second layer molecules (Fig. S5). 

Fig. 3. Higher coverage regime (HD3) of BTA on Cu(100) obtained by exposing the copper surface to 4.2 L of BTAH. (a) 50 × 50 nm2 image showing two ordered 
islands rotated by 90◦ with respect to each other together with small patches of non-ordered molecules (left bottom corner). (b) 30 × 30 nm2 image showing the 
boundary between two 90◦-rotated molecular domains (zoom of the central part of (a)). (c) 15 × 15 nm2 image showing a magnification of the lower domain in (b). 
(d) same image as (c) with purple lines showing the separation between contiguous [011]- oriented stripes and green lines indicating the periodicity within the stripes. 
Tunnelling parameters were I = 80 pA, Vbias = − 1 V in (a), I = 80 pA, Vbias = − 1 V in (b) and I = 100 pA, Vbias = − 1 V in (c). All STM images were acquired after 
cooling the sample to ca. − 140 ◦C. 
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3.2. Density functional theory 

DFT calculations were performed on a range of systems including 
isolated BTA molecules, CuBTA and Cu(BTA)2 metal-organic complexes 
and extended (CuBTA)n chains, although a stable configuration could 
not be found for the latter structure on the Cu(100) surface. The most 
energetically stable system was found to be simply an isolated BTA 
molecule adsorbed with a small tilt with respect to the surface. The 
adsorption energy for this system is Eads = − 3.78 eV/mol. Fig. 4a shows 
this structure, presenting a molecule with an 8◦ inclination with respect 
to the surface and bond lengths between the N atoms of the azole moiety 
and the surface Cu in the 2.1–2.4 Å range. The Cu(100) surface, with 
equally spaced Cu atoms at a distance of 2.54 Å, forms a good template 
for the azole moiety to bond on. An even better template is obtained 
when a Cu adatom is added to the surface, and one of the N atoms binds 
to it, allowing the formation of slightly shorter N-Cu bonds (Fig. 4b). In 
this case the adsorption energy, without considering the formation en
ergy of the adatom (Eq. 1), is Eads = − 4.10 eV/mol, which however re
duces to ECu

ads = − 3.54 eV/mol when the adatom formation energy is 
included in the calculation (Eq. 2). In Fig. 4b it can be seen that the 
adatom in the CuBTA complex is almost in a top position with respect to 
the Cu substrate, while the computed most stable configuration for an 
isolated adatom on a clean Cu(100) surface is in a fourfold hollow po
sition, with an adsorption energy which is almost 1 eV lower with 
respect to the top position. The location of the adatom in the CuBTA 
complex is thus strongly dependent on the position of the BTA molecule 
and a trade-off between stabilising BTA and adsorbing the adatom is 
needed. Thus, the small gain in energy due to the stronger bonding of 
BTA to Cu does not offset the energy required to bring the adatom onto 
the surface. Cu(BTA)2 complexes were also modelled in two different 
configurations, with the N-Cu-N bonding direction aligned along [010]
and [110], as shown in Fig. 4c and d, respectively. A small energy dif
ference was found between the most stable structures in these two di
rections, with a preference of ~0.02 eV/mol for the [110] direction, 
confirming the preferential alignment observed in experiments. The 
adsorption energy, following Eq. 2, for the Cu(BTA)2 complex is ECu

ads 
= − 3.74 eV/mol. 

Similarly to the Cu(110) [11] systems, the observed experimental 
structure at high coverage is composed of upright molecules, despite the 

flat configurations being more energetically stable (although only by a 
small margin), when considering the adsorption energy per molecule 
(Eq. 2). However, it should be noted that the adsorption footprint of a 
flat molecule is of ~50 Å2, compared to the ~30 Å2 of a molecule in an 
upright metal-organic complex. As such, the adsorption energies per 
unit area are significantly lower for upright than for the flat molecules. 
This consideration underpins the experimental observations (by STM, 
XPS and HREELS) of a transition from flat to upright adsorbed molecules 
by increasing the exposure to BTAH vapour. 

3.3. X-ray photoelectron spectroscopy 

XPS measurements were carried out by performing a number of 
successive molecular depositions, in which the Cu(100) surface was 
exposed for increasing amounts of time to a typical BTAH pressure of ca. 
2 × 10–9 mbar. Together with XP survey scan spectra, higher resolution 
spectra for the Cu 2p3/2, N 1s and C 1s binding energy (BE) regions were 
acquired after each molecular deposition. The integrated intensities of 
these spectra are represented in Fig. 5 as a function of the BTAH expo
sure time (which might be different from the total molecular coverage 
because of the non-constant sticking coefficient). The trends of the 

Fig. 4. Adsorption energies for the most stable 
adsorbed structures of BTA on Cu(100). The 
solid line in the graph connects the adsorption 
energies including the formation energy of the 
copper adatom, the dashed line those without. 
The configurations of the different structures 
are also shown, with Cu atoms in brown, Cu 
adatoms in red, N blue, C grey and H white: (a) 
isolated flat BTA; (b) flat CuBTA complex; (c) 
upright Cu(BTA)2 complex aligned along [010]; 
(d) upright Cu(BTA)2 complex aligned along 
[110]. The numbers correspond to the bond 
lengths expressed in Å.   

Fig. 5. Relative atomic percentages for the C 1 s, N 1 s and Cu 2p3/2 XPS signals 
as function of the BTAH exposure time at a pressure of ca. 2 × 10–9 mbar. 
Empty symbols refer to the XPS signals measured after annealing the saturated 
upright phase to 130 ◦C . 
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substrate and of the molecular signals clearly show that the surface 
molecular coverage increases up to an exposure of ca. 90 s and then 
rapidly saturates with successive BTAH exposures. This is a validation of 
the observation anticipated by STM that the mostly upright form of BTA 
monolayer is self-limiting. While it is not possible to directly compare 
the BTAH exposures for the STM and XPS experiments (see SM), it is 
reasonable to assume that the saturation of the N 1s, C 1s and Cu 2p3/2 
signals in Fig. 5 corresponds to the establishment of the HD3 phase 
determined in STM. The transition between the flat and the upright 
orientations of BTA in Fig. 5 is estimated based on this assumption. 

3.3.1. Low coverage regime 
Fig. 6a and b show the low coverage spectra in the N 1s and C 1s 

regions, respectively, measured after 30 s of BTAH exposure at a pres
sure of about 2 × 10–9 mbar. The resulting molecular phase should 
correspond to mostly flat-lying BTA species as identified in the STM and 
HREELS sections. The best fit for the N 1s spectrum is obtained with two 
components (Fig. 6a). The orange peak at lower BE (399.5 eV) is 
assigned to the N-C environment, while the blue peak at higher BE 
(400.2 eV) is assigned to the N-N environment, in good agreement with 
previous literature on BTA/Cu(111) [16] and BTA/Cu(110) [11]. The 
absence of a third peak at higher BE that is typically assigned to the 
H-N-C environment [11,33,34], is a confirmation that the molecules are 
fully deprotonated. The ratio between the integrated intensities of the 
two peaks is 1.8 which is not too dissimilar from the expected value of 
2.0. A similar small difference was also observed for BTA/Cu(110) [11] 
and could be due to variations in the local binding environments of the 
three nitrogen atoms coordinating with the Cu substrate atoms. These 
variations can be responsible for chemical shifts of up to 0.8 eV [16], 

resulting in an effective redistribution of the relative intensities between 
the N-C and N-N species. 

The C 1s spectrum was also best fitted with two components 
(Fig. 6b), a lower BE red peak (284.6 eV) assigned to the C-C environ
ment and a higher BE purple peak (285.3 eV) assigned to the C-N 
environment, similarly to that observed for BTA&Cu/Au(111)[33,34]. 
The ratio between the integrated intensities of the higher and the lower 
BE components is larger than one, i.e. opposite to what expected from 
the stoichiometry of BTA. Even though the reason for this discrepancy is 
not fully clear, we note that a very similar scenario was also observed for 
BTA/Cu(110) [11]. 

3.3.2. High coverage regime 
The XP spectra corresponding to the five points of higher BTAH 

exposure time in Fig. 5 are very similar. Fig. 6c and d show the N 1s and 
C 1s regions, respectively, measured after 210 s of BTAH exposure at a 
pressure of about 2 × 10–9 mbar, which is likely to produce the self- 
limiting upright phase HD3 discussed in the STM section. The N 1 s 
spectrum (Fig. 6c) is reproduced by two components (399.5 eV, orange, 
and 400.3 eV, blue) in an identical model to that used to fit the lower 
coverage phase and, as result, these two components are assigned to the 
N-C and the N-N environments, respectively. An alternative analysis of 
the N 1s signal can be obtained by including a small component at higher 
BE and results in a similarly good fit (Fig. S7a). This extra component 
could be interpreted as the signature of a small percentage of protonated 
second-layer molecules, which however disappears upon annealing to 
130 ◦C (Fig. S7c). An analogous behaviour has been observed for the 
BTAH/Cu(110) system [11]. 

In this coverage regime, the C 1s spectrum is described by two 

Fig. 6. XP spectra showing the N 1s (left column) and the C 1s (right column) BE regions obtained for different exposures of the Cu(100) surface to a BTAH gas 
pressure of about 2 × 10–9 mbar. (a) N 1 s spectrum after 30 s of BTAH exposure, representing the low coverage phase in which BTA molecules lie mostly flat on the 
surface. (b) Corresponding C 1s spectrum. (c) N 1s spectrum after 210 s of BTAH exposure, representing the HD3 phase of BTA molecules in a mostly upright 
configuration. (d) Corresponding C 1s spectrum. All data points are represented by black circles, coloured lines indicate the different fit components and the best fit 
curve is shown by a black line. 
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components (Fig. 6d). The lower BE component (read peak) is centred at 
248.7 eV and thus assigned to the C-C environment. The purple peak at 
higher BE (285.2 eV) is shifted by 0.1 eV with respect to the corre
sponding peak measured at low coverage (Fig. 6b) and, as a result, is 
assigned to C-N environment. The shift toward lower binding energies 
was similarly observed also for BTAH/Au(111) [33] and BTAH/Cu(110) 
[11] and might be due to a change in the surface dipole layer generated 
by the transition of the molecular orientation, from almost parallel (low 
coverage) to almost perpendicular (high coverage) with respect to the 
substrate. Similar to the low coverage regime, the ratio between the 
integrated intensities of the higher and the lower BE components is 
larger than one, again opposite to what expected from the stoichiometry 
of BTA. However, an alternative fit where the relative ratio of these two 
components is larger than one could also be obtained, with the residual 
fitting error only 7% worse than for the fit shown in Fig. 6d. 

3.4. High resolution electron energy loss spectroscopy 

Vibrational spectra following exposure of the Cu(100) surface to 
increasing amounts of BTAH vapour are shown in Fig. 7. Energy losses 
observed experimentally, and their assignments, are summarised for 
ease of comparison in Table 1. 

The energy loss spectrum recorded after exposing the Cu(100) sur
face to 0.5 L of BTAH at room temperature (Fig. 7, black spectrum), 
shows only a peak at around 770 cm− 1 due to the CH out of plane (γ, 
oop) bend of the benzene ring, and a raised background between 1000 
and 1600 cm− 1. Notably, the aromatic ν CH stretch, expected at about 
3000 cm− 1, is not present. The observation of such vibrations agrees 
well with BTA moieties adsorbing flat with respect to the surface, as 
shown in STM images recorded for the low coverage regime (Fig. 1). 
This adsorption configuration is inferred by the presence of γ CH and 
absence of ν CH: in fact, if the molecular plane is parallel to the surface, 
the former mode is dipole active, whereas the latter is largely inactive. 
The state of protonation cannot be determined form this spectrum, as, 
similarly to ν CH, also the ν NH mode is largely dipole inactive for 
parallel adsorption [36]. 

With increasing the exposure to 1 L of BTAH (Fig. 7, green curve), a 
faint breathing mode of the benzene ring is seen at 675 cm− 1, the γ CH 
mode at around 770 cm− 1 increases in intensity, a peak assigned to an 
out of plane bend of the aromatic ring develops at 985 cm− 1 (over a 
generally increased background) and a very week signal appears at 

3140 cm− 1 (CH stretch). The observation of these vibrations indicates an 
increase in coverage, with an adsorption geometry in which the vast 
majority of the BTA species still have their molecular plane largely 
parallel to the surface, with potentially the presence of some molecules 
orientated more upright. Indeed, this spectrum can represent a packing 
configuration expected just prior to the formation of the HD1 phase 
reported in Fig. S2. It is important to stress, yet again, that the nominal 
exposure in langmuir may differ from one UHV chamber to another, as 
the shape, volumes and geometries of the different systems are different, 
and the ion gauges are not calibrated for BTA/BTAH. 

After an exposure of 5 L (Fig. 7, blue curve), the shoulder due to the 
benzene ring breathing mode at 670 cm− 1 is more evident and the CH 
oop bending mode of the benzene ring at 770 cm− 1 keeps increasing in 
intensity. Also, the CH out of plane bend of the benzene ring at 975 cm− 1 

increases in intensity and the stretching mode of the triazo moiety (ν 
NNN), coupled with a CH stretch emerges from the background at 
1155 cm− 1. The ν CH mode at 3135 cm− 1 increases in intensity and 
broadens. The observation of ν NNN, along with the increase in intensity 
of ν CH, is a clear indication that the transition to an adsorption ge
ometry in which the molecular plane is more upright is occurring. This is 
in agreement with the STM observations of the formation of a denser 
layer with increased exposure to BTAH, which requires BTA species to 
transition to a more upright geometry, similarly to what observed for the 
adsorption of BTAH on Cu(110) [11]. 

The spectrum recorded after 10 L exposure (Fig. 7, brown curve), 
shows a dramatic increase of all energy loss signals. In particular, the ν 
CH mode, which shifts to 3085 cm− 1, increases proportionally much 
faster than γ CH at 775 cm− 1. The variation of the γ CH: ν CH ratio in
dicates that the transition to an almost fully upright phase has occurred, 
which is in full agreement with the STM measurements. As a further 
confirmation, also ν NNN (1160 cm− 1) shows a substantial intensity 
increase. Additional vibrations can now be recorded at 1290 cm− 1, 
assigned to stretches of the triazole group in an N…Cu(I) environment 
[9–11,33,34,36], at 1310 cm− 1, assigned to a γ CH coupled with a 
breathing mode of the benzene ring, and 1615 cm− 1, attributed to a 
combination of ν CC + ν CN. The mode at 1570 cm− 1 is assigned to an 
in-plane bend of the NH group for hydrogen bonded NH; this is 
accompanied by a change in the profile of the 980 cm− 1 mode, which 
now shows a combination of γ NH and γ CH [11,33–35]. This indicates 
that, other than a fully upright phase, some other flat lying molecules are 
adsorbed on the surface and agrees with the occasional observation of 
‘fuzzy’ areas in the STM images, thought to be related to loosely bound 
second layer BTAH molecules (Fig. S5). 

A further confirmation of the self-limiting nature of the HD3 phase 
ad-layer is obtained via vibrational spectroscopy too, as shown in 
Fig. S8: in fact, spectra obtained after exposing to 10 L and 20 L of BTAH 
vapours are essentially superposable. This is also consistent with the 
trends of the XP signals in the “saturated upright” regime of Fig. 5. 

4. Conclusions 

In this work the interaction of BTAH with the Cu(100) surface has 
been studied both experimentally, under UHV conditions by means of 

Fig. 7. HREEL spectra following exposure of Cu(100) to increasing amounts of 
BTAH at room temperature. Spectra are offset vertically for clarity. Exposures 
to BTAH are indicated in langmuir. Only the main peaks are labelled. 

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

Mode 0.5 L 1 L 5 L 10 L 

ν CH    3140  3135  3085 
ν CC + ν CN        1615 
δ NH (H-bonded)        1570 
ν NNN (N… Cu(I))        1290 
ν NNN + ν CH      1155  1160 
γ CH    985  975  985 
γ CH  770  770  765  770 
C6H4 ring breathing    675  670  660 

ν stretch, γ out of plane bend, δ in plane bend 
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STM, XPS and HREELS, and theoretically, by means of DFT. In partic
ular, our study has analysed the structural and chemical properties of 
this prototypical organic corrosion inhibitor when adsorbed at different 
molecular coverages on the (100) orientation of copper. Our results 
demonstrate that benzotriazole readily deprotonates to its benzo
triazolate form upon room temperature deposition. With increasing 
BTAH exposure, the molecular orientation changes from being mostly 
parallel to the substrate to being mostly perpendicular to it. This tran
sition is rationalised by the theoretical finding that, on Cu(100), flat 
BTAs have a higher adsorption energy per molecule, while upright BTAs 
have a higher adsorption energy per unit area. The molecular packing is 
shown to increase also for the vertical BTAs, with transitions to suc
cessively denser phases being observed upon incrementing the BTAH 
exposure until a final, self-limiting monolayer of upright molecules is 
formed. While a precise molecular-scale identification of its structure 
was not possible, the combination of STM, XPS, HREELS and DFT clearly 
demonstrated that CuBTA and Cu(BTA)2 metal-organic complexes are 
the fundamental building blocks for this monolayer. 

When comparing these results with those reported for BTAH/Cu 
(111) and BTAH/Cu(110), an overall picture emerges with several 
common characteristics, such as the formation of a self-limiting, dense 
organic overlayer where upright adsorbed deprotonated molecules are 
strongly bound with copper adatoms into metal-organic complexes. The 
present work thus ideally completes and concludes previous studies of 
the interaction of benzotriazole with low Miller index copper surfaces, 
constituting the starting point for future studies focussed on elucidating 
the molecular scale mechanism by which BTAH acts as an anticorrosion 
agent for copper. 
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