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Abstract

Self-assembled monolayers of corrosion inhibitors of the mercaptobenzimidazole family,
SH-BimH, SH-BimH-5NH, and SH-BimH-50Me, were formed on template-stripped
ultraflat Au surfaces using microcontact printing, and subsequently analyzed using X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and force spectroscopy
(AFM-FS) using a quantitative imaging mode (QI). Printing of all used inhibitor molecules
resulted in clear patterns and in slightly more compact films compared to immersion. The
stability of the monolayers is further probed by AFM force spectroscopy. Adhesion values
of laterally heterogeneous inhibitor-modified surfaces compared to bare Au surfaces,
nonpatterned areas, and fully covered surfaces are analyzed and discussed. Microcontact
printing confers a superior nanomechanical stability to imidazole-modified films of the
printed surface patches as compared to homogeneously covered surfaces by immersion into

the inhibitor solution.



Introduction

Surface functionalization of materials using self-assembled monolayers (SAMs) has been of
wide interest for various applications due to their ability to spontaneously form highly
compact and ordered monolayers onto the surfaces of solids (Figure 1a). SAMs can be used
for biotechnology, microelectronics, and (more recently) corrosion inhibition!>. Imidazole
and mercapto-containing molecules have been demonstrated to be very good candidates for
corrosion inhibitors on metals®®. In terms of fundamental research, a number of surface
science studies report the corrosion efficiency of homogeneously covered pure Cu surfaces,

by both, experimental and theoretical approaches® .

For the basic study of SAMs, mostly Au surfaces have been used and, as adsorbates, mainly
linear alkanethiols have been used, with other more complex molecules being reported'* 3,
Au surfaces have been widely used due to their inert behavior at room temperature, ease of
preparation, and availability, for example, as template-stripped ultraflat substrates (Figure
1b). Au thus provides a suitable reference system for the study of organic monolayer film

formation and in particular of more complex (hybrid) corrosion inhibitor films.

The understanding of corrosion at the nanoscale and of the detailed mechanisms involved are
still a matter of discussion due to the complexity of real materials, which involves the actual
surface state, the eventual presence of various defects and impurities,* and the surrounding
environment. Moreover, for studies at the atomic, molecular and nanoscale levels, in
particular, experimentally challenging localized phenomena play a key role to understand

and eventually prevent the early stages of corrosion®>°,

We have previously introduced an approach to study corrosion inhibition at the nanoscale
and localized level using a microcontact-printing (p-cp) process. Using alkanethiols
molecular boundaries were created in a controlled way?*2. For such well-controlled complex
alkanethiol-modified alloy surfaces we could earlier show that initial localized dealloying
corrosion is triggered at the created boundaries between two areas of different alkanethiols.
Printing by p-cp is a useful and low-cost approach, and works well for very flat substrates
(Figure 1c). During the p-cp process the organic molecules in solution are first deposited
onto an elastomeric stamp (usually polydimethylsiloxane, PDMS), which, after removal of
excess of solution, is subsequently placed onto the substrate to create patches of monolayers
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following the topography on the stamp. This method has allowed to obtain high-resolution
patterns on large areas as well as hybrid surfaces?2%. A full surface coverage including well-
controlled patch-boundaries (single or double patterns), can be formed as a result of a final
backfilling with the same or an additional type of molecules?*. The adsorption behavior of
mercaptobenzimidazole molecules on a reference system such as ultraflat Au surfaces has

been barely investigated?2°,

FS can be employed as a technigue to evaluate the molecular film-substrate interactions at a
nanoscale level?” and to probe the stability of films. The stability of corrosion inhibitor films
on metals and alloys, both on the general film-substrate level and the sites localized around
molecular-level defects such as domain or patch boundaries, can be related to corrosion
efficiency?’. The literature reports the study of nanomechanical properties of alkanethiols
adsorbed onto Au surfaces using FS,?83! but it has, to the best of our knowledge, not been
the case for laterally structured heterogeneous surfaces formed by p-cp and, in particular,
with more bulky organosulfur molecules, which have shown a great potential as corrosion

inhibitors.

Here we analyze model Au systems containing patterned layers formed from bulky organic
molecules considered as corrosion inhibitors by surface characterization with X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and AFM-force
spectroscopy (AFM-FS) using a quantitative imaging (QI) mode. The nanomechanical
properties of corrosion inhibitor films have been rarely investigated and, in addition, p-cp
has not yet been reported for the organosulfur compounds presented here. We assess the
effect of heterogeneity in the nanomechanical properties of the modified surfaces combined
with the study of their surface composition, their molecule-surface bonding, as well as the
order or disorder of laterally structured complex SAMs. We also compare these results with

homogeneously covered Au surfaces.
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Figure 1. (a) Artistic view of molecule assembly on a metallic surface, (b) AFM image of

ultraflat Au substrate surface (1.5 x 1.5 um?) and (c) schematic process of p-cp.

Experimental methods

Chemicals used

2-Mercapto benzimidazole, 5-amino-2-mercapto benzimidazole, and 5-methoxy-2-mercapto
benzimidazole (SH-BimH, SH-BimH-5NH,, and SH-BimH-50Me, respectively) were
obtained from Fluorochem. Figure. 2 shows the chemical structure of each of these
molecules. Absolute ethanol (99.5%) was provided by VWR. All chemicals were used
without any further treatment. Thiol solutions of 1 mM concentration in ethanol were

prepared and ultrasonicated in an ultrasonic bath purchased from VWR.
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Figure 2. Schematic of chemical structures for (a) 2-mercaptobenzimidazole, (b) 5-amino-
2-mercaptobenzimidazole, (c) 5-methoxy-2-mercaptobenzimidazole. The thiolate structure

is shown.

Au substrates

Ultraflat polycrystalline Au substrates consisting of glass chips coated with a 100 nm Au
layer, which are template-stripped from a silicon wafer, were purchased from Platypus
Technologies. The substrates were used without any further treatment. The average
roughness of each substrate is 0.3 nm according to manufacturer data sheet. The localized

roughness varies in a range of 0.5 = 0.4 nm as obtained from AFM imaging.

Formation of inhibitor films

Polydimethylsiloxane (PDMS) stamps with individual squared patches of ~4 x 4 um were
used to form the patterned surfaces. Prior to patterning, the stamps were rinsed and
ultrasonicated in pure ethanol for 10 minutes and dried under N2 gas. Droplets of the thiol
containing solution were placed on the stamp for 30 seconds approximately, and the excess
of solution was removed using N2 gas. The stamp was subsequently placed onto the Au
substrate and finally peeled off after 30 s (Figure 1c). In addition to the films formed by p-
cp, and for comparison purposes, three ultraflat Au surfaces were immersed overnight in each
molecule solution, yielding homogeneously SAM-modified surfaces. After immersion, these

samples were rinsed with ethanol and dried using N2 gas.



AFM characterization

The AFM characterization of samples was carried out prior to performing FS measurements,
using a JPK-Bruker NanoWizard 3 AFM in alternating current (AC) mode in air and silicon
ACTA tips from AppNano with a cantilever length 125 um, spring constant 40 N/m, and a

resonance frequency of ~300 kHz.

Force Spectroscopy Measurements (AFM-FS)

For quantitative imaging (called QI mode for JPK-Bruker) measurements, SHOCONGG Au-
coated Si tips from AppNano with a cantilever length of 225 pm and a resonance frequency
of ~50 kHz were used. In the QI mode, fast force curves are recorded sequentially for each
pixel. Prior to QI measurements, the tips were thoroughly cleaned with 95% H>SOs, DI water,
and ethanol and dried with N, The cantilevers were also calibrated on clean ultraflat Au using
the thermal noise method, obtaining spring constant values ranging from 0.07 to 0.1 N/m,
which correspond to the spring constant specified for these particular cantilevers. Force
curves were collected on patterned samples immersed in DI water in a selected surface area
of 6 x 6 um? to guarantee the acquisition of force curves in both patterned and non-patterned
regions, applying a set point force of maximum 3 nN and setting both approach and retract
speed of 3 um/s. Force curves were also collected on bare ultraflat Au surfaces and on

homogeneously covered surfaces for comparison purposes.

X-ray Photoelectron Spectroscopy characterization

XPS spectra were recorded using a Scienta Omicron setup with a monochromatic Al K-alpha
X-ray source (1486.6 eV). Photoelectrons were detected via a hemispherical analyzer
(EwW4000). Pass energies of 200 and 100 eV were applied for the survey spectra and core
level spectra, respectively. Measurements were recorded at pressures below 10 mbar. The
Au 4f 7/2 core-level energy (84 eV) was used for the energy calibration of the spectra. Survey

analysis and peak fitting of the core level spectra was performed using the CasaXPS software.



Results and discussion
Single printing

At the beginning of the experiments, prior to any patterning process, the commercial ultraflat
bare Au surfaces were characterized by AFM in air using AC mode. Figure 1b provides an
example of the surface topography of the bare Au samples, where different grain sizes as
well as a number of growth-holes at the grain boundaries are observed. A broader view of
the bare ultraflat Au sample, and the respective cross section profile are available in Figure
S1. The p-cp process for corrosion inhibitor films has been previously introduced?® -2, For
surface modification, we used 2-mercapto-benzimidazole, 5-amino-2-mercapto-
benzimidazole, and 5-methoxy-2-mercapto-benzimidazole (SH-BimH, SH-BimH-5NH; and
SH-BimH-50Me), respectively, which are all frequently used in the context of corrosion
inhibition, in particular for Cu and Cu alloys®®273233  After u-cp, the presence of printed
patterns on ultraflat Au surfaces for the respective molecules is confirmed by AFM, as
observed in Figure 3a-c. The formed patterns are clearly distinguishable and display a well-
defined topography, similar to microcontact printed surfaces with alkanethiols reported

elsewhere,20:21.24

Figure 3d-f shows the corresponding cross-sectional profiles, and the dashed lines indicate
an ideal assembly of the molecules present in each patch. Each of the applied molecular
patches shows a difference in height. The lowest thickness corresponds to the film formed
by SH-BimH (Figure 3d), whereas the SH-BimH-5NH: (Figure 3e) and SH-BimH-50Me
(Figure 3f) films display a larger thickness. The molecular length of these molecules is of
about 1 nm,® whereas DFT calculations suggest that molecules bind with the S atom and one
of the N atoms to form an inclination that leads to a film of about 0.6 nm thickness.®

The irregularities in height observed in the obtained images and profiles, specifically in the
sections corresponding to the thicker, patterned areas, may be attributed not only to the grain
boundaries, the defects of the Au substrate such as the growth holes observed in Figure 1b,
and the slight variations of local roughness but also to irregularities such as domain
boundaries in the organic monolayers itself. In the lower thickness, presumed bare Au areas,
possible individual, eventually flat-lying molecules could also be present. As a side remark,

we have also observed in blank prints without impregnated molecules a small transfer of
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(short) silicone chains from the PDMS stamp, in line with reports in the literature®*°, The
corresponding AFM images, where “blank” patches are visible only by a small change in the

phase signal but not in height images, are shown in Figure S1.
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Figure 3. AFM images of single p-cp patterns corresponding to (a) SH-BimH (b) SH-
BimH-5NH_, and (c) SH-BimH-50Me and (d-f) their respective height cross section

profiles. Color scale ranges from 0 to 3 nm.
XPS measurements

XPS measurements were recorded in order to analyze the surface composition of the print-
modified samples as well as the fully covered ultraflat Au substrates, which were obtained
by the direct immersion of bare substrates. Figure 4 shows the survey spectra corresponding
to a printed ultraflat Au substrate with SH-BimH-50Me as an example (the result is very
similar for the other surfaces; the survey spectra of the remaining molecules are shown in
Figure S2). Peaks corresponding to C and O are identified at energies ~285 and 530 eV
respectively and, additionally, at energies of ~1020 and 1040 eV, two small peaks



corresponding to Zn were identified in all the shown spectra. The small Zn peaks were also
observed in the bare ultraflat Au surface and the signal is very low (Figure S3). We therefore
attribute these peaks to possible minor contaminations during the manufacturing process of
the substrates. Moreover, since the Scofield factor of Zn 2pis high and the observed intensity
is low, the quantification of elements indicates that the evidenced content of Zn is also very
low, ranging between 0.3 and 1 at% on both bare and inhibitor-modified surfaces, which
means there is no significant influence on the majority of the surface. It is also remarkable
that the height of these Zn peaks diminishes in inhibitor-modified substrates, indicating the

modification on top of the complete initial surface in both printed and fully covered samples.
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Figure 4. XPS spectra of a selected sample, p-cp patterned ultraflat Au substrate with SH-
BimH-50Me.

In the case of patterned samples, it has been observed, as in the literature, the presence of Si
is attributed to a limited transfer of (short) silicone chains from the PDMS stamp®*4°,
Nevertheless, the contribution of Si in the studied samples was minor also in the XPS signal;
thus, no detrimental effect was observed in the SAM films.

High-resolution core-level spectra for S 2p of fully covered (Figure 5a-c) as well as printed
(Figure 5d-f) Au substrates with the respective molecules are presented in Figure 5. The non-
filled black circles form the measured spectrum, and the black solid line represents the
envelope obtained after the respective fitting process. Each S 2p signal is fitted using three

components which correspond to



b) c)

SH-BimH-50Me /|

Fully covered
Intensity (a.u)
Intensity (a.u)
Intensity (a.u)

187 166 165 164 163 162 161 160 159 167 166 165 164 163 162 161 160 169 167 166 165 164 163 162 161 160 150
Binding energy (eV) Binding energy (eV) Binding energy (eV)

d) X e) f)

\
SH-BimH-5NH, [/ | SH-BimH-50Me
I

SH-BimH

Patterned

Intensity (a.u
Intensity (a.u)
Intensity (a.u)

T T T r T —— T——T T T T T T T r : T T
167 166 165 164 163 162 161 160 159 167 166 165 164 163 162 161 160 159 167 166 165 164 163 162 161 160 159
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 5. High-resolution peak in the S 2p region (a-c) of ultraflat Au substrates immersed
overnight in respective solutions and (d-f) p-cp patterned ultraflat Au substrates. Black
solid line represents the fitting; open black circles correspond to measurement; red and blue
solid lines correspond to bound and unbound thiol, respectively, and green solid lines are
attributed to the possible reaction of S with Zn.

the bound sulfur (red solid lines), the unbound sulfur (blue solid lines) spectra typically
observed in thiol molecules** and a small third component (green solid lines) of Zn-S
attributed, as discussed above, to a possible reaction between Zn and S**#. The Zn-S
component is visible as the small shoulder observed in all the spectra at an energy of ~ 161
eV. This shoulder in the measured peaks is, in general, more noticeable in Figure 5d-f,
corresponding to the patterned Au substrates, in line with an only partially covered surface.
The relative intensity on the print-modified surfaces of the bound S peaks is also clearly
higher compared to the nonbound signal in all cases, indicating the larger predominance of a
covalent S-Au adsorption pointing to a better ordered film. Thus, the lower intensity of the
unbound sulfur peak observed on the printed surfaces in comparison to the fully covered

surfaces suggests more compact layers after the p-cp process.
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Force spectroscopy measurements using Quantitative Imaging mode (QI)

After confirming the presence of thiol films on the substrates in the topography images
obtained in the AC mode AFM in air, each sample was measured using QI mode in deionized
water. As mentioned in the experimental section, the main advantage of the QI mode is
obtaining a force curve on each pixel of a chosen area. From the force curves data, different
information can be derived such as an adhesion image or setpoint height image. Figure 6a,b
presents examples of typical force curves obtained during the measurements in both bare

ultraflat Au surface and pu-cp-modified Au surface.

In Figure 6a, the approach curve (black) remains at a force equal to zero until the tip-surface
distance is ~2 nm where a pull-in force occurs due to the attractive interaction between the
Au-coated tip and the Au surface, before the repulsive force takes over up to the hard wall
repulsion when the tip contacts the Au surface. During the retract curve (red) at a very short
distance, the tip experiences a pull-off force, the so called adhesion force which is expected
to be high, since the Au-Au interaction requires a higher force to retract the tip towards its
initial position*. Figure 6b shows a force curve where an adhesion peak in the retract curve
is also visible for the p-cp-modified Au surface with SH-BimH-5NH.. Yet, the adhesion is
significantly smaller in comparison to the adhesion force on bare Au. In addition, a second
minimum in the retract curve at a distance of ~5 nm is visible. This behavior of the retracting
curve has been explained previously as ‘fishing’ of molecules?’, where during the retract
process the retract force between the tip and the sample is strong enough to pick a molecule

or a group of molecules from the surface.

Adhesion and (un)folding of biomolecules is the most common field where this phenomenon
is studied using the so called single-molecule force spectroscopy method, where the aim is
to measure the interaction forces between biomolecules and different material interfaces as
well as their nanomechanical properties*®*’. This method frequently includes the
functionalization of AFM tips, which consists in the conjugation of biomolecules onto the
tip. Nevertheless, this is not the case of the present study since the tip was not modified. For
a more detailed force curve data analysis in our study, 100 curves were randomly selected
from non-patterned areas and 100 curves from a patterned region, thus 200 curves in total for

each sample.
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Figure 6. FS curves after correction for hard walls. (a) FS curve measured in bare ultraflat
Au. The inset is a zoom image of the adhesion range of a raw force curve. An overshooting
is also observed in the retract curve, corresponding to a higher oscillation amplitude and (b)

FS curve measured in a p-cp modified Au surface with SH-BimH-5NH2. The inset plot

shows the zoom image of the adhesion and fishing peaks observed in the raw retract curve.

Figures 7a-c shows the derived QI setpoint-height image of each inhibitor patterned surface
at a resolution of 256 x 256 pixels. The dashed lines enclose the patch selected for
measurements on each case for an easier view. In the same figure, white dots are observed,
which may correspond to agglomeration of inhibitor molecules. The p-cp patches are not
clearly visible on the QI setpoint height images as they show the height information
corresponding to the maximum force applied (setpoint), i.e., the layer forming the patch is

compressed and is possibly penetrated by the tip; thus, the substrate is imaged.

As the force curves are taken on each pixel of the image, a value of adhesion is also obtained,

from which it is possible to have an adhesion image as displayed in Figure 7d-f, which
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presents the adhesion channel images obtained during the QI process. In all images, the
presence of each microcontact-printed patch is clearly noticed and the adhesion values in the
printed area are smaller compared to the nonpatterned areas, where a maximum adhesion of

407 pN is observed on the color scale. Further adhesion analysis will be discussed later.
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Figure 7. QI setpoint height images of Au surfaces printed with SH-BimH (a), SH-BimH-
5NH: (b), and SH-BimH-50Me (c). Adhesion images (d-f) corresponding to each inhibitor-
modified surface, and FS curves (g-i) selected from the curves taken on each patch. For
SH-BimH, 14% of the curves show “fishing” (g), for SH-BimH-5NH>, 8% (h), and none
for SH-BimH-50Me (i).

Figure 7g-i presents the FS plots selected from the ‘on patch’ curves. Figure 7g,h shows
typical examples which display a second peak in the retract curves. As mentioned previously,
such additional peaks are caused by ‘fishing” of molecules. This behavior was observed in
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14% of the analyzed curves for the SH-BimH-patterned area and in the 8% of the analyzed
curves for SH-BimH-5NHz patch. Furthermore, a variation of fishing distances was identified
in the mentioned curves, which suggests that a group of molecules was pulled off from the
surface. For the SH-BimH-printed surface, fishing phenomena were found in a (rather broad)
distance range of about 5-15 nm as it is indicated in Figure 7g, whereas these phenomena in
the SH-BimH-5NH> printed surface were identified at an also rather broad variation of
distances of about 3-9 nm, as evidenced in Figure 7h. In contrast, the curve selected in the
case of the printed surface with SH-BimH-50Me observed in Figure 7i does not present any
additional peak in its retract curve since no fishing event was identified in the data analysis,
and, therefore, we assume a higher stability of the formed SAM. This argument agrees with
previous FS studies, where SH-BimH-50Me has been found to be the most stable molecule
on Cu surfaces, compared to SH-BimH-5NH>. Higher molecular stability was also correlated
to enhanced corrosion efficiency, where the former molecule showed a better protective

effect?’.

Derived from the variation of fishing distances previously observed, Figure 8 shows the
schematic representations of two different possible fishing events. The short distances could
indicate the fishing of a small number of molecules (Figure 8a), yet the necessary cohesive
intermolecular forces may be too low as polymerization reactions are unlikely. Figure 8b, on
the other hand, suggests the fishing of an accumulated layer, that is, sheet or “agglomerate”
or “drop” of molecules. The latter is the more likely scenario as mostly distances of more
than 3 nm are observed and where overall larger intermolecular van der Waals forces as well
as hydrophobic forces in the water-based test solution might play a role. As a final remark, it
would be expected that some of the molecules eventually reintroduce on the film during the

subsequent force curve.

14



Au-coated AFM tip Au-coated AFM tip
< b) 3
i",‘:‘t’ 2 § "1*' 4

“ e

o »
dyh Sih pa® s
& ‘)t _»%1’2 =

9.8,
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observed for SH-BimH-5NH>2 molecules. (a) Fishing of a chain of molecules and (b)

fishing of a part of a layer.

Statistical analysis of adhesion curves and the results are displayed in Figure 9. FS
measurements were carried out on homogeneously covered ultraflat Au surfaces in order to
compare their nanomechanical properties with patterned surfaces. The adhesion values
displayed in Figure 9a are obtained from the averaging over at least 100 retract curves for
each type of surface. For the SAM-modified surfaces, the adhesion values are significantly
reduced as compared to bare Au, owing to the presence of the corrosion inhibitors SAMs
and, thus, the weaker interaction between the Au tip and the SAM layer. A close inspection
of Figure 9a reveals a subtle difference in adhesion force between patterned and
homogeneously covered surfaces. The latter displays larger adhesion force values for all three
types of inhibitors as compared to the patterned, ‘on patch’ areas. The increased adhesion
indicates that homogeneously applied (immersed) SAM layers are more disordered on
average, and the force to detach the tip increases as a result of the close approach of the tip
to the Au substrate, where an increase of contacts between the tip and the SAM layer is
expected. In turn, patterned molecules form a more compact SAM layer and exhibit an
enhanced stability as compared to the ones adsorbed directly from solution; hence, the
distance and the number of possible tip-molecules contacts is reduced.

A similar argument has been utilized in the literature to assess the degree of order of
supported lipid bilayers, for which an increase in the fluidity (disorder) of the bilayer induces
a higher adhesion, as observed bilayers in the presence of nanoparticles* or anesthetics®® .
The enhanced stability of patterned SAMs agrees well with XPS results.
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Figure 9b,c shows a detailed statistical analysis of adhesion forces for microcontact-printed
surfaces on patch and out-of-patch locations (histograms for the remaining molecules are
available in Figures S4 and S5 for homogeneously covered surfaces). Interestingly, out-of-
patch locations which are supposed to be SAM-free display very small adhesion values as
compared to bare Au. These small adhesion values could be the result of tip contamination,
that is, displacement of molecules upon retraction of the tip, or possible diffusion of
molecules upon exposure to water. The presence of a low number of molecules, either at the
step edges or at the tip, can thus, from a nanomechanical point of view, have an influence.
Earlier studies related to corrosion have evidenced influences of molecules in (bare) areas
around printed patches?'. The p-cp technique was used to create heterogeneous SAM films
as a method for studying dealloying (Figure S6)2%2,
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Figure 9. (a) Summary of average adhesion forces obtained from the selected FS curves on
(left to right) bare Au, on patch, out-of-patch and immersed, fully covered surfaces.
Adhesion histograms corresponding to the analyzed data obtained from FS measurements
on p-cp patterned ultraflat Au substrate with SH-BimH-50Me (b) on patch and (c) out of
patch.
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Conclusions

The stability of microcontact-printed mercaptobenzimidazole-based corrosion inhibitor
molecules on Au surfaces was assessed and compared to homogeneously covered films by
means of a combination of surface-sensitive AFM and XPS techniques. Despite their rather
compact chemical structures, we have shown the capability of these molecules to be
microcontact printed on ultraflat Au surfaces, as evidenced from topographical AFM and
chemical XPS signatures. XPS results show a strong covalent S-Au bonding, indicating the
presence of well-ordered molecular films in both printed and homogeneous films, the former

displaying a higher degree of order.

Nanomechanical AFM measurements confirmed the use of adhesion curves as useful
descriptors for molecular stability to be further related with macroscopic properties. In
particular, as compared to amino- and mercaptobenzimidazole analogues, a superior stability
of self-assembled monolayers of methoxy-terminated SH-BimH-50Me molecules was
shown, as deduced from the absence of molecular fishing events upon tip retraction.
Statistical analysis of adhesion forces has furthermore shown that microcontact-printed
monolayers display a better stability than their counterparts formed by immersion, in
agreement with XPS observations. The bare metal areas in between the print patches display
smaller adhesion than bare Au, which might indicate molecules at the tip or that the printing
process leaves some molecules outside the printed areas. With our demonstration of
successful printing of real corrosion inhibitor molecules, our study calls for further steps
toward fundamental understanding of more complex strategies involving corrosion
inhibition.
Supporting Information

Characterization data including AFM; XPS spectra and adhesion histograms obtained from
AFM-FS data analysis for all the analyzed samples; and figure related to the advantages of

M-cp in dealloying protection.
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Nanomechanical stability of laterally heterogeneous films of corrosion inhibitor
molecules obtained by microcontact printing on Au model substrates
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Here we present the supporting information for our manuscript where we analyze the self-
assembly behavior of organic molecules with potential application as corrosion inhibitors.
These molecules were patterned on ultraflat Au surfaces using microcontact printing and
characterized using Atomic Force Microscopy (AFM), X ray Photoelectron Spectroscopy
(XPS) and AFM force spectroscopy (AFM-FS) with a quantitative imaging mode (QI). It
was observed a superior nanomechanical stability as well as a high ordering degree of the
SAMs formed by microcontact printing compared to homogeneously inhibitor covered Au

surfaces.

The present document shows information corresponding to the analyzed data of all the
inhibitors used in the study, as well as a remark regarding silicone traces identified from the

polydimethylsiloxane (PDMS) stamp.
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Figure S1. AFM images of bare, patterned and blank PDMS patterned ultraflat Au surfaces.

Figure S2. XPS spectra of fully inhibitor covered and microcontact printed ultraflat Au

surfaces.
Figure S3. XPS spectra of a bare ultraflat Au surface.

Figure S4. Adhesion histograms obtained from force spectroscopy data analysis on patterned
ultraflat Au surfaces.

Figure S5. Adhesion histograms obtained from force spectroscopy data analysis on fully

covered ultraflat Au surfaces.

Figure S6. Figure related to advantages of p-cp in dealloying protection.
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Figure S1. AFM height images of (a) bare ultraflat Au substrate (10 x 10 um?), (b) printed
with SH-BimH, (c) printed with blank PDMS stamp, (d) height cross section profile of (a)
and (e,f) AFM phase images of (b) and (c) respectively. It is noticed in (f) that traces of
microcontact printing are present, presumably due to PDMS transfer from the stamp.
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Figure S2. XPS spectra of (a) fully inhibitor covered and (b) microcontact printed ultraflat
Au surfaces. Zn peaks are less noticed in figure (a) indicating the homogeneous surface
coverage, whereas in (b) printed surfaces, Zn peaks still visible due to the hybrid formed

films.
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Figure S3. XPS spectra of a bare ultraflat Au surface. Zn presence is also detected thus we

attribute it to the manufacturing process.
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Figure S4. Adhesion histograms corresponding to the analyzed data obtained from force

spectroscopy measurements on patterned ultraflat Au surfaces with SH-BimH-5NH- (a) on
patch (b) out of patch and with SH-BimH-50Me (c) on patch (d) out of patch.
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Figure S5. Adhesion histograms corresponding to the analyzed data obtained from force

spectroscopy measurements on fully covered ultraflat Au surfaces with (a) SH-BimH, (b)
SH-BimH-5NH; and (¢) SH-BimH-50Me. It is observed that these adhesion values are

higher than on patterned surfaces in all the cases.
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Figure S6. Localized initial dealloying along artificial SAM patch boundaries created by
uCP and backfilling. (a) SEM image of pnCP-C1s-SH/C4-SH modified atomically-flat surface
after dealloying. (b) Zoom-in to initial dealloying region, contrast-enhanced SEM image. (c)
Color-modified SEM image showing localized initial dealloying along artificial SAM
boundaries®.

Reproduced with permission from Neupane et al., npj Materials Degradation (2021) 5:29;
https://doi.org/10.1038/s41529-021-00169-2
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