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Abstract 

We present two different molecular organizations obtained from octadecylamine (ODA) 

molecules on Highly Oriented Pyrolytic Graphite (HOPG) surface: i) self-organized 

physisorbed ODA molecules lying flat on the surface and ii) strongly electrografted compact 

crystalline monolayer of ODA molecules standing up on the surface. This new structure is 

obtained by combining the Langmuir-Blodgett transfer of an ODA Langmuir film onto HOPG 

with oxidative electrografting. The presence of organic film on HOPG is characterized by 

ATR-IR (Attenuated Total Reflectance- Infrared Spectroscopy) and Raman spectroscopies, 

while Atomic Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM) allow 

the observation of the two molecular organizations, with adsorbed molecules lying flat on 

HOPG or strongly grafted in an upright position on the HOPG surface. Interestingly, the 

second molecular organization preserves a hexagonal symmetry and its lattice parameters are 

intermediate between those of ODA Langmuir films and that of HOPG underlying surface. 

The functionalization of surfaces with organic films is a major issue in the design of sensors 

with biomedical applications, or organic electronics and energy storage devices and these 

structures may find applications in these fields. 

 

Introduction 
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In view of vast panorama of organic molecules able to be immobilized on surfaces, several 

surface functionalization strategies have been developed over time. A first group of methods 

relies on physical adsorption, such as Langmuir-Blodgett layers on surfaces. Langmuir films 

are bidimensional systems in which amphiphile molecules are compressed on a water 

surface to provide crystalline monolayer structures, such as ODA. These films can be 

transferred (Langmuir Blodgett films
1
) onto a solid surface: Si,

2,3
 mica,

4
 inorganic 

substrates,
5
 glass or quartz substrates,

6 
and HOPG (Highly Oriented Pyrolytic graphite),

7
 on 

which they can form adsorbed crystalline structures. The crystal structure of the film can be 

demonstrated by GIXD (Grazing Incidence X-ray Diffraction)
8,9,10,11

, surface morphology 

and molecular organization by Atomic Force Microscopy (AFM)
12,13

 or Scanning Tunneling 

Microscopy (STM)
14

. Other approaches involving physical adsorption of molecules 

generally lead to disordered structures, but perfectly organized self-assembled molecules 

(alkanes, aromatic compounds) are obtained on crystalline lattice defined surfaces, which 

can be observed by AFM and STM. The surfaces that are most often used for this purpose 

are HOPG
15,16,17,18,19

 and oriented Au (111)
20,21

. 

A second group of approaches yield grafted (chemically adsorbed) molecules for which a 

bond of variable energy is obtained between the surface and the organic molecules; among 

them thiols on gold provide organized monolayers imaged by local probe microscopies such 

as STM.
22,23

 The possible organization is related to the mobility of thiols on a gold surface.  

On surface oxides,
 24

 such as TiO2, ZrO2,
25

 glass or quartz,
26,27

 silanes provide strong Si-O 

bonds but do not generally provide organized surfaces as the strong covalent bond does not 

permit molecules to move and rearrange on the surface. Phosphonic and carboxylic acids, as 

well as catechols also bind to oxide surfaces.
24

 

Electroreduction of diazonium salts,
28,29

 alkyl halides,
30

 and azosulfones
31

 or oxidation of 

amines,
32

 generally lead to grafted disordered oligomers (so-called multilayers) strongly 

bonded on different surfaces. These modified surfaces were mainly characterized by X-ray 

photoelectron spectroscopy (XPS), IR and Raman spectroscopies. All these grafting reactions 

involve a radical as a key intermediate; this radical reacts with the surface but also with the 

first grafted layer leading to surface bonded oligomers. The possibility to control the thickness 

of the films permit different interesting applications, for example thick layers are useful in 

carbon fiber-epoxy composites where they increase the interfacial shear strength;
33

 while 

monolayers are useful in biosensors,
34

 and organic microelectronics.
35

 

Monolayers can be obtained using electrochemistry by controlling operational parameters 

(reaction time, applied potential, concentration), or by tuning the reactivity of the radical in 
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different ways: i) using steric effects (starting from sterically hindered diazonium salts with 

two 3,5 bis-t-butyl groups or a 4-((triisopropylsilyl)
36

 group), ii) using viscous ionic liquids 

that reduce the diffusion rates to the surface
37

, iii) using redox mediators that limit the 

concentration of radicals in the vicinity of the electrode
38

. STM
39

 and AFM
38

 images confirm 

the expected thickness but indicate the absence of organization. However the above methods 

only limit the growth of the films. A very limited number of papers report the formation of 

organized monolayers from bulk solution: a film of an organized Ru complex has been built 

on HOPG by electrochemistry and imaged by STM;
40

 on graphene, under visible light a film 

of phenazine with a short-range order has been characterized in the same way.
41

 

It is therefore interesting to find out a method that permits to obtain monolayers by 

construction and not by reducing the reactivity of the radical or controlling their 

concentration. In addition, conferring both a strong bonding and a crystalline structure to an 

organic film is an interesting challenge to create stable and organized monolayers covering 

surfaces with biotechnological or biomedical interest. This challenge can be taken on by 

combining different methods of molecular immobilization on surfaces. For example, an 

octadecylamine Langmuir film transferred to a gold surface by the Langmuir-Blodgett 

technique under oxidative potential permits to obtain a strongly bonded organic film with a 

crystalline order. This order is limited due to the structural nature of gold surface where 

crystalline domains are very small (20-50 nm).
42

 In order to increase the order, this work 

investigates HOPG as an ordered surface for the transfer of the LB film, to take advantage of 

the large monocrystalline domains that can be observed in this material. We seek whether the 

monocrystalline structure of HOPG domains could impact the ordering of octadecylamine 

deposited onto it using the same process combining Langmuir-Blodgett transfer and 

electrografting under oxidative potential. 

This work presents two different molecular organizations of octadecylamine (ODA) 

molecules on HOPG surface: i) the self-organized ODA film with molecules physisorbed flat 

on the surface and ii) the same molecule standing up and chemically grafted to the surface of 

HOPG. This last structure is obtained by combining the Langmuir-Blodgett transfer of an 

ODA Langmuir film onto HOPG and simultaneous electrografting as previously described 

(LB-eG process).
32,42 

The presence and identification of the film is characterized by IR, XPS 

and Raman spectroscopies while SFM and AFM allow the observation of the two organized 

structures either adsorbed and lying flat, or strongly grafted in a crystalline monolayer. 

 

Results 
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ODA adsorbed on HOPG by drop deposition 

ODA was solubilized in 1-heptanoic acid and a drop deposited on HOPG surface. The 

resulting HOPG surface was then imaged by STM at the solid/liquid interface. ODA molecule 

has a full stretched length around 2.4 nm (Figure 1a). Large scale STM image presented in 

Figure 1b reveals a highly ordered lamellar supramolecular structure, in which different 100 

nm size domains co-exist on the surface, and demonstrates that ODA molecules can self-

assemble by drop deposition from organic solution at room temperature at the solvent/HOPG 

interface. Angles of 60 or 120° are measured between the different monocrystalline domains. 

Inside domains, ODA molecules self-assemble as two dimensional ribbons in which ODA 

straight chains are in parallel alternations.  

Single ODA molecules are resolved with atomic resolution and molecule models are 

superimposed in the STM image in Figure 1c. Each ODA molecular chain appears to contain 

9 bright spots which correspond to its 18 carbon atoms. This is due to the well-known effect 

that the two neighboring carbon atoms contribute to only one bright signal with enhanced 

electron density of state (DOS). The ODA chains are aligned along the HOPG [100] 

orientation to maximize the molecular/substrate van de Waals interactions as marked by the 

three symmetry arrows in Figures 1c and 1d. The molecules are stabilized head-to-head 

through typical N∙∙∙H-N hydrogen bonds together with the parallel inter-chain and 

chain/HOPG Van der Waals forces as shown in the plausible models in Figure 1c. Small 

bending of the lamellar stripe is observed from time to time (as marked by blue arrows in 

Figures 1c and 1d) arising from a molecular shift along the molecular chains orientation 

(HOPG [100] crystallographic direction). The unit cell of the lamella structure is marked by 

green parallelogram shape in Figures 1c and 1d. The lattice parameters are 2.4 (a) and 0.4 (b) 

nm with an angle of 86°. Each ODA chain is deduced to have a lateral length of around 2.4 ± 

0.2 nm which is in good agreement with the theoretical length (calculated by Ampac) of the 

molecule depicted in Figure 1a. The STM images thus reveal that the physisorbed ODA 

molecules are lying flat on the HOPG surface. 
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Figure 1: a) A stick-ball molecular model of the ODA molecule. STM images of ODA adsorbed on 1-heptanoic 

acid/HOPG interface with tunneling parameters It = 20-40 pA, Us = -400~-500 mV, b) 190×183 nm
2
, c) 12×12 

nm
2
. d) a plausible model is proposed to interpret the observed lamellar structure.  

 

a)

b) 2.4nm

2.2nm

c)

d)

b)

a
b
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ODA monolayer on HOPG by combining LB technique and electrografting 

In this experiment, as previously described,
42

 the Langmuir trough is used as the 

electrochemical cell, with the freshly cleaved HOPG surface partly immersed in the trough 

and used as the working electrode. A saturated calomel electrode (SCE) and a carbon paper 

counter electrode are also introduced in the water subphase (pH 9). After ODA deposition on 

the water surface from a spreading organic solution, compression is started after 15 minutes 

and surface pressure in the ODA film increased up to 40 mN/m. The LB transfer of the ODA 

LB film onto the HOPG surface is then performed at 40  0.2 mN/m and 0.25 mm/min, 

simultaneously with chronoamperometry at E = + 0.85 V/SCE and stops when the surface is 

fully removed from the subphase. This sample is denoted as HOPG-ODALB-eG. 

 

 

Figure 2: ATR-IR spectrum of HOPG-ODALB-eG (a, red curve-absorbance x5) and IRRAS spectrum of Au-

ODALB-eG (b, black curve).
42

 

 

ATR-IR spectrum. The grafted surface obtained by transferring the ODA Langmuir film to the 

HOPG surface under oxidative potential (HOPG-ODALB-eG) was thoroughly rinsed with 

alcohol and acetone and an ATR-IR spectrum was then recorded and compared to the same 

ODA monolayer grafted on gold surface, Au-ODALB-eG 
42

 (Figure 2). Both spectra present the 

same CH antisymmetric (2963, 2922 cm
-1

) and symmetric (2876, 2850 cm
-1

) stretching bands 

which were previously attributed, on gold, to a partly organized monolayer.
42
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XPS. XPS spectrum of HOPG-ODALB-eG is presented in Figure 3. The spectrum allows the 

identification of C1s (93.1%), O1s (6.0%) and N1s (0.9%). C1s strong signal mostly arises 

from the underlying HOPG carbon atoms surface but also from the C18 carbon chain of 

ODA. The presence of N1s signal at 400 eV (inset in Figure 4) testifies from the presence of 

an ODA group on the HOPG surface. O1s signal is attributed to some contamination. Peaks at 

100 and 150 eV are Si2p and Si2s signatures, also considered as impurities from HOPG 

surface. 

 

 

Figure 3: XPS spectrum of HOPG-ODALB-eG. N1s peak appearing at 400 eV (black circle) is shown as an inset. 

 

AFM imaging of HOPG-ODALB-eG. HOPG surface was imaged by AFM in air in AC mode 

after the LB transfer and simultaneous electrografting of ODA monolayer. Figure 4 presents a 

uniform film covering the whole HOPG surface. Very few small ODA globules adsorbed onto 

the ODA grafted film could be detected, appearing as white dots in Figure 4A. At smaller 

scales (Figures 4B and 4C), the ODA film was discontinuous since circular holes are observed 

homogeneously dispatched on the surface. Most of them have lateral dimensions around 20 

nm, but a few holes are larger with diameters up to 60 nm (Figure 4C). Analysis of surface 

area occupied by these holes in 1 µm
2
 pictures led to the value of 6  2% of their total surface 

area. Height cross sections performed along holes in the ODA grafted layer (Figure 4D) 

permitted to obtain the thickness of the film: 2.5  0.2 nm (n = 12), a value that corresponds 

to the length of a fully stretched ODA molecule in the upright position (2.4 nm from a 
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molecular model). The surface roughness of HOPG-ODALB-eG grafted monolayer is 250 pm 

for defect-free HOPG areas. 

 

 

Figure 4: AFM height images in air of HOPG-ODALB-eG at three different scales: (A) 5 µm
2
, (B) 2 µm

2
 and (C) 

1 µm
2
. The height cross section is taken along the white line drawn in picture C and shows the thickness of 

HOPG-ODALB-eG film. 

 

STM imaging of HOPG-ODALB-eG. AFM imaging revealed the monomolecular thickness of 

HOPG-ODALB-eG film covering HOPG surface. In order to get insight into any organization 

of ODA molecules grafted onto HOPG surface at the angstrom scale, STM investigation was 

then performed in air. Large scale image shows that the circular holes (as observed in the 

above AFM images in Figure 4) of the grafted layer are also visible under STM, as marked by 

the white dashed line depicted in Figure 5a. The measured step height between the hole and 

the layer is about 2.2 ± 0.1 nm, which is close to the ODA molecular length in fully stretched 

configuration but is very different from a HOPG single step height (around 0.34 nm). Using 

the circular hole as a signature of the ODA deposition, STM image in Figure 5b shows that 

the ODA layers seem to be organized in a single domain. No domain boundaries are observed 

as those shown in the flat self-organization in Figure 1b. Higher resolution STM image 

(zoomed in on the top layer) exhibits a surprisingly perfect 2D ordering as shown in Figure 

5c.  
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Figure 5: STM image of HOPG-ODALB-eG with tunneling parameters It=20-30 pA, Us= ~-500 mV. At large 

scale: a) 70×66 nm
2
 b) 19×19 nm

2
, high resolution: c) 9×9 nm

2
, d) 2×2 nm

2
. e) a plausible model is proposed to 

interpret perpendicularly grafted ODALB-eG molecules depicted in orange balls, whereas HOPG carbon atoms are 

schemed as white balls.  

 

A Fast Fourier Transform (FFT) pattern (inset in Figure 5c) generated from Figure 5c appears 

as a distorted hexagon with a small twist due to the soft scanning drift from the microscope. 

The sharp resolution of the FFT pattern depicts a high ordering of the ODA layer. A 

honeycomb atomic pattern is resolved from a 2×2 nm
2
 image in Figure 5d, in which the 

hexagonal lattice is marked in green color with a measured lattice constant of around 2.3 ± 0.5 

Å. Note that the tunneling parameters for HOPG-ODALB-eG (I = 20-50 pA, U = 400-500 mV) 

HOPG

ODA

a)

HOPG

b)

c)d)

ODA organisation
Top View

HOPG

ODA

10 20 30

0

1

2
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is quite different than that for bare HOPG surface imaging (I = 100-1000 pA, U = 100-300 

mV). This difference may be due to a higher conductivity of the bare HOPG surface, which is 

hampered in HOPG-ODALB-eG as the insulating ODA monolayer covers the surface.  

Plausible models of the ODA organization with respect to the HOPG surface are proposed in 

Figure 5e. Molecules are grafted perpendicular to the HOPG top layer since the measured 

height of the ODA layer is exactly the ODA molecular length as previously demonstrated by 

both AFM and STM characterizations. Top view model indicates that the ODA molecules 

decorate alternatively three C atoms out of the six from the graphite hexagon unit cell, which 

gives the ODA honeycomb lattice constant values around 2.3 Å. This cell constant is larger 

than the HOPG cell constant (1.42 Å)
43 

but is identical to the HOPG bright-to-bright atomic 

signal distance although the ODA organization is different from that of the HOPG surface. 

 

 

Figure 6: Raman spectra of bare HOPG (black) and HOPG-ODALB-eG (red). The spectra were recorded using a 

laser at 638 nm. 

Raman spectroscopy of HOPG-ODALB-eG. Raman spectroscopy was used to analyze surface 

lattice sites and hybridization of HOPG after ODA grafting. Pristine HOPG exhibits two main 

Raman peaks (Figure 6) at 1568 cm
-1

 and 2675 cm
-1

 associated with the G and 2D bands, 

respectively. Interestingly, the Raman spectrum of HOPG-ODALB-eG displays an additional 

band at 1319 cm
-1

 (D band), which can be assigned to the presence of defects in the sp
2
 

lattice, induced by the covalent attachment of ODA on HOPG and sp
2
-to-sp

3
 rehybridization. 
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The ID/IG integrated intensity ratio of the D and G bands has been shown to be a reliable 

indicator of the degree of covalent functionalization 
39,44

. The ID/IG value obtained for pristine 

HOPG is equal to 0, indicating the absence of defects while it increases to ca. 0.5 after 

functionalization for HOPG-ODALB-eG, evidencing the formation of covalently attached 

monolayer of ODA on HOPG. 

 

Discussion 

We report here two different molecular organizations of octadecylamine molecules on HOPG 

surface. The first one is obtained by physisorption of ODA molecules lying flat on the 

surface, which spontaneously self-assemble into straight ribbons with chains in parallel 

alternations. These ribbons are themselves enclosed into HOPG domains of which the 

different orientations correspond to the hexagonal symmetry of HOPG carbon atoms surface. 

This supramolecular organization was previously reported for ODA, but also for similar 

molecules such as N-octadecylacrylamide and N-octadecylcinnamoylamide, which also 

organize into straight ribbons with a head-to-head arrangement with similar lattice 

parameters.
45,46

  

The second molecular organization (HOPG-ODALB-eG) is new and arises from the original 

combination of two deposition methods of organic molecules on metallic surfaces: LB 

transfer and simultaneous oxidative electrografting. We have previously succeeded in the 

grafting of an ODA LB film onto a gold surface.
42  

Here, we have successfully reproduced the 

same experiment with HOPG, by adapting the experimental parameters during the LB-eG 

process, particularly the surface pressure for the LB transfer (40 mN/m) and the dipping up 

speed that was lowered to 0.25 mm/min (4.16 µm/s) for HOPG. XPS and IR measurements 

identified the presence of ODA on HOPG, Raman demonstrated its covalent grafting to 

carbon atoms and AFM revealed the coverage, thickness and discontinuities of ODA 

monolayer. STM experiments demonstrated that, after the LB-eG process, ODA is ordered 

inside a crystalline lattice of hexagonal symmetry and of which surface area is 2.5 larger than 

that of underlying HOPG one (13.74 versus 5.52 Å
2
). Note that an ODA Langmuir film 

spread on water surface at basic pH and compressed at surface pressures 40 mN/m, is 

organized with predominant hexagonal molecular arrangement of larger surface area (S = 19.8 

Å
2
).

47,48,49,50
 The combination of LB transfer and simultaneous electrografting demonstrated 

the impact of HOPG surface crystalline structure on that of ODA since molecules adopt a 

hexagonal ordering inside a lattice of smaller surface area than that on water but overlaying 3 
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carbon hexagons of HOPG surface. This hexagonal symmetry for ODA monolayer after the 

LB-eG process explains why no domain are detected by STM as observed in the first 

organization obtained by physisorption.   

The presence of circular nanoholes representing 6% of surface area was systematically 

observed on all samples and the choice of values of 40 mN/m and 0.25 mm/min represent the 

best compromise in order to minimize the size and number of these holes in the monolayer. 

Experiments performed at surface pressures higher than 40 mN/m led to bad results, whatever 

the dipping speed, as discontinuous and heterogeneous film was observed by AFM on HOPG 

surface with coexistence of numerous areas covered by mono-, bi- or multilayers as well as 

uncovered areas. Experiments performed at 40 mN/m surface pressure with higher dipping 

speeds (0.5 and 1 mm/min) also led to unsatisfactory results, with numerous large circular 

holes ( 100 nm in diameter), despite the almost absence of uncovered areas. Indeed, the size 

of holes detected in the ODA monolayer was clearly related to the transfer velocity: the faster 

the transfer, the higher the diameter and number of holes in the monolayer. We checked by 

AFM that a pure LB transfer (no electrografting) of ODA on HOPG performed at 40 mN/m 

surface pressure and 0.25 mm/min (4.16 µm/s) dipping up speed resulted in the almost 

absence of ODA film on the hydrophobic HOPG surface. We hypothesize that, during the 

LB-eG process, the circular holes arise from a partial dewetting of ODA monolayer during the 

LB transfer on HOPG, similar to that observed in successive LB transfers of phospholipid 

monolayers on mica
51

. Our results demonstrate that electrochemistry is therefore necessary to 

cover HOPG surface by grafting the amine while the ODA film is transferred from the 

air/water interface onto HOPG surface. 

The mechanism by which amines are grafted on glassy carbon surfaces involves the formation 

of an aminyl radical that reacts on the surface
52

, but such radical reactions always lead to 

multilayered films as discussed above. Many efforts have been devoted to the preparation of 

monolayers by different methods, all these methods
36,37,38,39

 limit the growth of the film by 

limiting the reactivity of the radicals. These films, even if qualified of monolayers are not 

always compact.
39

  

A similar experiment
53

 has been described using a diazonium salts substituted by a long alkyl 

chain that adsorb flat on the surface of graphene or graphite, these adsorbed molecules are 

then electrografted. The resulting surface has been carefully characterized by redox probe 

experiments, Raman spectroscopy that present the expected D-band related to sp3 carbons, 

electrical measurements, but the STM images, obtained after electrochemical reduction, show 

the long chain molecules still lying flat on the surface with a thickness of 0.9 nm (measured 
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from AFM topographical profiles taken on the holey parts of the Single Layer Graphene,
53

 

Figure S10) and not grafted and standing up on the surface as claimed by the authors. For 

C22-phenyl moieties bonded to a sp
3
 carbon one expects a height of ~ 3.4 nm for standing up 

groups. Most likely the adsorbed molecules dimerize by radical-radical coupling.
54

 

In the present case, the formation of a monolayer is “by construction” and in addition, it 

presents a crystalline structure. The above experiments indicate that it is possible to prepare 

and characterize two different structures for ODA on HOPG. The first one corresponds to an 

adsorbed weakly bound film where the molecules are lying flat on the surface in an intricated 

manner; the second one obtained by electrografting a Langmuir-Blodgett film. These two 

structures correspond, with the same molecule, to two different surface modifications as 

indicated in the introduction. 

Such films also open the way to similar films with chemical reactivity that would be useful 

for the construction of biosensors where a uniform electron transfer through the film is a 

condition of efficiency.
34

 They can also be useful in organic electronics 
55,56

 where organic 

films between two metallic contacts permit the formation of molecular junctions. Finally, they 

pave the way to graft metallic surfaces with organized films of molecules bearing amine 

groups, such as antimicrobial peptides for the design of antibacterial surfaces. 

 

CONCLUSION 

The self-organization of physisorbed ODA molecules lying flat on the HOPG surface was 

compared to that obtained by combining simultaneously the Langmuir-Blodgett transfer of an 

ODA Langmuir film onto HOPG and oxidative electrografting. The original combination of 

both surface deposition methods permits to obtain a compact, uniform in thickness, 

crystalline, strongly bound nanometer thick films of octadecylamine. The monocrystalline 

structure of HOPG domains strongly impact the ordering of octadecylamine deposited onto it 

using this process, preserving the hexagonal symmetry into ODA one. Such covalent organic 

films are of interest for the construction of biosensors in electrochemistry or electronics as 

well as functionalization of surfaces of biomedical interest. 

 

EXPERIMENTAL SECTION 

Substrate, chemicals. Highly oriented pyrolytic graphite (HOPG) and cut Pt/Ir tips for STM 

experiments were commercially purchased from Goodfellow SARL (Lille, France). ODA and 

1-heptanoic acid were obtained from Sigma Aldrich (St Quentin Fallavier, France) and used 
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as received. Ultrapure water ( = 72.5 mN/m at 21°C, resistivity 18.2 M.cm) was obtained 

from Millipore Milli-Q Direct 8 water purification system. HOPG surfaces were meticulously 

cleaved with tape until obtaining a flat surface without any spike protruding from the surface. 

Equipment. The Langmuir equipment was a Langmuir trough KSV company (775.75 cm
2
, 

Biolin Scientific, Finland) enclosed into a Plexiglas box to limit surface contamination. The 

potentiostat used in the transfer experiments was from a Palm Sens 3. All the other 

experiments were performed with a Versastat 4 potentiostat/galvanostat/EIS from Princeton 

Applied Research analyzer with VersaStudio software.  

Formation of a Langmuir-Blodgett film and simultaneous electrografting (LB-eG) to HOPG 

surface. A spreading organic solution was prepared by dissolving ODA (FW = 269.51 g/mol) 

in chloroform with a 3 µmol/mL concentration. The subphase was ultrapure water maintained 

at 21°C. Its pH was 9  0.2, adjusted with a NaOH solution. Before depositing organic 

solution, the HOPG substrate was previously immersed in the subphase and connected with 

the potentiostat. Prior to monolayer spreading, the subphase surface was cleaned by suction. 

Organic solutions of ODA were spread onto water. The waiting time to allow a complete 

evaporation of the spreading solvent was 15 min before compression was started. The 

monolayer was compressed continuously at a constant rate of 5 Å
2
.molecule

-1
.min

-1
. The 

dipping speed and the surface pressure were kept respectively at 0.25 mm.min
-1

 and 40  0.2 

mN/m. Under these conditions, ODA monolayers were expected to be in a liquid condensed 

state. The Langmuir trough was equipped with saturated calomel electrode as a reference and 

carbon paper as counter electrode. Chronoamperometry at E = + 0.85V/SCE was started 

simultaneously with the LB transfer and stopped when the HOPG substrate was completely 

out of the aqueous subphase. 

Atomic Force Microscopy experiments. AFM experiments were performed using the 

Nanowizard 3 Ultra Speed from JPK Instruments (Berlin, Germany), installed on an air-

buffered table coupled to a dynamic anti-vibration device, and enclosed in an acoustic box. 

Imaging of organic layers on HOPG substrates was performed in air in AC-HyperDrive® 

mode, with gold coated silicon cantilevers PPP-NCHAuD of 40  10 N/m spring constant and 

290  5 kHz resonance frequency (Nanosensors, Neuchatel, Switzerland). The pyramid-

shaped tips had a radius of curvature less than 10 nm. A free amplitude oscillation of 0.8 to 1 

nm was chosen allowing a very high resolution of the imaged surface. Images were taken at 

scan rates of 1 Hz or 0.5 Hz for large scale pictures. Image processing (flatten, plane fit, edge 
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and hole detection) was performed with the JPK Data Processing software (JPK Instruments). 

At least three different areas of each sample were scanned, and typical images were presented. 

Average values of height dimensions of holes were determined with all holes detected in the 

pictures. 

Scanning Tunneling Microscopy experiments. ODA molecules were physisorbed onto HOPG 

from organic solution or electrochemically grafted on a freshly cleaved HOPG substrate using 

our LB-eG process 
37

. 1-heptanoic acid was used as solvents to resolve ODA molecules 

deposited from organic phase at the solid/liquid interface. STM imaging of the samples was 

performed at the solid/liquid interface under ambient conditions by a SPM Nanoscope V 

(Veeco, Bruker) scanning tunneling microscope. Cut Pt/Ir (Goodfellow alloy wire with Pt 

80% and Ir 20%) tips were used to obtain constant current images at room temperature with a 

bias voltage applied to the sample (I = 100-1000 pA, U = -100 ~ -500 mV). The STM images 

are processed and analyzed using FabViewer 
44 

from Fabrication Products. 

Infrared Spectra. IRRAS spectra of the modified plates were recorded using a purged (low 

CO2, dry air) Jasco FT/IR-6100 Fourier transform infrared spectrometer equipped with an 

MCT (mercury-cadmium-telluride) detector. For each spectrum, 1000 scans were 

accumulated with a spectral resolution of 4 cm
−1

. The background recorded before each 

spectrum was that of a clean substrate. 

XPS Spectra. XPS measurements were performed using a K-Alpha
+
 system (ThermoFisher 

Scientific, East-Grinsted, UK) fitted with a micro-focused and monochromatic Al Kα X-ray 

source (1486.6 eV, spot size: 400 µm). The pass energy was set to 150 and 40 eV for the 

survey and the high resolution spectra, respectively. The spectra were calibrated against the 

C―C/C―H C1s component set at 285 eV. The chemical composition was determined by 

using the manufacturer sensitivity factors using Avantage software, version 5.9902. The 

spectra were calibrated against C1s set at 285 eV. 

Raman spectroscopy. Raman measurements were performed using a Horiba XploRA PLUS 

Raman micro-spectrometer. All the measurements were performed on the HOPG surface, 

using a laser at 638 nm, an exposition time of 10s and an accumulation of 10 spectra. The 

scattered light was collected with a long working distance objective of 100 fold magnification 

(0.9 N.A.). 
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