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ARTICLE OPEN

Molecular scale insights into interaction mechanisms between
organic inhibitor film and copper
Xiaocui Wu 1, Frédéric Wiame 1✉, Vincent Maurice1 and Philippe Marcus 1✉

A model experimental approach, providing molecular scale insight into the build up mechanisms of a corrosion inhibiting interface,
is reported. 2-mercaptobenzimidazole (2-MBI), a widely used organic inhibitor, was deposited from the vapor phase at ultra-low
pressure on copper surfaces in chemically-controlled state, and X-ray photoelectron spectroscopy was used in situ to characterize
the adsorption mechanisms upon formation of the inhibiting film. On copper surfaces prepared clean in the metallic state, the
intact molecules lie flat at low exposure, with sulfur and both nitrogen atoms bonded to copper. A fraction of the molecules
decomposes upon adsorption, leaving atomic sulfur on copper. At higher exposure, the molecules adsorb in a tilted position with
sulfur and only one nitrogen bonded to copper, leading to a densification of 2-MBI in the monolayer. A bilayer is formed at
saturation with the outer layer not bonded directly to copper. In the presence of a pre-adsorbed 2D oxide, oxygen is substituted
and the molecules adsorb intactly without decomposition. A 3D oxide prevents the bonding of sulfur to copper. The molecular film
formed on metallic and 2D oxide pre-covered surfaces partially desorbs and decomposes at temperature above 400 °C, leading to
the adsorption of atomic sulfur on copper.

npj Materials Degradation            (2021) 5:22 ; https://doi.org/10.1038/s41529-021-00168-3

INTRODUCTION
A study conducted by NACE in 2013 estimated the annual global
cost of corrosion to about 3.4% of the global gross domestic
product. It is thus of significant importance to mitigate corrosion,
including for copper and its alloys which are widely used in
numerous industrial applications, such as in electrical installations
and electronics, in heating and cooling systems, and in building
construction.
The use of organic inhibiting molecules is one of the most

effective and practical ways to protect metals and alloys from
corrosion in aggressive environments, hence the intrinsic proper-
ties of the molecules and their interaction mechanisms with
various substrate surfaces have been studied extensively1–6.
Among all the techniques, X-ray photoelectron spectroscopy
(XPS) has been widely used, which gives reliable information on
the nature and chemical composition of the inhibitor/substrate
interface under various conditions6–12. The molecular chemical
composition is crucial to its interaction with metal surfaces. The
heteroatoms (such as sulfur, nitrogen, oxygen or phosphorus) with
lone electron pair present in an organic molecule are responsible
for its high corrosion inhibition efficiency by developing
coordinative bonds with the metallic substrate7–9,11,13,14, leading
to the formation of an adhesive and protective film on the metal
surface.
Benzimidazole derivatives, such as 2-mercaptobenzimidazole

(2-MBI), have been widely studied as corrosion inhibitors in
solution for various metals and alloys, such as steel15,16,
aluminum17 and copper1–8,11,13,14,18–20. The molecule may exist
in two tautomeric forms, as shown in Fig. 1.
In thione form, both nitrogen atoms are protonated, with sulfur

double bonded to carbon. In thiol form, only one nitrogen atom is
protonated and another is unprotonated. On copper surface, the
molecules has been found to form a complex film through

bonding with copper, leading to the formation of a protective
layer which prevents the metal from corrosion.
However, in spite of these numerous studies, the detailed

interaction mechanisms of 2-MBI with copper surfaces are still
discussed, and deeper insight from experimental studies at the
molecular scale is needed. Notably, the form of interaction
between the molecule and the substrate, whether the molecule
adsorbs intactly or partially decomposes upon adsorption, and if
in molecular form, the relative position of the molecule compared
to the surface, i.e., whether the plane of the heterocyclic ring is
parallel or perpendicular to the substrate in ‘flat-lying’ or ‘upright’
configurations, respectively. Also, the effect of the surface state,
metallic or oxidized, on the bonding interaction of the molecule
remains to be characterized experimentally. All these challenging
questions can difficultly be answered by the traditional way of
corrosion inhibition study in liquid solution. Thus, we have applied
a surface science approach, innovative in the context of corrosion
inhibition studies, with the deposition of high purity organic
molecules by sublimation in gaseous phase under ultra-low
pressure onto copper surfaces in chemically-controlled state. In
this case, the thione form of the inhibitor predominates21,22.
Compared to the corrosion inhibition study in liquid phase, the
solvent effects and air contaminations are eliminated, allowing a
more fundamental study of the molecule/substrate interactions
governing the build up of the inhibiting interface, thus offering a
rational basis for the better understanding of the corrosion
inhibition mechanisms in real conditions.
Combining Auger electron spectroscopy (AES), scanning

tunneling microscopy (STM) and ex situ XPS analysis on (111)-
oriented copper single-crystal surfaces, it was shown that a self-
assembled monolayer is formed at low exposure, and a fraction of
molecules decompose, leading to the adsorption of atomic sulfur
on copper23. Using density functional theory (DFT) modeling, the
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most stable adsorbed configuration was found for the thiolate
form with sulfur and nitrogen bonded to copper18.
In the present work, we applied XPS in situ to study the growth

and the nature of the chemical interaction of the adsorbed
molecular layer on a Cu(111) single crystal, thus avoiding the
influence of grain boundaries and dissimilar grain orientations.
Adsorption of 2-MBI was carried out by direct sublimation under
ultra-high vacuum (UHV) conditions onto surfaces in well-
controlled metallic or pre-oxidized state. The influence of a
surface oxide on the adsorption of molecules was investigated by
vapor sublimation of the molecule to pre-oxidized copper
surfaces. The thermal stability of the adsorbed molecular layer
was also studied. Finally, the results were compared to those
obtained with another structurally related inhibitor, 2-
mercaptobenzothiazole (2-MBT), that we studied previously24,25.

RESULTS AND DISCUSSION
2-MBI growth on metallic copper
Figure 2 shows the growth kinetics of 2-MBI deposited at RT on
the copper surface prepared clean in the metallic state and
followed by XPS. The areas of the Cu 2p3/2, C 1s, S 2p and N 1s
spectra were measured and normalized by the transmission of the
analyzer, the photoionization cross section of each element and
the corresponding inelastic mean free path. The normalized area is
thus proportional to the atomic density of each element, and is
plotted as a function of 2-MBI exposure.
The intensities of C 1s, S 2p and N 1s core levels increase with

increasing exposure, accompanied by a decrease of Cu 2p3/2
intensity, showing the growth of the adsorbed molecular layer on

the Cu(111) surface, leading to the attenuation of the metallic
substrate. The adsorption rate decreases gradually with increasing
exposure, until reaching a saturation regime. The N to C atomic
ratio was calculated to be close to that for the stoichiometry of 2-
MBI (2/7), confirming the adsorption of 2-MBI molecules. An
excess of S is clearly observed, with the S to C atomic ratio about
two times the value corresponding to the stoichiometry (1/7). This
is consistent with the AES measurement showing the adsorption
of 2-MBI with an excess of sulfur23.
The origin of this excess of sulfur is studied further by a

thorough analysis of the high resolution XPS spectra obtained on
the metallic Cu(111) after different exposures to 2-MBI at ultra-low
pressure and RT, as shown in Fig. 3. Two spin-orbit doublets,
S 2p1/2 and S 2p3/2, of branching ratio of 1:2 and of spin-orbit
splitting of 1.18 eV were used to decompose the S 2p spectra26,27.
At 8 L, only a S2 component is observed, with the 2p3/2 peak at
binding energy of 161.4 eV. This component was also observed on
Cu(111) exposed to 2-MBT and to 2-MBI, and was assigned to
sulfur bonded to copper23,24. Moreover, S2 is located at the same
binding energy as the S 2p spectrum observed on Cu(111) with
adsorbed atomic sulfur obtained by exposing to H2S

24. So there
might be a partial decomposition of 2-MBI by the cleavage of the
C=S bond and the adsorption of both atomic sulfur and intact
molecules on copper, while the molecular fragments resulting
from the partial decomposition leave the surface. This is in good
agreement with the coexistence of the ð ffiffiffi

7
p

´
ffiffiffi
7

p ÞR19.1∘ structure
formed by atomic sulfur and the (8 × 8) structure formed by the
intact molecule in the monolayer as suggested by STM23, and
could also explain the excess of sulfur discussed above. Mean-
while, a second component S1 is observed at a 2p3/2 binding
energy of 162.3 eV, with a relative proportion of 24%,
corresponding to sulfur in the 2-MBI molecule not interacting
with copper9,11,23. The presence of S1 suggests the beginning of
the formation of a second molecular layer, which is in good
agreement with the completion of a monolayer at 5 L as observed
by STM23. The N 1s spectrum is composed of a unique component
N2 at a binding energy of 398.7 eV, which could be assigned to
nitrogen bonded to copper, most probably in protonated form9.
The bonding of both sulfur and the two nitrogen atoms to copper
indicates that the molecules in the monolayer lie flat on the
surface.
At higher exposure, the relative proportion of S1 increases,

indicating the continuous growth of 2-MBI beyond the monolayer,
with the additional molecules not bonded to the Cu(111) via the S
atom, as also observed by STM23. At the same time, the intensity
of S2 increases as well, suggesting a reorganization of the
molecules in the monolayer bonded to Cu(111) via the S atoms,
which can be explained by a densification of the monolayer
enabled by a tilt of the molecules. The densification of the
monolayer directly bonded to Cu(111) is supported by the
increasing intensity of N2 until saturation. With increasing
exposure, a second component N1 appears at a binding energy
varying from 399.8 eV to 400.5 eV, which could be assigned to
nitrogen not bonded to copper11. The high intensity of N1 and N2

at saturation is consistent with a reorientation of the molecule in
the monolayer, leading to the adsorption of 2-MBI in a tilted
position with only one nitrogen atom bonded to copper in
addition to the adsorption of 2-MBI in the upper molecular layer
not interacting with copper. The bonding of one nitrogen atom to
copper changes the electron environment of the other nitrogen
atom. The change in the relative proportion of 2-MBI with one
nitrogen bonded to copper compared to that with both nitrogen
atoms not interacting with copper could explain the shift in the
binding energy of N1 with increasing exposure. The atomic ratio of
S2 to N2 was calculated, and was found to be superior to 1
(1.1–1.4) at different exposures. Compared to the stoichiometric
ratio in the molecule (1/2), the high S2 to N2 ratio confirms the
partial decomposition of the molecule upon build up of the

Fig. 1 Conformations of the 2-MBI molecule. a Thione form and b
thiol form.

Fig. 2 Growth kinetics of 2-MBI at RT on the metallic Cu(111)
surface. Evolution of the Cu 2p3/2, C 1s, S 2p and N 1s normalized
areas with 2-MBI exposure. The error bars were estimated by
adjusting the fit of the XPS core levels.
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adsorbed multilayer. The decomposition of 2-MBT was also
observed on the metallic Cu(111) surface, but the molecules in
the monolayer remained to lie flat with increasing exposure24.
Densification of the 2-MBI monolayer, with tilted molecules
bonded to copper by the sulfur atom and one nitrogen atom, is
in agreement with DFT calculations showing that such a bonding
configuration is favored at high coverage and allows the
formation of self-assembled monolayers18.

2-MBI deposition on pre-oxidized copper
The influence of surface pre-oxidation on the adsorption of 2-MBI
was also investigated. To this end, a 2D surface oxide was
prepared at low oxygen pressure as described in the Methods
section, and the growth kinetics of 2-MBI on this pre-oxidized Cu
(111) surface at RT was followed by XPS, as shown in Fig. 4. The
areas of C 1s, S 2p and N 1s signals were normalized to be
proportional to their atomic densities. The area of the O 1s signal
was normalized by that measured on Cu(111) with a complete 2D
oxide layer before 2-MBI exposure.

The adsorption of molecules on Cu(111) with pre-covered 2D
oxide layer was evidenced by a rapid increase in C 1s, S 2p and N
1s intensities, accompanied by a decrease of the adsorption rate,
until a saturation regime is reached. The N to C atomic ratio was
found to be close to the stoichiometric value in the molecule,
confirming the adsorption of 2-MBI on the pre-oxidized Cu(111).
An excess of sulfur was observed, but with a S to C atomic ratio
lower than that obtained on metallic Cu(111) exposed to 2-MBI,
confirming AES measurements23.
Meanwhile, the intensity of oxygen decreases continuously with

increasing 2-MBI exposure, with a residual oxygen intensity
representing 22% of that measured on the initial 2D oxide layer,
after an exposure of 250 L. There are two possibilities to explain
this decrease in oxygen intensity: the attenuation of the oxygen
signal by the upper adsorbed molecular layer or the substitution
of oxygen by 2-MBI at RT. A similar phenomenon has been
observed for 2-MBT and for H2S moleculesx25,28, and the complete
substitution of oxygen was evidenced after a 2-MBT exposure of
only 25 L.
A detailed high resolution XPS analysis of the 2-MBI film formed

on the pre-oxidized Cu(111) surface with 2D oxide layer after
different exposures was performed. Figure 5 shows the high
resolution XPS spectra of the S 2p, N 1s and O 1s core levels
obtained after different 2-MBI exposures at RT. The S 2p spectra
show the presence of two components S1 and S2, with the 2p3/2
peaks at 162.5 eV and 161.5 eV, corresponding to sulfur not
bonded and bonded to Cu, respectively. The molecules absorb in
the monolayer on copper via bonding with sulfur. With increasing
exposure, adsorption of 2-MBI in the molecular monolayer occurs,
and the additional molecules do not bond directly to copper via
the sulfur atom, giving a S1 component whose intensity increases
rapidly with increasing exposure. Moreover, the intensity of S2 is
about three times lower than that measured on the metallic Cu
(111) surface, indicating a lower density of interface sulfur
interacting with copper, which suggests that the molecules
adsorb mainly in their intact form in the monolayer. The N 1s
spectra show a unique component N2 at binding energy of 398.5
eV at low exposure, indicating that both nitrogen atoms are
bonded to copper on the pre-oxidized sample surface. This
component is shifted to lower binding energy (0.2 eV) compared
to that measured on the metallic Cu(111) surface, which could be
explained by the modification of the structure of the copper
substrate resulting from the oxidation process prior to exposure of

Fig. 3 High resolution XPS spectra obtained after 2-MBI exposure on the metallic Cu(111) surface at ultra-low pressure and RT. The S 2p,
N 1s and C 1s core levels.

Fig. 4 Growth kinetics of 2-MBI at RT on the pre-oxidized Cu(111)
(2D oxide). Evolution of the C 1s, S 2p, N 1s and O 1s normalized
areas with 2-MBI exposure. The error bars were estimated by
adjusting the fit of the XPS core levels.
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2-MBI. The atomic ratio of S2 to N2 was calculated to be about 0.4
at low exposure, which is close to the stoichiometric value in the
molecule, confirming the adsorption of intact molecules without
decomposition of 2-MBI. The adsorption of 2-MBT on pre-oxidized
Cu(111) surface was studied, the molecules adsorb intactly to
copper through bonding with sulfur without decomposition24.
As for the decomposition of the O 1s spectra, two components

O1 and O2 are observed at binding energies of 531.1 eV and 529.6
eV, with a full width at half-maximum (FWHM) of 1.0 eV and 2.5 eV,
respectively. According to previous studies on the “29” structure
formed in these pre-oxidation conditions29,30, atomically accurate
models were proposed with oxygen adsorbed in two different
environments: O anions in Cu-O hexagonal ring and O adatom in
the center of the ring. The component O2 at lower binding energy
is usually attributed to the bulk oxide31,32, which could in this case
be assigned to O anion bonded to copper in the hexagonal ring.
O1 component at higher binding energy may then be attributed
to O adatom. The decrease of the oxygen intensity is mainly due
to the decrease of O2 component, indicating the substitution of
oxygen in copper oxide by the 2-MBI molecule, and the
normalized area in Fig. 4 represents then the fraction of surface
covered by oxygen.
In order to simulate the adsorption mode of 2-MBI on Cu(111)

pre-oxidized in more realistic conditions, the clean metallic Cu
(111) surface prepared under UHV was exposed firstly to air at RT.
In this case, a 3D oxide was formed on Cu(111). The sample was
then introduced into the UHV system for the deposition of
molecules under ultra-low pressure at RT. XPS analysis before
deposition of 2-MBI indicates that the so-formed 3D oxide consists
of a mixture of Cu2O and CuO, as shown in the Cu LMM Auger
spectrum in Fig. 6, with a thickness of about 1.1 nm. The presence
of carbon contaminations is also detected. The high resolution
XPS spectra of the Cu LMM, S 2p, N 1s and C 1s core levels are also
shown in Fig. 6 after exposure at RT to 2-MBI until saturation. The
intensity of Cu LMM spectrum decreases by 11%, which can be
explained by the attenuation of the substrate by the molecules.
Also the relative proportion of CuO and Cu decreases, while that of
Cu2O increases slightly.
On the Cu(111) surface with this 3D oxide, only the S1

component is observed after 2-MBI exposure, indicating that the
3D oxide layer prevents the decomposition of the molecules and

that the adsorbed molecules do not bond via the S atoms to
copper of the surface oxide. Nitrogen is bonded to copper in the
3D oxide, as confirmed by the high intensity N2 component. The S
to N atomic ratio was calculated to be about 0.6, confirming the
adsorption of intact molecule without decomposition of 2-MBI.
Moreover, the decomposition of C 1s spectrum was performed.
Since XPS may not distinguish between the four carbon atoms in
the benzene ring not in direct contact with N9,33, we assume three
different types of carbon environments, with the same FWHM and
a intensity ratio of 1:2:4. A good fit was obtained, with C1, C2 and
C3 at binding energies of 285.9 eV, 284.9 eV and 284.2 eV,
corresponding to C=S, C–N, and the remaining C atoms in the
benzene ring, respectively. This confirms the adsorption of the
intact molecule on the 3D oxide pre-covered Cu(111) surface. DFT
calculation confirms the strong interaction of the molecules with
copper oxide through bonding with sulfur and nitrogen34. Based
on the above analysis, Fig. 7 shows a schematic illustration of the
adsorption of 2-MBI on metallic and pre-oxidized Cu(111) surfaces.

Thickness of 2-MBI layer on metallic copper
Since XPS is a quantitative technique, the thickness of the 2-MBI
film formed on the metallic Cu(111) surface was calculated. To this
end, we assume that the molecular layer is homogeneous and
continuous on Cu(111). The thickness of the inhibitor layer was
then calculated using the following equations:

IMBI
S2p ¼ kFSNMBI

S σS2pTS2pλ
MBI
S2p sin θ 1� exp � dMBI

λMBI
S2p sin θ

 !" #
(1)

IMBI
N1s ¼ kFSNMBI

N σN1sTN1sλ
MBI
N1s sin θ 1� exp � dMBI

λMBI
N1s sin θ

 !" #
(2)

ICuCu2p ¼ kFSNCu
CuσCu2pTCu2pλ

Cu
Cu2p sin θ exp � dMBI

λMBI
Cu2p sin θ

 !
(3)

where k is a constant which is characteristic of the spectrometer
used, F the photon flux (constant), S the area of the analyzed zone,
I is the intensity of the photoelectrons, N the density of the
emitting atoms, σ the photoionization cross section, T the
transmission of the analyzer, λ the inelastic mean free path of

Fig. 5 High resolution XPS spectra obtained after 2-MBI exposure on pre-oxidized Cu(111) surface (2D oxide) at ultra-low pressure and
RT. The S 2p, N 1s and O 1s core levels.
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emitted electrons, which is estimated by the Tanuma, Powell and
Penn formula (TPP-2M)35, θ the take-off angle of the photoelec-
trons, and dMBI the thickness of the 2-MBI layer.
The thickness of the molecular layer increases with increasing

exposure, as shown in Fig. 8. At 8 L, XPS analysis indicates the
formation of a complete monolayer of 2-MBI as discussed above,
and the thickness of the inhibitor film is about 0.1 ± 0.1 nm. This is
consistent with the thickness calculated in the literature for a
single 2-MBI monolayer9. Taking into account the size of the 2-MBI
molecule of 7.9 Å × 9.7Å in the molecular plane22, the molecules
are very likely to lie flat, which is in good agreement with the XPS
analysis indicating bonding via sulfur and both nitrogen atoms to
copper. Moreover, STM23 indicates the formation of a second layer
at 11 L. The continuous increase of the film thickness after 11 L
could be explained by the change in the molecule configuration
as evidenced by our XPS analysis above. At saturation, the
thickness of the 2-MBI film is about 0.8 nm, which could be
explained by the adsorption of two molecular layers. The 2-MBI
film formed at saturation is thicker than that formed by 2-MBT
(0.6 nm), which could be explained by the change in the 2-MBI
configuration from flat-lying to tilted geometry with increasing
exposure.

Fig. 7 Schema of 2-MBI adsorption on copper surfaces and the corresponding S 2p and N 1s spectra. a Metallic; b oxidized (2D oxide);
c oxidized (3D oxide).

Fig. 6 High resolution XPS spectra obtained before and after 2-MBI exposure until saturation on Cu(111) pre-exposed to air (3D oxide) at
1 × 10−9 mbar of 2-MBI and RT. The Cu LMM Auger spectra before and after 2-MBI exposure and S 2p, N 1s and C 1s core levels after 2-MBI
exposure.

Fig. 8 Thickness of the 2-MBI film formed on the metallic Cu(111)
surface. The error bars were estimated by taking into account the
errors of all the parameters used for calculation.

X. Wu et al.
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Thermal stability of the 2-MBI molecular layer
In order to study the thermal stability of the 2-MBI layer, the
metallic Cu(111) surface with pre-covered 2-MBI at saturation was
annealed at different temperatures, and the surface after
annealing was analyzed by XPS, as shown in Fig. 9.
A clear change in the surface composition was observed after

annealing above 400 ∘C (no change for annealing below 400 ∘C).
For the S 2p spectra, the S1 component disappears after
annealing, suggesting a desorption of the 2-MBI molecules in
the upper layer, as also confirmed by the rapid decrease of N 1s
(especially the N1 component) and C 1s intensities. Meanwhile, the
intensity of the S2 component increases to 1.7 times that before
annealing, and the S to C atomic ratio was calculated to be about
six times the stoichiometric value (1/7). This indicates a further
decomposition of the molecule after annealing and the adsorp-
tion of atomic sulfur on copper. The results are in good agreement
with STM characterization showing the formation of an ordered
layer with ð ffiffiffi

7
p

´
ffiffiffi
7

p ÞR19.1∘ structure after annealing at 500 ∘C23.
The same experiment was performed to investigate the thermal
stability of 2-MBI layer formed on pre-oxidized Cu(111) (2D oxide)
at saturation, a desorption and further decomposition of the
molecules were also observed when annealing above 500 ∘C.
Compared to the 2-MBT molecular layer which decomposes after
annealing above 100 °C24, a higher thermal stability was evidenced
for 2-MBI, which could be explained by its higher adsorption
energy compared to that of 2-MBT as indicated by DFT
calculation18.
To summarize, this model surface science approach, combining

adsorption of organic molecules at ultra-low pressure onto
chemically-controlled metal surfaces with in situ surface analysis,
exemplifies how deeper experimental insight on inhibition
mechanisms can be obtained. Applied in the present work to 2-
MBI deposited on copper and analyzed by high resolution XPS, it
provides molecular scale insight on the interfacial interaction
mechanisms leading to the formation of an inhibitor film.
On the metallic copper surface, an excess of sulfur was

observed in the molecular film. A S2 component at binding
energy of 161.4 eV characterized sulfur bonded to copper, both in
the intact molecule and in atomic form resulting from the
decomposition of 2-MBI. Initially, both sulfur and two nitrogen
were bonded to copper, indicating that the molecule was lying flat
on copper. With increasing exposure, a densification of the

monolayer directly bonded to copper was observed, accompanied
by a reorientation of the molecule to a tilted configuration. In this
case, only one nitrogen atom remained bonded to copper.
Quantitative calculation indicated that the thickness of the
molecular layer formed at saturation was about 0.8 nm, suggest-
ing the formation of a bilayer with the inner molecular layer
directly bonded to copper and the outer layer not bonded to
copper.
On copper pre-covered with a 2D oxide layer, dissociation of the

surface oxide and substitution of oxygen by the molecules was
observed, without decomposition of the molecule. Both sulfur and
the two nitrogen atoms were bonded to copper, suggesting flat-
lying molecules on copper. In the presence of a 3D oxide, only
bonding between nitrogen and copper was observed, indicating a
weaker interaction of 2-MBI with the oxidized surface.
Partial desorption and decomposition of the 2-MBI film pre-

adsorbed on metallic copper was observed above 400 ∘C. The 2-
MBI molecular layer formed on copper has a higher thermal
stability in comparison to that formed by 2-MBT.

METHODS
System and characterization techniques
Experiments were performed in an ESCALAB 250 photoelectron spectro-
meter purchased from Thermo Electron Corporation. The system was
pumped continuously in order to keep a base pressure below 10−10 mbar.
XPS analysis was performed using a monochromatic Al Kα X-ray source
(1486.6 eV). The binding energy was calibrated by referring to the Fermi
level of the sample. Reference samples were used to calibrate the
transmission of the analyzer. The high resolution core level spectra were
recorded with a pass energy of 20 eV, which corresponds to an overall
resolution of 360meV. The analyzed photoelectrons were collected with a
take-off angle of 90∘, and the XPS spectra were analyzed using the CasaXPS
software (version 2.3.19)36.

Materials and sample preparation
The sample used was a high purity (99.999%) Cu(111) single-crystal. A
clean Cu(111) surface was prepared by repeated cycles of ion sputtering
(PAr= 5 × 10−6 mbar, 600 V, 10 mA, 10min) and annealing to 600 ∘C during
10min. The surface was systematically checked until no contamination was
observed in the XPS survey spectrum, and a sharp (1 × 1) low energy
electron diffraction pattern was obtained. Pre-oxidation of the Cu(111)
surface was performed by introducing oxygen gas in the preparation
chamber (PO2 ¼ 5 ´ 10�6 mbar) until saturation (15 min). In these

Fig. 9 High resolution XPS spectra obtained on the metallic Cu(111) with pre-adsorbed 2-MBI layer at saturation before and after
annealing at 400 ∘C during 10min. The S 2p, N 1s and C 1s core levels.
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conditions, a 2D surface oxide with “29” superstructure was formed29,30,37.
A 3D oxide was also prepared by exposing the metallic Cu(111) surface
to air.

2-MBI deposition
A vacuum sealed glass tube containing 2-MBI powder was connected to
the UHV preparation chamber of the spectrometer for the in situ
deposition of the molecules. The above prepared Cu(111) surfaces were
transferred to the preparation chamber connected to the vacuum sealed
glass tube for 2-MBI exposure. 2-MBI powder, purchased from Sigma-
Aldrich, has a purity higher than 98%. The pressure in the tube and
preparation chamber was in the order of 10−9 mbar during exposure at
room temperature (RT). The sample was kept at RT during the deposition
process, and the growth kinetics of 2-MBI was followed by XPS. The
molecular exposure is expressed in langmuir (1 L= 10−6 torr s).

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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