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Abstract 

Controlling the molecular organization of organic self-assembled monolayers (SAM) is of 

utmost importance in nanotechnology, molecular electronics, and surface science. Here we 

propose two well-differentiated approaches, double printing based on microcontact printing 

(µ-cp) and molecular back-filling adsorption, to produce complex alkanethiol films. The 

resulting films on model Au surfaces were characterized by atomic force microscopy (AFM), 

X-ray photoelectron spectroscopy (XPS) and contact angle measurements. Double printing 

alkanethiols results in clear coexisting regions where no molecular displacement is observed, 

highlighting the slow diffusion rates of long alkanethiols and large attractive interaction 

between long alkyl chains. Exposing a single-print µ-cp Au substrate to an additional 

alkanethiol solution yields the formation of differently-ordered domain boundaries with 

different thickness and micrometer lateral size. The high order is a result of enhanced 

molecular mobility and re-structuring during solution backfilling. The formed molecular 

assemblies constitute an excellent testing ground for nanoscale phenomena that strongly 

depend on the nanoscale geometrical and chemical features of the surface such as designed 

functionality or corrosion initiation and inhibition.  
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2 

 INTRODUCTION 

 

Self-assembled thiol monolayers (SAMs) are molecular assemblies of organic constituents 

formed spontaneously by the adsorption process of molecules in liquid or vapor phase on 

metal or metal oxide surfaces.1-4 The adsorbent molecules or ligands that form SAM 

structures are composed of a sulfhydryl head group attached to a backbone chain such as, for 

example alkyl chains in alkanethiols, and eventually terminated by a variety of 

functionalities. Over the last decades, SAMs have become popular due to their utility for 

diverse applications such as biosensing platforms, 5 nano/microfabrication, 6 and in some 

cases corrosion prevention. Apart from structural materials and bulk surfaces, thiol 

modification is also used for functional nanomaterials such as for nanoparticles in 

electrocatalysis.7 For corrosion, thiols find potential use in oil and gas industries, where thiol-

based films have been employed as (model) inhibitors for oxidation and corrosion protection 

and showed inhibition effects on different metallic compounds.8-13 

Despite many studies on macroscopic corrosion and inhibition effects in the presence of 

organic molecules and thiols, the initial stages of corrosion and corrosion inhibition at the 

sub-nanometer or molecular scale are poorly understood. Indeed, understanding of corrosion 

protection at the molecular level is limited due to the complexity of the involved systems and 

the special challenges for surface preparation and in-situ characterization. Dealloying of 

(binary) noble metal alloys is for example one of the simplest scenarios of corrosion, yet the 

involved mechanisms are still under debate. The presence of thiol inhibitor molecules on Au-

based alloys (where an ultrathin nearly-pure Au top-layer forms at the interface) induces 

localized dealloying with distinct nanoporous Au defect areas.
11-13

 Nanoporous Au has a 

tendency to shrink in volume,14 eventually leading to a surface covered with micrometer 

sized cracks.
15

 The scenario of localized dealloying on Au-based alloys equally depends on 

the surface crystallographic orientation and on the molecular organization and stability of the 

Page 2 of 22

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 

organic inhibitor monolayer, so far in an uncontrolled manner. The possibility of controlling 

the spatial distribution and molecular organization of organic monolayers thus provides a 

promising approach for addressing localized corrosion as well as functionality which may 

depend on local structure and molecular order. Using microcontact printing (µ-cp) laterally 

structured thiol SAMs16-18 we earlier revealed that even very low-density thiol areas 

surrounding the patterns are completely protected and initiation of dealloying proceeds only 

along the areas with the lowest inhibitor concentration.13,19 In line with increasing the defined 

complexity of organic films and related defects, well-controlled hybrid SAM films including 

different geometries and length-scales will enable new insights in the mechanisms of 

molecular functionality. Here we report on the nanoscale formation of complex thiol films 

beyond a simple homogeneous monolayer which are formed on model surface substrates of 

ultraflat polycrystalline gold, UFG (Fig.1). 

The control of molecular order and disorder of self-assembled monolayers and interfaces is 

important in many fields of nanophysics, molecular electronics20, 21 and surface science, yet 

rarely studied in detail. Beyond our own ultimate goal to understand and control the origin of 

localized breakdown of organic-molecule-inhibited (dealloying) corrosion, detailed insights 

in the molecular interactions and structure formation are therefore widely necessary. The 

understanding and control of lateral (dis)order, such as film domain boundaries, and in 

particular the understanding of intentional, well-controlled defects is addressed by 

preparation using a mix of single and double micro-contact printing (µ-cp) and simple 

solution back-filling steps
22

 (Fig.1a). Molecular defects are always present even in highly 

ordered films, but can be reproducibly formed and controlled with the here presented 

approach. We focus on the organization of hybrid layers consisting of hexa- and 

octadecanethiol (C16-SH and C18-SH) long chain-length alkanethiol SAMs chosen as a 

representative showcase example.  
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MATERIALS AND METHODS 

Chemicals used 

1-Hexadecanethiol (≥ 95%) and 1-octadecanethiol (≥ 98%) were purchased from Sigma 

Aldrich. Absolute ethanol (≥ 99.85 %) and 2-propanol (≥ 99.7 %) were obtained from VWR 

Prolab Chemicals. All chemicals were used without further purification. Alkanethiol 

solutions were prepared at 1.0 mM concentration in absolute ethanol and sonicated in a bath 

sonicator (Branson 1510 ultrasonic cleaner) for 5 to 10 min. Then, the alkanethiol solution 

was filtered through a disposable syringe filter (pore size 0.45 µm, filter Ø: 15 mm) from 

Macherey-Nagel Gmbh & Co. (Germany). 

 

Gold substrates 

Ultraflat polycrystalline gold substrates were purchased from Platypus (item no Au. 

1000SWTSG, Lot no 15/1001). These substrates are glass chips coated with a 100 nm gold 

layer which is template-stripped from a gold-coated silicon wafer template. The fresh 

template-stripped substrates were used without further cleaning. The local roughness of the 

UFG surfaces measured by AFM is locally in a range between 0.1 to 0.9 nm with an RMS 

value of 0.15 to 0.8 nm and shows some film growth voids (Fig. 1b, c).  

 

 

Microcontact printing and backfilling 

Polydimethylsiloxane (PDMS) stamps were fabricated by traditional photolithography 

techniques23. They consist of an array of micrometer-sized squares with micrometer-sized 

separations among them. Prior to exposure to the alkanethiol solution, the stamps were rinsed 

with pure ethanol and dried under N2 gas. Afterwards, the stamps were exposed to a 1.0 mM 

alkanethiol solution for ~ 30 seconds and dried gently under N2 gas. The thiol-containing 
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stamp was then placed onto the freshly cleaved polycrystalline ultraflat Au substrate without 

any external pressure for ~ 30 seconds and immediately peeled off. 24-26 Hybrid alkanethiol 

layers were formed either by double printing the already existing alkanethiol patterned region 

or by backfilling the sample with a 1.0 mM alkanethiol solution for 15 minutes. Prior to AFM 

imaging the samples were generously rinsed with pure ethanol and dried gently under N2 gas. 

Figure 1 shows a schematic of the two strategies used in this work. The substrate AFM image 

is depicted in Figure 1b with a cross section profile of a flat part of the sample (Fig.1c) 

showing a local roughness down to 0.1 nm. 

  

Figure 1. (a) Schematic of the multi-step approach: initial microcontact printing step 

followed by either double printing or solution backfilling. (b) AFM image of a freshly 

stripped Au surface with (c) Cross section profile. 

 

 

Atomic force microscopy 

AFM experiments were performed using a JPK NanoWizard 3 AFM (JPK Instruments AG, 

Berlin, Germany) using AC mode in air. Silicon ACTA-50 tips from AppNano with 

cantilever length ~ 125 µm, spring constant ~ 40 N/m and resonance frequency ~ 300 kHz 

were used.  

a 

 

 

 

 
Single printed SAM 

 

Double 

Backfilling 

Cross section 

b 

Cross 

c 
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X-ray photoelectron spectroscopy 

XPS spectra were recorded on a Thermo Scientific K-Alpha spectrometer using a 

monochromatic Al Kα X-ray source (1486.6 eV). The photoelectrons are collected at 0° with 

respect to the surface normal and detected with a hemispherical analyzer. The spot size of the 

X-ray source on the sample is 200 µm, and the analyzer is operated with a pass energy of 200 

eV for survey spectra and 50 eV for high resolution core levels spectra with pressure during 

data acquisition is ~1.10-7 mbar. Energy step during survey is 1.0 eV and high-resolution 

spectra 0.08eV. Survey and high-resolution core levels spectra of Au4f, C1s, S2p, O1s and 

Si2s were performed. The binding energies were corrected by use of the C1s (C-C/C-H) peak 

(285.0 eV) as an energy standard. Peak analysis was carried out by Thermo Avantage 

software, which is used to integrate the Au4f signal and to fit C1s and S2p high-resolution 

peaks. 

 

Contact angle measurements 

Water contact angle measurements were carried out using an OCA 15 Plus device, 

DataPhysics (Germany) based on the sessile drop method. A small drop (0.7 µL) of Milli-Q® 

water were deposited onto the UFG surface and the shape of the drop formed on the surface 

was analyzed using SCA 20 contact angle analysis software. The contact angle was measured 

at several points and an average value was extracted.  

 

 

RESULTS AND DISCUSSION 

The used substrates of ultraflat gold (UFG) were always freshly stripped before the 

application of the diverse alkanethiol films.  In order to manipulate and ultimately control the 

local nanometer and molecular-scale order of the self-assembled layers we present here 
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mainly the two approaches, first, applying two subsequent steps of micro-contact printing (µ-

cp) and, secondly, back-filling the space between the areas initially applied in a single µ-cp 

step. 1- Hexa- and 1-octadecanethiol (C16-SH and C18-SH) long chain-length alkanethiols 

were chosen in this study for their ability to form stable SAMs. 

 

Double printing 

For the double-print approach, a freshly stripped UFG surface was first micro-contact printed 

with 1-hexadecanethiol (C16-SH) and subsequently, in a second independent step, double 

printed with 1-octadecanethiol (C18-SH). Wettability measurements of the UFG surface 

before and after each printing step yielded water contact angles of θbareUFG = 66 ± 2°, showing 

a relatively hydrophilic surface for the pristine sample,  θC16SH = 99 ± 2° after the first, single 

printing step, and θC16SH/C18SH = 104 ± 2° for the double-printed surface. The contact angle of 

the freshly cleaved gold surface agrees well with previously reported contact angle 

values.
27,28

 After a single-step C16-SH micro-contact printing the surface hydrophobicity 

increases due to the presence of the patterned, partially covering, SAM regions, which 

display a lower surface energy. Upon a second printing step with C18-SH, the surface 

becomes then even slightly more hydrophobic as a result of stronger attractions between 

longer chains and an increase in thiol-covered area. 

Figure 2 shows a comparison of the single C16-SH (SP) and double C16-SH/C18-SH pattern 

(DP) layers on UFG as obtained by AFM imaging. Height measured images nicely show 

clear overlapping stamp regions after the two printing steps. Upon a second printing step, a 

well-defined boundary between the two squares (single and double printed) can be 

distinguished (Figure 2c).  The height profiles in the non-overlapping regions indicate the 

presence of compact layers with average thicknesses of 1.7 ± 0.2 nm and 2.0 ± 0.2 nm for 

C16-SH and C18-SH SAMs, respectively. As expected, the C18-SH SAM single pattern region 
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formed during the second printing step shows a larger thickness than C16-SH, the difference 

corresponding to the difference in alkyl length between the two alkanethiols (∼ 0.3 nm) 

considering the inclination angle and respective projection of the molecule length. In the 

overlapping region the thickness of the layer is similar though frequently even slightly lower 

than that of the single C16-SH pattern. This indicates that the later offered C18-SH molecules 

do not displace the originally applied C16-SH molecules of the initial print. In some cases, 

especially around the overlapping regions of the two print areas the longer molecules rather 

fill in the possible defects present the original pattern. 

 

 

Figure 2.  AFM images of (a) single C16-SH patterned (SP), (b) double C16-SH/C18-SH 

patterned ( DP) UFG regions and  (c) combined thickness profile of a single printed C16-SH 

square (black solid line) and overlapping single printed C16-SH and double printed C16-

SH/C18-SH squares (gray solid line). 

 

Literature reports on sequential printing are restricted to micro-contact printing of 1-

decanethiol or 1-dodecanethiol onto a homogeneous, but not very stable, SAM layer of 1-

adamantanethiolate, which results in micro-displacement or replacement of labile SAM 

molecules in the well-localized regions by fresh molecules offered by µ-cp .29-31 In our case, 

sequential printing of C18-SH is performed onto well-ordered and well-localized C16-SH µ-

cp-SAMs. Micro-displacement is hindered by the large attraction between our selected long 

alkyl chains in the C16-SH printed SAM, which also confirms the low lateral diffusion rates 
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of the molecules on the substrate.
32

 Eventual molecular physisorption of C18-SH on the initial 

areas cannot be ruled out due to the fact that molecules might not find available gold space 

within the overlapping regions. A schematic picture of the proposed molecular organization 

scenario after double patterning is included in Figure 3.  

 

 

 

Figure 3. Scheme of the molecular ordering of the SAM layer on the UFG substrate in single 

C16-SH patterned region and SAM layer after the C18-SH double printing step. 

 

Complementary XPS spectra were recorded to assess the surface composition before and 

after each printing step. Figure 4a shows a comparison of the XPS-survey scans for C16-SH 

single pattern and C16-SH/C18-SH double pattern UFG surfaces. As expected, Au-related 

peaks can be clearly observed in lower intensity in both samples, namely intense Au4f and 

Au4d peaks (Inset of Fig.4a). High-resolution scan for Au4f region is shown as an inset in 

Figure 4a, while the one for S2p region is depicted in Figure 4b. The presence of alkanethiol 

molecules is confirmed by high-resolution scans for C1s (not shown here) and S2p peaks. 
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10 

The increase of the C and S by patterning the alkanethiol SAMs is a strong assessment of the 

surface modification.  

 

 

Figure 4. (a) Survey-XPS spectra (double pattern data have been shifted vertically a constant 

value for better display), inset high-resolution peaks Au4f region. (b) High-resolution peak in 

the S2p region of single C16-SH pattern (SP) and double pattern of C16-SH/C18-SH pattern 

(DP) on the UFG substrate. The circles represent the experimental data and the lines 

account for fitted values. Blue solid lines account for the envelope fit, red solid lines are fitted 

S2p3 values while green solid lines account for fitted S2p1 values. Baselines are represented 

by dashed lines. 

 

Importantly, the S2p signal is fitted in two peaks centered at 162.5 eV and 164.0 eV, 

respectively, attributed to bound thiolates (Sb) and unbound (Sub), i.e. only physisorbed 
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thiols.33-35 The sulphur peaks are fitted by a doublet, with a fixed binding energy difference 

between the 2p3 and the 2p1 components equal to 1.20 eV. The height ratio is also fixed 

according to the doublet combination. The full width at half-height value is kept constant 

between 2p3 and 2p1 components. Each peak is fitted using a fixed combination of 

Lorentzian (30%) and Gaussian (70%). Table 1 contains the corresponding relevant ratios 

resulting from the quantitative analysis. Upon C18-SH double printing, the (C-C)/Au, 

(Sb+Sub)/Au and (C-C)/(Sb+Sub) elemental ratios display slightly larger values than for the 

ones observed for single printed UFG surface, indicating that a bigger amount of thiol 

molecules are present at the surface. The Au-4f and bare Au ratio decreases with higher thiol 

coverage. The double printing process also increases the amount of covalently bound vs only 

physisorbed, unbound thiol molecules, in line with a more dense and ordered SAMs. As the 

C18-SH thiol used in the second printing step is slightly longer than the C16-SH, the 

C/(Sb+Sub) ratio slightly increases by the double printing process. 

 

Table 1. Elemental ratios present on the single and double patterned gold surfaces. Au is 

referring to the Au4f doublet. The bare Au signal is set to 100%.  

Surface(modification) (C-C)/Au (Sb+Sub)/Au (C-C)/(Sb+Sub) Au/Aubare [%] 

C16-SH SP  0.80 0.05 16.30 88.0 

C16-SH/C18-SH DP  1.10 0.07 16.60 65.8 

 

 

Thiol solution backfilling  

The second approach was carried out by 15 minutes backfilling with an ethanolic solution of 

1.0 mM C18-SH on an already C18-SH microcontact-printed UFG substrate. The wettability 

measurements of the freshly cleaved UFG surface before and after each step (printing and 

backfilling) yielded water contact angles of θbareUFG = 70 ± 3°, θC18SH = 104 ± 4° and 

θC18SH/C18SH = 112 ± 3°. Upon µ-cp the angles increase as a result of the additional presence 
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12 

of the C18-SH pattern. Subsequent backfilling with the same molecule resulted into slightly 

more hydrophobic surfaces due to the larger surface coverage of thiol molecules. Figure 5 

shows AFM images of the C18-SH µ-cp regions before and after backfilling. For the single 

C18-SH µ-cp the height profiles indicate the presence of compact SAM layers in the covered 

areas with average thickness of ~ 2.1 ± 0.3 nm. Upon backfilling, the difference in height 

between the thiol-covered and uncovered areas vanishes, indicating that the UFG surface is 

completely covered by a C18-SH SAM. Interestingly, the morphology of the surface changes 

displaying a well-defined array with delimited regions whose shape correlates with the 

original alkanethiol pattern shape. The thickness of these boundaries is ~ 0.6-0.8 nm and their 

lateral dimension is ~ 1.0 µm, corresponding to the presence of roughly ~ 2000 thiol 

molecules within the boundary domain, according to the reported molecular distance between 

neighboring thiol molecules when bound to Au (111). 36, 37 The inset of Figure 5e shows a 

typical phase image which indeed clearly shows the different nature of the boundary area and 

the extended print area. Phase contrast depends on a change in the mechanical response, i.e. a 

different local stiffness of the film. In order to confirm the obtained results, the same 

experiments were repeated several times yielding consistent results (Figure 5). In the 

presence of a 1.0 mM ethanolic thiol solution, the microcontact printed thiol molecules gain 

mobility and have the opportunity to restructure.
38

  

 

Molecular reorganization of both printed and backfilled thiol molecules takes place, the 

backfilled molecules fill the printed layer defects and cover the free UFG surface yielding 

domain boundaries between the µ-cp thiol regions and the previously uncovered ones. As a 

result, the edges between these two regions consist of molecules with a different orientation 

from the thiol molecules away from the edges. Previous AFM studies on alkanethiol solution 

backfilling consisted on nanografting an already existing SAM, followed by simultaneously 
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13 

refilling the tip-shaved areas with a second thiol present in the supernatant ethanol.
39

 These 

experiments however, did not reveal the appearance of domain boundaries since they were 

fully performed in an ethanolic environment. 

 

Figure 5. AFM height-profile images of single C18-SH patterned (a and d), backfilled C18-

SH/C18-SH UFG regions (b and e, Fig. 5e with phase inset) and combined thickness profile (c 

and f) of a single printed C18-SH (black solid line) (SP) and backfilled C18-SH/C18-SH 

squares (gray solid line) (BF). Dash lines are added as a guide to the eye representing the 

vertical thickness of the resulting domain boundaries. 
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14 

 

Figure 6. Scheme of the molecular ordering of the SAM layer on the UFG substrate with 

single C18-SH pattern region and SAM layer after backfilling with C18-SH molecules. 

 

Figure 7. (a) Survey- XPS spectra (double pattern data have been shifted vertically a 

constant value for better display), inset high-resolution peak in the Au4f region, (b) high-
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resolution peak in S2p region of C18-SH patterned area (C18-SH SP) and C18-SH patterned 

area after backfilling by C18-SH (C18-SH SP+BF) molecule. The circles represent the 

experimental data and the lines account for fitted values. Blue solid lines account for the 

envelope fit, red solid lines are fitted S2p3 values while green solid lines account for fitted 

S2p1 values. Baselines are represented by dashed lines.  

 

Figure 7 shows XPS survey scans of the C18-SH microcontact printed UFG before and after 

backfilling with the same molecule. The respective Au peaks are shown in the inset of Fig.7a 

and show lower intensity with a more complete coverage by thiol SAM. The same analysis 

procedure as for doubled printed samples has been carried out. The (C-C)/Au, (Sb+Sub)/Au 

and (C-C)/(Sb+Sub) elemental ratios increase in the presence of the backfilling molecules 

indicating that the Au surface SAM surface coverage is larger (Table 2). Also here, the Au-4f 

and bare Au ratio decreases with higher thiol coverage. Both these results and the 

corresponding results from WCA measurements suggest that backfilled samples display more 

dense and homogeneous thiols SAMs.  

 

Table 2. Elemental ratios present on the single C18-SH patterned SAM and same pattern 

backfilled by C18-SH molecule. Au is referring to the Au4f doublet. Bare Au signal is 100%.  

Surface(modification) (C-C)/Au (Sb+Sub)/Au (C-C)/(Sb+Sub) Au/Aubare [%] 

C18-SH SP  0.80 0.04 18.20 69.5 

C18-SH SP/C18-SH BF 1.40 0.06 24.30 57.1 

 

 

SUMMARY AND CONCLUSIONS 

In this work we propose double microcontact printing and solution backfilling as two 

different approaches to increase the complexity of laterally structured long-chain alkanethiol 

self-assembled monolayers on model Au surfaces. The resulting alkanethiol SAMs formed by 
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these two strategies were characterized by a complementary set of techniques AFM, water 

contact angle and XPS. 

AFM imaging shows clear overlapping patterns upon 1-hexadecanethiol and subsequent 1-

octadecanethiol double printing. Both alkanethiols form coexisting compact SAMs that 

display a well-defined thickness, whose size differs in two methylene groups. No significant 

microdisplacement of 1-hexadecanethiol upon 1-octadecanethiol printing was observed, 

owing to the large attraction between long alkyl chains and slow diffusion molecular rates. 

Interestingly, backfilling with the same molecule resulted in well-delimited nanometer-thick 

domain boundaries of micrometer lateral dimension in between patterned and backfilled 

areas. Exposure to an ethanolic alkanethiol solution during the backfilling time enables 

alkanethiol molecular mobility and the formation of defined domain boundaries. 

Complementary contact angle and XPS measurements before and after each approach 

provide consistent information confirming the presence of more hydrophobic, dense and 

homogeneous SAMs upon the backfilling procedure as compared to double printing. 

The presented µ-cp alkanethiol structures are good examples of bottom-up complex SAM 

formation processes. For our own future research this study provides an opportunity to 

explore localized dealloying at the nanoscale level in the presence of complex alkanethiol 

inhibitor layers. Such a well-controlled approach will enable to follow corrosion initiation at 

specific sites and is especially helpful for local in-situ AFM measurements with a limited 

field view. 
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