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A locally organized monolayer film strongly attached to a gold surface is obtained by transfer 

of a Langmuir Blodgett (LB) film of octadecylamine (ODA) or alcohol (ODOH) onto an Au 

surface and simultaneous oxidative electrografting of this film still in contact with the aqueous 

subphase. As opposed to LB films, these films resist ultrasonication and unlike electrografted 

films, they are organized monolayers by construction. They are characterized by AFM (Atomic 

Force Microscopy), water contact angle, ellipsometry, XPS (X-ray photoelectron spectroscopy) 

IRRAS (Infrared Reflection Absorption Spectroscopy) and GIXD (Grazing Incidence X-ray 

Diffraction). 

 

Introduction 

The modification and functionalization of metallic surfaces with organic films is a subject of 

current interest in different fields: sensors, biomedical applications, organic electronics, energy 

storage…Several methods are available to achieve this goal: Langmuir-Blodgett (LB) films,
1,2 

thiols on gold,
3,4,5

, silanes
6,7,8

 using chemisorption methods  and/or the Langmuir method
2,9,10

, 

phosphonic acids
11

 on oxidized surfaces and diazonium salts on metal oxidized or not.
12,13

 

These different methods can be classified according to the strength of attachment to the surface 

but also according to whether they provide organized or disorganized films. At one end of the 
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classification, Langmuir-Blodgett films are only physisorbed, that is they are weakly attached to 

the surfaces on which they are transferred but can be crystalline films;
14,15,16,17

 at the other end 

one finds electrografted films that are strongly bonded to the surface, but are most often 

disordered multilayers.
12

 

Before the LB transfer, long hydrocarbon chain amphiphiles can form organized monolayers at 

the air/water interface, such as octadecylamine (ODA). A thorough determination of the two-

dimensional crystal structure of the Langmuir film can be achieved using grazing incidence X-

ray diffraction (GIXD).
18,19

 Numerous works reporting GIXD studies of Langmuir films made 

with silanes on water
20,21

  or with long hydrocarbon chain amphiphiles,
22

 such as CnH2n+1X, 

where X is a headgroup such as NH2, COOH or OH, demonstrated the existence of mesophases 

that possess partial orientational and translational order but also highly crystalline structures.
17

 

The LB transfer of monolayers made of insoluble amphiphile molecules onto hydrophilic 

surfaces is usually performed at constant surface pressure that is maintained at a value adequate 

to keep the film in a relatively condensed state by constantly adjusting the film area. During the 

LB transfer, an angle exists between the monolayer and the substrate surface. This angle (by 

reference to the surface normal) depends on the amphiphile but may range from a few degrees 

to almost zero. The adhesion energy W between the monolayer and the substrate is then given 

by the Young-Dupre equation,
 23

 W = (1 - cos θ) monolayer, with the subphase contact angle θ 

and monolayer the surface tension of the air/water interface in presence of the monolayer. For θ 

values close to 0°, the energy of adhesion is therefore negligible with respect to energies 

associated with covalent bonds (for example 154 kJ mol
-1 

for an alkyl chain bonded to Au
24

). 

Indeed, physisorbed LB films are very fragile systems, very sensitive to mechanical 

perturbation.  

The morphological characterization of self-assembled layers or LB films composed of long 

chain molecules has been extensively studied using scanning probe techniques, in particular for 

alkane-thiols on gold substrates. Atomic force and scanning tunneling microscopies (AFM and 

STM), as well as diffraction techniques, have been used to characterize a series of close-packed 

structures
25,26,27

. X-ray and neutron reflectivities have proven to be very powerful tools to study 

the structure of Langmuir or LB monolayers of long hydrocarbon chain amphiphiles
. 15,18,22,28

. 

They allow determination of scattering length density profiles along the film surface normal 

with a high resolution. Information about the lateral order within monolayers can be obtained 
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by GIXD.
29,14

 Combined reflection and diffraction measurements have been conducted to reveal 

structural features as the pressure increases in the film.
30

 

Electrografted films,
31

 are obtained by electrochemical oxidation of amines
32

,
 
carboxylates

33
,
 

alcohols
34

 or reduction
12,35,36

 of diazonium salts,
12

 and alkyl or aryl halides
35,36

. They result 

from the attack of very reactive radicals on the surface. The bond dissociation energies (BDE) 

of the Metal- and Si-aryl or alkyl films (obtained by reduction of diazonium salts or alkyl 

iodides) has been calculated by DFT methods,
24,37,38

 and they vary from 100 to 293 kJ mol
-1

 

from Au to Si indicating a strong bonding of the organic film.
37

 However the radicals react not 

only on the surface, but also with the first grafted group to provide strongly bonded 

multilayered disordered films.
12 

 Efforts have been made to limit the growth of the film in order 

to obtain monolayers. For example, with diazonium salts, the following procedures have been 

implemented: steric effects,
39,40,41,42

 cleavage of multilayers,
43

 use of ionic liquids
44

 and radical 

traps
45

 but none of them provided monolayers by construction, they only prevent the thickening 

of the film. 

As concerns Metal-amine films the electrografting mechanism has been established,
32

 but the 

formation of mono/multilayers has not been described in details. The surface concentrations of 

different films covalently bonded to surfaces have been measured (films obtained by oxidation 

of nitrobenzyl amine,
33

 dopamine,
46

 protected anilines and ethylenediamine
47

). Organic films 

obtained by electrografting amines have been used for flexible electronics,
48

 analytical 

purposes,
49

 modification of graphene oxide.
50

 The formation of compact, organized strongly 

bonded monolayers films should be of interest to improve these applications, in particular as 

concerns biosensors.
51,52,53

 Electrografting of alcohols has been much less investigated.
54

 They 

have been grafted in aqueous acidic solution or in the presence of LiClO4, at quite positive 

potential (+ 1.85 V vs Ag wire for 1-octanol). The reaction mechanism has never been 

investigated in details and few applications have been developed.  

The purpose of this paper is the construction of a covalently bound, organized monolayer of a 

long chain (C18) amine, such as octadecylamine (ODA), or alcohol (stearic alcohol ODOH) on 

Au surfaces by electrografting a Langmuir-Blodgett film during the transfer to the metallic 

surfaces (LB-eG process). The Langmuir film and the grafted one will be referred as ODALB 

(the Langmuir Film on the water subphase), Au-ODALB (the film LB-transferred on Au), Au-
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ODALB-G (the LB film grafted on Au) and Au-ODAG (the molecule directly electrografted on Au 

from the solution). 

 

 

 

 
Fig. 1: Scheme describing the electrografting of a Langmuir Blodgett film. Ref: Reference electrode, WE: 

Working Electrode, CE: Counter Electrode. 

 

Experimental Section 

Substrates. Gold (Au) coated silicon wafers obtained from the MPQ laboratory (Physics 

department, University Paris Diderot) with 100 nm thickness coating were cut into (1×1 cm
2
) 

pieces, cleaned with acidic piranha solution for 10 min and rinsed for 10 min in Milli-Q water. 

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. 
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Formation of an electrografted film. A gold plate was used as an anode in a 1mM ODA solution 

in DMF + 0.1M NBu4BF4, with a carbon counter electrode and a saturated calomel one. These 

three electrodes were connected to the potentiostat and chronoamperometry was started for 600s. 

Two different potentials were imposed + 0.85 V/SCE or + 1.40 V/SCE. After electrolysis the 

modified gold plates were rinsed in alcohol under sonication and characterized. 

Formation of a Langmuir-Blodgett film and simultaneous electrografting to Au surface. A 

spreading organic solution was prepared by dissolving ODA (FW = 269.51 g/mol) or ODOH 

(FW = 270.49 g/mol) in chloroform/methanol (9/1 v/v) with a 3 µmol/mL concentration. The 

subphase was ultrapure water, purified with a milli-Q apparatus supplied by Millipore. The 

temperature of the subphase was maintained at 21°C. Its pH was 9, adjusted with a NaOH 

solution (pH 2 for ODOH adjusted with HCl). Before depositing organic solution, the gold 

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 or 

ODOH 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 1 mm.min
-1

 and 40  0.2 mN/m. Under these conditions, ODA 

and ODOH 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 transfer 

and stopped when the gold substrate was completely out of the aqueous solution. 

Characterization of the grafted film. 

Atomic Force Microscopy experiments. AFM experiments were performed using the Nanowizard 

3 Ultra Speed from JPK Instruments (Berlin, Germany, www.jpk.com), installed on an air-

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

Imaging of organic layers on Au 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. 
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Image processing (flatten, plane fit, edge 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. 

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. 

Ellipsometry. The thicknesses of the films on Au were measured with a Sentech SE400 

monowavelength ellipsometer. The following refraction index values were taken for clean gold: 

ns = 0.17 and ks = 3.31. These values were measured on cleaned surfaces before using the plates 

for grafting. The film thicknesses were determined from the same plates after modification, 

taking norg = 1.46, korg = 0 for the organic layer. 

Water Contact Angles. They were measured with a Krüss DSA3 instrument. A drop (3 μL) of 

Milli-Q water was automatically deposited on the top of the test sample placed in a horizontal 

position on the instrument stage. At least five measurements were made for each sample. The 

values of the contact angles were calculated by the tangent method using the Drop Shape 

Analysis software. 

Electrochemical Measurements. All potentials are referred to the SCE electrode. The redox 

probes voltammograms were recorded on Au and Au-ODALB-G, by delimitating a ring electrode 

on the plates by an adhesive plastic mask. A drop of the redox solution was deposited on this 

electrode. Reference and counter electrodes were positioned in the solution and voltammograms 

were recorded.  
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GIXD measurements under synchrotron radiation. X-ray scattering measurements were taken on 

the SIRIUS beamline at the SOLEIL Synchrotron (Saint Aubin, France)
55

. The scattering pattern 

was collected using a Pilatus 3 (Dectris, Switzerland) detector associated with Soller slit 

collimator (JJ-Xray, Denmark, resolution 0.06 deg) by scanning in the in-plane angle. The Qxy-Qz 

images were generated by integrating horizontally the window defined by the Soller slit 

collimator on the original raw 2-D file of the detector to obtain the vertical distribution of the 

intensity.  

Grazing incidence X-ray diffraction (GIXD) was performed on Au-ODALB-G and Au-ODOHLB-G 

films at a fixed energy of 8 keV and used to obtain in-plane information about the molecular 

ordering on the gold surface. The scattered intensity was measured as a function of the angle 2 

between the incident and diffracted beams projected onto the horizontal plane. The angular 

positions 2 were converted into the in-plane component of the scattering vectors Qxy = (4/) 

sin 2/2, and the vertical angles z to the out-of-plane component Qz = (2/) sin z. The intensity 

map I(Qxy,Qz) was then integrated along Qz yielding to QZ-integrated spectrum I(Qxy), or over Qxy 

to obtain the Bragg rods I(Qz). Diffraction peaks were fitted along Qxy with Lorentzian curves 

and along Qz with sine cardinal functions. Their (Qxy, Qz) positions led to the structure of the 

two-dimensional lattice in real space. Their angular position 2hk, corresponding to Qhk = (4/) 

sin 2hk/2, yielded the distance dhk = 2/Qhk for the two-dimensional (2D) lattice structure. They 

could be indexed by the two Miller indices h and k yielding the 2D unit cell. Full-width at half 

maximum (FWHM) values determined from the fits were used to determine the in-plane 

correlation length L using L = 2/FWHM in the case of Lorentzian shape peak56. The correlation 

length gives the spatial extension of the crystalline domains existing in the monolayer. 

 

Results  

LB transfer and electrografting. In order to perform electrografting in a Langmuir trough, a 

gold or platinum plate is partly immersed in the trough and an electrical connection is made to 

this plate. In addition, a saturated calomel electrode (SCE) and a carbon paper counter electrode 

are introduced in the solution (Fig. SI-1 and Fig. 1). This permits to use the trough as an 

electrochemical cell. ODA is deposited on the surface of a pH 9 aqueous subphase from a 

spreading solution consisting of chloroform/methanol (3 mM). Compression is started after 15 
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minutes and surface pressure in the ODA film increased up to 40 mN/m (Fig. 2a). The LB 

transfer of the ODALB film onto the Au surface is started simultaneously with 

chronoamperometry at E = + 0.85 V/SCE. This chronoamperometry stops when the plate is 

fully removed from the subphase. The plate is then rinsed under ultrasonication for 3 minutes in 

ethanol and dried under argon to give Au-ODALB-G. Experiments using a two steps method in a 

sequential manner was performed as control: after LB transfer from the Langmuir trough, the 

gold plate is then immersed in an electrochemical cell in 75/25 H2O/ACN and electrolyzed at + 

0.85 V/SCE for 6 min. This procedure provides a much less interesting result, and we suspect 

that the Au-ODALB is damaged during the immersion in the electrochemical cell. Indeed, AFM 

imaging performed after immersion in the electrochemical cell confirms the partial dewetting of 

the LB monolayer on the gold surface (data not shown). 

 

Fig. 2: Compression isotherm of ODA on pH 9 aqueous solution at 21°C. 

 

The electrochemistry of primary amines has been investigated,
32,57 

for example, n-butylamine is 

oxidized at + 1.36 V/SCE in DMF through a broad irreversible wave. In the same solvent, ODA 

(c = 1 mM) presents a small spread out wave Ep = 1.36 V/SCE (Fig. SI-3). The onset of this 

wave is  0.8 V/SCE. But as ODA is insoluble in a pH 9 aqueous solution, it is not possible to 

record the voltammogram and determine its oxidation potential under such conditions. On the 

other hand, the voltammogram of the same pH 9 solution used for the formation of Langmuir 

film presents background current starting at ~ 0.9 V/SCE (Fig. SI-4). Based on these data, we 

set the electrografting potential at + 0.85 V/SCE. Preliminary experiments performed by simply 
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depositing ODA on a gold electrode indicated that electrografting of ODA was possible at the 

potential of + 0.85 V/SCE. 

The transferred, grafted and rinsed surfaces are examined by electrochemistry measurements, 

and characterized using water contact angle, ellipsometry, XPS, AFM, IRRAS and GIXD 

techniques in order to ascertain the presence and the organization of an ODA or ODOH film on 

the Au surface. 

Ultrasonication. As a first control experiment, an Au-ODALB film is submitted to a 3 min 

ultrasonication test. IRRAS spectra show that the Au-ODALB is completely removed from the 

surface by this treatment (Fig. SI-6). As all films examined below have been sonicated under 

the same conditions, the IRRAS spectra cannot pertain to a remaining Au-ODALB film adsorbed 

on the surface and correspond to strongly grafted Au-ODALB-G film. 

Redox Probe. The compacity of Au-ODALB-G was tested with Fe(CN)6
3-/4-

 as a redox probe. 

This compound presents, in aqueous solution, a reversible voltammogram on an Au electrode at 

E = 0.21 V/SCE, but this voltammogram completely disappeared on Au-ODALB-G (Fig. 3). This 

is interpreted as a blocking of the electrode by the grafted ODA film that is the electron transfer 

from the electrode to the inner sphere ferro/ferricyanide couple is impeded by the long alkyl 

chain attached to the Au surface.
12

 

  

Fig. 3. Cyclic voltammetry of Fe (CN)6
3-/4-

 in aqueous solution +0.1 M KCl on a) Au and b) Au-ODALB-G. 
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Thickness of the films. The thickness of the Au-ODALB-G, and Au-ODOHLB-G film were obtained 

by ellipsometry: 1.69 ± 0.3 nm and 1.51 ± 0.4 nm, respectively. 

Contact angle. The water contact angle of Au-ODALB-G and Au-ODOHLB-G films are 

respectively 101.3° ± 0.5° (Fig. SI-5) and 95.7° ± 1.4° as expected for long alkyl chains. 

XPS spectra. The XPS of Au-ODALB-G (Table SI-1 and Fig. SI-9) survey spectrum indicates the 

presence of Au4f (9.52%) indicating that the film is thinner than 5-10 nm, C1s (70.76%), O1s 

(15.68%) and N1s (4.04%). O1s pertains to some contamination, but C1s is characteristic of the 

C18 carbon chain of ODA and the presence of N1s testifies from the presence of an ODA group 

on the Au surface. In addition, the ratio C1s /N1s is: 17.5 close to expected value of 18. The 

XPS spectra of Au-ODOHLB-G (Table SI-2 and Fig. SI-11) are also in agreement with the 

expected structure. 

AFM images. Fig. 4 shows AFM height (upper images) and phase (lower images) images of the 

Au surface before LB-eG process of ODA (5x5 µm
2
, left panel) and of Au-ODALB-G after ODA 

LB-eG process (at two different scales 5x5 and 2x2 µm
2
, central and right panels) (see Fig. 

SI-12 for Au-ODOHLB-G). The bare gold surface appears to be relatively flat at the nanometric 

scale (Figs 4A, 4D and 4G), with a mean roughness of 1.2 nm, and small gold spots observed 

all over the surface due to the evaporation process used to deposit the gold on the silicon 

surface.  
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Fig. 4: AFM height pictures (A, B and C) and phase pictures (D, E and F) images of bare Au surface 

before LB-eG process of ODA (left panel) and of Au-ODALB-G after ODA LB-eG process (central and right 

panels). Height cross sections G and H were performed along white lines drawn in images A (bare Au 

surface) and C (Au-ODALB-G) respectively. 

 

After LB-eG process of ODA on Au, we clearly distinguish a contrast change between the two 

images that confirms that we transferred and grafted a monolayer of ODA that covers the whole 

gold surface (Fig.s 4B, 4E, 4C, 4F). Height profiles (Fig. 4H) demonstrate the presence of an 

ODA monolayer grafted onto the Au surface. An average height increase of about 2 nm is 

observed throughout the image that roughly corresponds to the thickness of an ODA 

monolayer. The mean surface roughness on picture 4C is 0.9 nm, corresponding to a decrease 

of 30% if compared to bare Au mean roughness and this is due to the ODA monolayer grafting 

that smoothens the surface. Height images indicate a complete coverage of the surface although 

very few pinholes of nanometric dimensions (2 nm depth and a few nanometers wide) can be 

observed in height images. Comparison of AFM images of films obtained by the simultaneous 
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LB-eG process with the sequential two steps method (not shown) indicates that the former 

method gives the best results in terms of monolayer quality. 

 

IRRAS Spectra. In order to precise the structure of the grafted film, the IRRAS spectra of Au-

ODALB-G (Fig. 5), Au-ODOHLB-G (Fig. SI-13) can be compared (Table 1) with that of solids 

(C20H42, and ODA) and monolayer films (Au-SC18H37 in Fig. 5 and ODA on mica), both with 

long alkyl chains; but also with disorganized structures such as liquid C18H37SH, long alkyl 

chains and ODA in solution. Table 1 presents the C-H stretching vibrations of these ordered and 

disorganized long alkyl chain structures. NH stretching appears as a sharp peak at 3331 cm
-1

 

(with two shoulders at 3351and 3259 cm
-1

) for solid ODA but as a broad strong peak at 3249 

cm
-1

 for Au-ODALB-G. The NH scissoring appears as weak bands at 1567 cm
-1

 for solid ODA 

while it is located at 1520 cm
-1

 for Au-ODALB and 1590 cm
-1

 for ODA adsorbed as self-

assembled monolayers (SAM) on mica
58

. This IR band is not observed for Au-ODALB-G. The 

same band is observed at 1600 cm
-1

 for 4-nitrobenzylamine grafted on Pt,
32

 but cannot be safely 

assigned for Au-ODALB-G. 

 

 

Fig. 5: IRRAS spectra of a) Au-SC18H37 b) Au-ODALB-G. 
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Table 1: IRRAS spectra of Au-ODALB-G and other organized and disorganized long alkyl chains (wavenumbers in 

cm
-1

). 

 

 CH3 as CH2 as CH3 s CH2 s 

Organized structures and films 

Au-SC18H37 2965  2917  2877  2850 

C20H42 crystal
59,60

 2962 2914 2869 2850 

ODA solid 2955 2917 2872 2850 

ODA on mica
58

 2955 2917 2870 2850 

Au-ODALB 2965 2917  2850 

Au-ODALB-G 2965  2917 2977 2850 

Au-ODOHLB-G
a 

2965 2917 2878 2850 

Disordered structures 

HSC18H37 liquid  2924  2855  

Polymethylene 

chains
59,60

 
 2928  2856 

ODA in CCl4 solution  2928  2855 

a,b
 presents another band assigned to a Fermi resonance

59
 at 

a
 2939 and 

b
 2935 cm

-1
. 

 

Comparison with electrografted ODA film. In order to compare ODA films prepared using the 

LB-eG process to those prepared by grafting from a solution, samples of Au-ODAG were 

prepared by grafting a solution of ODA in DMF. Samples were grafted either at + 0.85 V/SCE 

as for Au-ODALB-G or at + 1.40 V/SCE corresponding to the peak potential of ODA in DMF. 

The results are reported in Table 2. 

 

Table 2: Ellipsometry, water contact angle and IRRAS characterizations of two electrografted ODA films from 

solution performed at two electrochemical potential values. 

 



14 
 

Grafting 

potential 

Thickness of 

the film 

Water 

contact angle 

IRRAS spectra 

CH2 stretching 

+ 0.85 V/SCE 

(600s) 

4.2 ± 1.8 nm 95.1 ± 0.9° 2926 cm
-1

 2856 cm
-1

 

+ 1.40 V/SCE 

(600s) 

5.0 ± 2.3 nm 89.6 ± 2.5° 2922 cm
-1

 2856 cm
-1

 

 

 

The films obtained by electrografting from solution are multilayered as shown by thickness 

values; the higher the potential the thicker the film, their water contact angle is lower than that 

of Au-LBODAG. The corresponding IRRAS spectra of samples obtained at + 0.85 V/SCE show 

disorganized films. IR bands of the films obtained at + 1.4 V/SCE are located in-between an 

ordered and a disorganized film, probably due to a coexistence of organized and disorganized 

structures in the film. 

 

Grazing Incidence X-ray Diffraction experiments. Monolayers of pure ODA formed on Au 

surface using the LB-eG process can generate a GIXD signal. Fig. 6 presents GIXD data 

obtained for ODA monolayer that was spread on water, compressed to 40 mN/m surface 

pressure, then LB transferred at this pressure while electrografting was performed at + 0.85 

V/SCE simultaneously to the LB transfer (Au-ODALB-G). 
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Fig. 6: GIXD intensity maps I (Qxy, Qz) obtained on Au-ODALB-G monolayer formed on Au using the LB-eG 

process (A). Fitting the curve I (Qxy) with Lorentzian peaks after integration along Qz (B) reveals the in-plane 

positions of degenerated out-of-plane peaks indexed as [1    and [11] (red dotted line) and an in-plane peak [02] 

(blue dashed line). The intensity of the Q11 peak integrated along Qz (Bragg rod) and the associated fit with a 

cardinal sine are shown in insert. The structure in real space as determined from the positions of the peaks is shown 

in C. 
 

Data analysis yields two distinct diffraction peaks as shown in Fig. 6, one in-plane peak at Qxy = 

14.6 nm
-1

, and one degenerated out-of-plane peak at Qxy = 14.0 nm
-1 

, Qz = 6 nm
-1

. This 

corresponds to a rectangular structure of the chains with a tilt towards their nearest neighbors, 

with the out-of-plane peaks indexed as [11] and [1  ], and the in-plane peak as [02]. The 

parameters of the rectangular cell as deduced from the position of the peaks are a = 5.26 ± 0.10 

Å and b = 8.60 ± 0.30 Å (Fig. 6C). Analysis of the out-of-plane position of the [11] peak (inset 

in Fig. 6 B) is made difficult by its proximity to the border of the detector. Nevertheless, a fit 

with a sine cardinal function gives a peak position of Qz = 6 nm
-1

 indicating a tilt angle of the 

molecules of about 30° towards their nearest neighbors. The full width at half maximum of the 

in-plane Bragg peak (Fig. 6B) is of 1.1 nm
-1

 and corresponds to an in-plane correlation length 

of 18 Å, indicating an ordering which extends up to the third nearest neighboring molecules. No 

diffraction peak was detected on Au-ODOHLB-G monolayers at all. 

 

Discussion 

a=5.26Å

b=8.60ÅA

B

C
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The film is different from an electrografted film directly obtained from solution. Previous works 

reported the immobilization of organosilanes on glass or silicon dioxide by comparing the 

Langmuir Blodgett and chemisorption methods
2,3

. To our knowledge, our study is the first 

attempt to combine simultaneously Langmuir Blodgett technique of monolayer transfer and 

electrografting in order to obtain organized monolayer on metallic surfaces. Differences in 

thicknesses measured by ellipsometry and AFM, water contact angles and IR spectra between 

Au-ODALB-G and Au-ODAG samples demonstrate that film structures are different on the gold 

surface. In particular, IR spectra demonstrate that disorganized structures are obtained by direct 

electrografting Au-ODAG while ordered structures like thiols SAMs are obtained using the LB-

eG process (Au-ODALB-G).
61

  

The film is strongly grafted. All results demonstrate that both Au-ODAG
32

 and Au-ODALB-G 

samples resist a 3 min ultrasonication rinsing step while the same treatment completely removes 

a LB-adsorbed Au-ODALB film. This test demonstrates that a covalent bond is effectively 

formed between the surface and the organic film.
12,13

. 

The film is a monolayer with few pinholes. Comparison between ellipsometry (1.69 nm) and 

AFM (2 nm) measurements and the length of a fully extended ODA molecule obtained from 

molecular models (2.32 nm) demonstrate the presence of a single ODA monolayer after LB-eG 

process. In addition, the redox probe experiment and the AFM pictures both demonstrate a 

compact monolayer: ODA covers the entire gold surface and smoothens it by decreasing the 

mean surface roughness. AFM pictures obtained at low scale demonstrate however the presence 

of few pinholes of 2 nm depth and a few nanometers wide in the Au-ODALB-G layer, suggesting 

that the monolayer is not fully continuous at the nanometric scale on gold surface. These 

features are probably due to the underlying Au surface roughness (1 nm). 

The film is “organized”. The spectrum of Au-SC18H37 was recorded (Fig. 5) as a reference. 

Thiols SAMs have been widely investigated because they provide ordered monolayers that are 

physisorbed but not chemisorbed as recently reported
62

. Their IR spectra
63,64,65,66,67,68,69,70

 have 

been used to demonstrate the ordered structure. The spectrum of Au-SC18H37 presents the CH3 

and CH2 stretching vibrations at positions and absorbances that are identical to that of Au-

ODALB-G, Au-ODOHLB-G. This result demonstrates that the LB film has been effectively 

transferred and grafted on gold. The νs and νas stretching of CH2 groups are located at 2850 and 

2914-2917 cm
-1 

for the crystalline state of C18H37SH, solid C20H42, solid ODA and Au-ODALB-G 
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respectively, while they are observed at 2924-2928  and  2855-2856 cm
-1

 for liquid 

CH3(CH2)15SH and ODA in CCl4 solution (Table 1).
71

 From these data we can deduce that Au-

ODALB-G and Au-ODOHLB-G are organized systems. 

The tilt of the alkyl chains of thiols SAMs by reference to the surface normal has been deduced
 

66
 from the intensity I of the alkyl stretching bands that is proportional to cos

2
 Θmz, where Θmz is 

the average angle between the transition dipole moments of the CH2 bonds (m) and the surface 

normal (z). The average tilt angle of the long alkyl chain was obtained as α = 40°. The same 

value is obtained for Au-ODALB-G, the chains are tilted by the same angle by reference to the 

surface normal. The tilt of the alkyl chain can also be obtained from the thickness of the film 

obtained by ellipsometry and the length of the molecule: 43°. These two values are in good 

agreement. 

The film possesses a short-range order. GIXD measurements demonstrate that, after the LB-eG 

process, the Au-ODALB-G film is organized with a liquid order extending over 18 Å that is up to 

the three nearest neighboring ODA molecules. This result has to be compared with the structure 

of both Langmuir and Langmuir-Blodgett ODA films using GIXD. Several studies reported the 

structure of ODA Langmuir films deposited on a pH 10 water subphase. Three distinct peaks 

were found at Qxy positions 1.50, 1. 53, and 1.61 Å
-1

, respectively indexed as (1ī), (01), and 

(10) respectively indicating an oblique hexagonal unit cell.
16,19

 Ionov et al. studied the evolution 

of the main peak position (01) of ODA Langmuir film at pH 10 with increasing surface 

pressure. The position varies from 1.47 to 1.52 Å
-1

.
72

 X-ray diffraction performed on ODA 

multilayered systems that were pre-formed by successive LB transfers, provides a lamellar 

spacing of 5.2 nm,
18

 a value twice larger than the ODA monolayer thickness measured by 

ellipsometry and AFM studies after the LB-eG process. Fenter et al. reported GIXD 

measurements of thiol monolayers of different length
61

 and self-assembled on single crystal Au 

(111) surface. They showed that CH3(CH2)n-1SH monolayers form expected 3x3R30° 

structures with crystalline domains of 90 Å size,
61

 a value five times larger than that of Au-

ODALB-G monolayer. 

In our case, the obtained structure is a rectangular crystallographic cell for ODA on gold after 

the LB-eG process with cell parameters a = 5.26 ± 0.10 Å and b = 8.60 ± 0.30 Å. This structure 

is actually not very far from a hexagonal structure as depicted in Fig 6C. However, GIXD data 

could not be fitted with a purely hexagonal cell, because there are two diffraction peaks of 
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which one is out of the plane and degenerated (out-of-plane peaks indexed as [11] and [1  ]). A 

rectangular crystallographic cell is therefore observed for ODA on gold with the LB-eG 

process, different from the hexagonal one observed with pure LB one
19

. This change in cell 

shape may be due to the organization of underlying gold atoms. The positions of the peaks are 

lower than those of ODA Langmuir film, indicating a larger spacing for ODA molecules after 

the LB-eG process and a lower crystalline order extension (18 Å which is up to the their third 

nearest neighboring molecules). As compared to ODA Langmuir film, this loss in order 

extension is of one order of magnitude. Thus, Au-ODALB-G monolayer organization is 

intermediate between the highly ordered ODA Langmuir film on water and the fully 

disorganized Au-ODAG obtained from electrografting in solution. These results can be 

explained by the structure of the underlying gold surface as well as the grafting process.  

 

 

Fig. 7: Scanning electron microscopy picture obtained on bare Au surface used for LB-eG process and GIXD 

characterization. 

 

Indeed, the gold surface we have used in this article is a polycrystalline Au, not a monocrystal 

one, since the unit cells are paired and form hyperdomains that are observed by STM
73

, or by 

scanning electron microscopy as shown in Fig. 7. Such polycrystalline Au surfaces are 

commonly used in biosensor applications. The domain size ranges between 20 and 50 nm. No 

correlation of orientation exists between the different domains. This lack of unique orientation 

at the gold surface impairs the preservation of ODA Langmuir film during the LB-eG process.  

Note also that the LB-eG process induces a grafting in dynamic conditions because of the LB 

transfer occurring at the Au/Langmuir film interface. The organization of ODA molecules on 

Au surface is therefore strongly dependent on that of underlying gold atoms. After the LB-eG 
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process, ODA molecules are bound to the gold surface via covalent bonds and cannot rearrange 

themselves as physisorbed ODA molecules do after a pure LB transfer or self-assembled thiol 

monolayers. Fig. 8 gives a schematic representation of the structure of the ODA film assuming 

that grafting occurs atop gold atoms (without bridged structures, as diazonium salts
37

). 

Au-ODOHLB-G presents an IR spectrum that, by comparison with thiols SAMs, appear as 

organized, but no diffraction peak could be observed by GIXD, suggesting this layer is 

disorganized. It must be reminded that the observation of organized films by IRRAS is a purely 

experimental observation based on “the evolution of the adsorbates from a disordered phase of 

sub-monolayer at short deposition times, to the more ordered arrangement of butanethiol films 

following extended exposure to the thiol solution”.
63

 The combination of IRRAS and GIXD is 

necessary to reveal the degree of order in the monolayer. 

 

 

Fig. 8: A Schematic 2D representation of the locally organized electrografted LB film (Au-ODALB-G) inside each 

domain of gold surface. 

 

It would be worth to use monocrystalline Au, such as Au (111) surfaces, to perform LB-eG 

process to examine the extent of preservation of ODA Langmuir film after this grafting. 

However, such monocrystalline surfaces are difficult to produce, are less stable in air than 

polycrystalline ones, provided that the monocrystalline character of the surface remains 

unchanged during the LB-eG process.  

 

Conclusion  

The simultaneous transfer of a LB film to a metallic electrode and in situ electrografting of this 

film permits to obtain, by construction, a locally ordered and strongly bonded monolayer with 

few nanometric pinholes. The film is characterized by various methods: electrochemistry, 

measurement of water contact angles, XPS, IR, AFM and GIXD. The structure of this film 

Covalent Bond

Locally

Organized

Monolayer
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consists in a strongly bonded ODA monolayer covering the whole surface. The ODA alkyl 

chains are tilted by the same angle (~ 40°), but the film is characterized by a molecular ordering 

extending up to the three nearest neighboring molecules. This is due to the fact that the Au 

surface used is not a monocrystal but also to the covalent bonding that prevent molecules to 

rearrange on the surface. This LB-eG process provides an original method to obtain strongly 

grafted, locally ordered monolayers that can find applications in the field of sensors and 

biosensors. 
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