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Innovative Method for Controlled Synthesis of Bicomponent 
Monolayer Films Obtained by Reduction of Diazonium 

Julien Billon,a Anna Omelchuk,a Viacheslav Shkirskiy,a† Sylvie Dabos-Seignon, Olivier Alévêque,a Eric 
Levillain,a Tony Bretona and Christelle Gautier*a 

This study presents a novel method based on the electrochemical co-reduction of two aryldiazonium salts, enabling the 

synthesis of controlled two-component monolayer thin films on carbon in a single step. By introducing a 12-carbon alkyl 

chain as a spacer between the aryldiazonium function and the functional group, precise control over film thickness and 

composition was achieved. The alkyl chain effectively standardizes the reduction potentials, enabling the equalization of 

reactivity and precise stoichiometric control. Experimental results from spectroscopic, electrochemical, and X-ray 

photoelectron spectroscopy analyses validate the effectiveness of the method in controlling the composition of the mixed 

layers.

Introduction 

The majority of examples involving the functionalization of 

electrodes using diazonium salts focuses on the reduction of a 

single type of cation. Nevertheless, for specific applications, it 

becomes crucial to master the fabrication of bi-functional 

nanomaterials where one functionality complements the 

other.1,2  

However, if no specific precaution is taken, the reduction of two 

different diazonium salts on an electrode leads to the formation 

of an organic deposit which is for sure robust, but not 

necessarily controlled, either in terms of thickness or 

composition.3 

To overcome the disadvantages related to the lack of control of 

the film growth, many alternatives have already been 

proposed.4–7 Whether they are based on the degradation of an 

existing multilayer,8,9 on the blocking of reactive positions,10–13 

on the lowering of the local concentration of reactive group14–

17 or on the blocking of the electronic transfer through the first 

layer formed,18–20 these methods have shown that it is possible 

to limit the thickness of the films formed to a near-monolayer.  

On the other hand, a few rare examples have shown that the 

composition of bi-component layers can be controlled either by 

post-functionalizing an electrode previously modified by 

reduction of a diazonium salt, with a mixture of two reactive 

entities,21–24 or by adjusting the composition of a mixture of two 

diazoniums to be co-reduced.25–30 The first method mentioned 

undeniably offers a reliable and effective route for finely varying 

the proportions of the two immobilized species, but it also has 

some major drawbacks inherent to the multi-step approach 

(extensive reaction time and incomplete coupling yields) thus 

leading to a chemically heterogeneous surface.31,32 Such major 

weakness has justified the interest in the second method 

mentioned (co-reduction) for which the two diazonium salts 

bearing the function of interest are directly grafted. However, 

precisely adjusting the concentration ratios of the two 

precursors in the grafting solution to fine-tune the film 

composition (even up to 1/10000) proves to be ineffective for 

certain pairs of diazonium salts. This is due to the fact that the 

aryl radical production, and thus the grafting kinetics, are 

influenced by the reduction potential of the precursors, 

resulting in the predominant attachment of the more easily 

reducible diazonium on the surface.25,26,28,33–37  

In this study, we present a novel method for simultaneous co-

reduction of two diazonium salts, providing control over film 

thickness and precise modulation of the organic layer's 

composition. To achieve stoichiometric grafting and monolayer 

formation, we introduce a modification to the structure of the 

diazonium cations, incorporating a 12-carbon alkyl chain 

between the aromatic ring and the functional group. This 

structural modification offers two significant advantages. 

Firstly, as demonstrated in previous studies,19,20 the 12-carbon 

alkyl chain restricts electron tunneling through the organic 

layer, resulting in the growth limitation to a monolayer. 

Secondly, the alkyl chain acts as a barrier, nullifying the 

electronic effect of the functional group. This standardization of 

the diazonium design aims to equalize the reduction potential, 

promote uniform reactivity of the radicals, and enable precise 

control over the stoichiometry of the system. 

Results and discussion 
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To reach our goals, two aniline derivatives, each containing a 

12-carbon alkyl chain, were synthesized (Scheme 1). The 

synthesis procedure for obtaining aC12PDI was described in 

reference,19 and the synthesis of aC12Br is detailed in Supporting 

Information (see SI-1). 

The choice of functional groups for the two target molecules 

was guided by the electroactivity and high absorption 

coefficient of the tetrachloroperylenediimide moiety (PDI, 

 ≈ 50 000 L.mol-1.cm-1),38,39 as well as the presence of halogen 

atoms on each entity to be immobilized. These factors allow a 

multimodal characterization of the resulting mixed films 

through cyclic voltammetry, UV-visible absorption 

spectroscopy, and X-ray photoelectron spectroscopy (XPS). 

A study conducted on dC12PDI (diazonium derivative obtained 

from aC12PDI) revealed the formation of monolayers (with a 

surface coverage of  = 2.5 10-10 mol.cm-2) when the potential 

used to reduce the molecule is within the range where only the 

diazonium is reduced i.e. between 0.2 V and -0.3 V versus 

Ag/AgNO3.19 To validate the formation of monolayers from 

dC12PDI and dC12Br compounds, atomic force microscopy (AFM) 

scratching measurements were performed on carbon pyrolyzed 

photoresist films (PPF, characterized by low surface roughness 

< 0.5 nm) to determine the thickness of the obtained layers 

(AFM images and depth profiles shown in Figures SI-2). The 

average film thicknesses (estimated from the whole scratched 

area to have an optimal statistic) as well as the calculated 

heights of the considered molecules (obtained by molecular 

mechanics MM2 calculations) are summarized in Table 1.  

Table 1. Average film thicknesses determined by AFM scratching measurements and 

corresponding calculated heights of the considered layer precursors. 

Diazonium mixture 
Experimental 

thickness (nm) 

Calculated 

height (nm) 

dC12PDI 100% 3.1 ± 0.2 3.14  

dC12Br 100% 2.3 ± 0.3 2.27 

dC12PDI/dC12Br 50/50 2.6 ± 0.2 - 

 

Film thicknesses values are consistent with the calculated 

height of C12PDI and C12Br groups, confirming that the films 

growth is restricted to ultrathin layers. 

 

It remains now to validate the second aspect which involves 

considering the long chain as a method to regulate the 

composition of bi-component layers by standardizing the 

reduction potentials of diazonium. To assess the impact of the 

alkyl chain on the reduction potential of dC12PDI and dC12Br, 

respectively obtained by in situ diazotization of aC12PDI and 

aC12Br, cyclic voltammograms (CVs) were separately recorded 

for each cation (Figure 1). 

Figure 1 illustrates the irreversible reduction of dC12PDI and 

dC12Br diazonium salts into the corresponding aryl radicals at 

potentials of 0.04 V and -0.01 V vs. Ag/AgNO3, respectively. The 

slight 50 mV difference between these potentials highlights the 

advantageous role of the alkyl chain, which effectively shields 

the electronic effects of the functional groups located at its 

terminal end, enabling a standardization of the aryldiazonium 

Scheme 1. Structure of the aniline derivatives used for the in-situ formation of 

diazonium salts. 

Figure 1. CVs recorded at a scan rate of 50 mV.s-1 on a GC electrode, in a solution 

containing 10-3 M aniline derivative (aC12PDI or aC12Br) + 5 equiv. of tBuONO and 0.1 M 

nBu4NPF6/DCM. 

Figure 2: CVs recorded at 100 mV.s-1 for mixed C12PDI/C12Br-based layers obtained by 

reduction at 0 V for 5 min in a solution containing dC12PDI/dC12Br molar ratios of 100/0, 

80/20, 60/40, 40/60, 20/80. The electrolyte used was 0.1 M nBu4NPF6 in DCM and the 

total concentration of (dC12PDI + dC12Br) was 10-3 M. 

 

reduction potentials. Thanks to this effect, it becomes possible 

to simultaneously reduce dC12PDI and dC12Br by applying a 

potential of 0 V to an electrode immersed in a mixture of the 

compounds. A series of chronoamperometry experiments was 

performed using different mixtures of the dC12PDI/dC12Br 

binary by varying their proportions (100/0, 80/20, 60/40, 40/60, 

20/80) and maintaining a total diazonium concentration of 

[dC12PDI] + [dC12Br] = 10-3 M. The resulting layers were 

subsequently characterized using cyclic voltammetry, as 

depicted in Figure 2. 

The CVs recorded on various mixed films based on C12PDI/C12Br 

exhibit two reversible one-electron processes at -0.68 V and -

0.82 V, corresponding to the formation of the anion radical 

PDI•- and the dianion PDI2-, respectively. The minimal peak-to-

peak deviation and the linear relationship between current and 
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scan rate confirmed the confinement of these species on the 

film surface (see Figure SI-3). 

As expected, a decrease in the proportion of PDI units in the 

grafting solution leads to a decrease in the intensity of the 

characteristic peaks associated with immobilized PDI. 

Consequently, as the diazonium mixture becomes depleted in 

PDI, the surface concentration of PDI (PDI), determined by 

integration of the CV, decreases. For instance, from a value of 

2.3 10-10 mol.cm-2 for a layer composed of 100% PDI, the surface 

concentration is lowered to 0.3 10-10 mol.cm-2 when the 

diazonium mixture contains 20% PDI.  

To examine the correlation between the quantity of 

immobilized PDI and the PDI content in the grafting solution, 

the surface concentration of PDI was plotted as a function of the 

molar percentage of PDI in the deposition solution (Figure 3, 

black markers). 

Figure 3 illustrates a strong correlation between the 

proportions of the species in the grafting mixtures 

(aC12PDI/aC12Br) and their proportions in the immobilized state 

since an almost linear increase of PDI is obtained with 

increasing concentration of dC12PDI in the diazonium mixture. 

Importantly, a similar trend was observed when longer grafting 

times (30 min) were employed to form the mixed layers (Figure 

3, red markers). This finding shows that extending the grafting 

process beyond 5 minutes does not provide additional benefits 

and consequently that the process is self-limited within a short 

time. 

To leverage the absorption properties of the chromophore in 

the visible range, spectroelectrochemical (SEC) experiments 

were conducted on C12PDI/C12Br films (Figure 4). 

Upon reduction, the immobilized PDI exhibits a negative 

relative absorption, which corresponds to the optical signature 

of PDI across a wide wavelength range (520-780 nm). The 

absorption minimum is observed at 545 nm. The formation of 

the PDI•⁻ radical species gives rise to absorption bands around 

480 nm and 800 nm, while the formation of the PDI²⁻ dianion 

results in an absorption peak at approximately 720 nm. 

Although the signal intensity is lower in a mixed layer containing 

40% PDI compared to a layer composed solely of PDI, the 

characteristic bands exhibit similar properties, indicating that 

the structure of immobilized chromophores is not influenced by 

the surrounding species. 

Figure 5A presents the 2D sections (i.e. ΔAbs vs. wavelength) 

extracted through principal component analysis at t = 60 s, 

which corresponds to the absorption maximum observed 

during PDI²⁻ formation. These sections are used to compare the 

SEC responses of C12PDI layers, ranging from 100% to 20% 

dilutions. 

Upon initial observation, the 2D sections appear to be similar 

regardless of the PDI surface concentration. However, it is 

important to note that they differ from those observed for 

aC12PDI molecule in solution (refer to Figure SI-4A),38 as well as 

those observed on gold surfaces, including self-assembled 

monolayers38,39 and monolayers formed by diazonium 

reduction (Figure SI-4B). These distinctions will be the subject of 

further investigation. 

 

Figure 3. Surface coverages of PDI determined from the integration of CVs shown in 

Figure 2 vs the percentage of dC12PDI in the grafting solution. The black markers 

represent the surface coverages obtained by reduction at 0 V for 5 min, while the red 

markers represent the surface coverages obtained by reduction at 0 V for 30 min.  

Figure 4. A. Time-dependent variation of the optical response recorded during cyclic 

voltammetry recorded at 10 mV.s-1 (in nBu4NPF6 0.1 M/DCM) on a GC electrode modified 

with a C12PDI monolayer. The surface concentration of the C12PDI monolayer deposited 

by chronoamperometry at -0 V for 5 min in a solution of dC12PDI 10-3 M, nBu4NPF6 

0.1 M/DCM is 2.3 × 10-10 mol.cm-2. B. Similar analysis performed on a GC electrode 

modified with dC12PDI and dC12Br, where the concentrations of dC12PDI and dC12Br were 

0.4 × 10-3 M and 0.6 × 10-3 M, respectively. The resulting layer was characterized by a PDI 

surface concentration of 0.8 × 10-10 mol.cm-2. 

The absorbance correlates with the quantity of immobilized PDI 

species, as the charge determined by cyclic voltammetry does. 

Hence, it was interesting to examine the evolution of ΔAbs in 

relation to the percentage of dC12PDI in solution. In this regard, 

the absorption maximum corresponding to the disappearance 

of the neutral PDI species at 545 nm was plotted as a function 

of the percentage of dC12PDI in the solution (Figure 5B), showing 

a good agreement with the results obtained by cyclic 

voltammetry. Despite the broadened bands, the behavior 

exhibits close to linear characteristics. 

Consequently, based on the spectroscopic and electrochemical 

data, precise control over the PDI surface concentration can be 

achieved simply by adjusting the diazonium concentration. 

However, these experiments, which focus on PDI quantification, 

do not provide insight into the amount of immobilized C12Br on 

the surface, as only PDI can be quantified through 

spectroelectrochemistry. To quantify both C12PDI and C12Br 

(thanks to the respective presence of chlorine and bromine 

atoms), XPS experiments were conducted on mixed layers 

prepared on GC plates under the same conditions as described 

above. Figure 6 displays the Cl2p and Br3d core level spectra 

recorded on the mixed organic films obtained from 

dC12PDI/dC12Br mixtures at various proportions. 
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Figure 5. A. 2D sections extracted from SEC experiments performed at {-1 V; t = 60 s} on 

GC electrodes modified with dC12PDI and dC12Br. The total concentration of dC12PDI and 

dC12Br was 10-3 M and the electrodes were reduced at 0 V for 5 min. B. Absorbance 

maximum at 545 nm as a function of the percentage of dC12PDI in the grafting solution. 

Figure 6. XPS core-level spectra recorded on GC plates functionalized by reduction at 0 V 

during 5 min in mixtures containing dC12PDI/dC12Br molar ratios of 100/0, 80/20, 60/40, 

40/60, 20/80, where the total concentration of dC12PDI+dC12Br was 10-3 M in 0.1 M 

nBu4NPF6/DCM. (A) Cl 2p core-level spectrum, (B) Br 3d core-level spectrum. 

Figure 6A shows an increase in chlorine content as the PDI 

concentration in the grafting solution increases. Similarly, 

Figure 6B reveals an increase in the Br3d component with 

increasing concentrations of dC12Br. 

To calculate the percentage of PDI on the modified surface, 

peak fitting and integration were performed on the spectra 

using CASA XPS software (fitting curves shown in Figure SI-5). 

Equation (1) was employed for this  

calculation. The resulting values were then plotted as a function 

of the percentage of PDI in the solution (Figure 7, green 

markers). 

%𝑃𝐷𝐼 𝑠𝑢𝑟𝑓 =  
%𝐶𝑙

4
%𝐶𝑙

4
+%𝐵𝑟

          (1) 

For each layer, the PDI/Br ratio on the modified surface shows 
a close resemblance to the ratio present in the initial diazonium 
mixture. In order to facilitate comparison, the graph 
incorporates values obtained from electrochemical and 
spectroscopic data, assuming Γ100%(C12PDI) = Γ100%(C12Br). 
The percentages of PDI on the surface calculated from these 
data correspond to a normalized number with respect to a 
surface prepared with 100% C12PDI in solution. The remarkable 
agreement among the results obtained from the three methods 
serves as confirmation of the effective control over the 
composition of the two-component layers.  

 

Figure 7. Percentage of PDI on the surface, indicated by green markers (calculated from 

XPS data), black markers (calculated from electrochemical data) and red markers 

(calculated from spectroscopic data), plotted as a function of the percentage of dC12PDI 

in the grafting solution. 

Conclusions 

This study introduces a novel method for the simultaneous 

control of thickness and composition in two-component layers 

obtained through the co-reduction of aryldiazonium salts. By 

incorporating a 12-carbon alkyl chain as a spacer, the film 

thickness is effectively controlled, and the composition of the 

mixed layers is precisely regulated. The results obtained from 

AFM, spectroscopic, electrochemical and XPS analyses confirm 

the ability to control the surface concentrations of the 

immobilized species, demonstrating the reliability and accuracy 

of the method. 

This one-step approach offers a promising route for the 

fabrication of stable and reproducible bi-functional 

nanomaterials with tailored properties. Further investigations 

into the structural and electronic properties of the functional 

layers will contribute to pave the way for future advancements 

in this field. 

Experimental 

Materials and Reagents 

The aC12Br compound was synthesized by a three-step 

procedure described in detail in SI-1 in Supporting Information. 

The final product aC12Br was used for in situ generation of 

diazonium salts, further called dC12Br. Tetrabutylammonium 

hexafluorophosphate (nBu4NPF6, Sigma-Aldrich), CH2Cl2 (HPLC 

grade, VWR chemicals), and tert-butyl nitrite (tBuONO, Sigma-

Aldrich) were used as received. Milli-Q water (18 MΩ.cm) was 

used during polishing and for rinsing the electrodes. A disk 

glassy carbon (GC) electrode was supplied by Bioanalytical 

Systems Inc. (Model MF-2012 with a geometric area of 

0.07 cm2). 

 

Electrochemical Grafting 

Prior to each experiment, the GC working electrode underwent 

a series of preparation steps. It was polished with a 0.04 μm 

Al2O3 slurry (PRESI) and then subjected to sonication in water, 

acetonitrile, and dichloromethane (DCM) for 2 minutes. The 

electrode was then rinsed with DCM. Electrochemical 

experiments were conducted using a BioLogic potentiostat (VSP 
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model with four channels). Electrochemical grafting was 

performed in a three-electrode cell containing 2 mL of a 0.1 M 

nBu4NPF6 solution in DCM, with a concentration of 10-3 M of the 

mixture (aC12PDI+aC12Br). Prior to grafting, 5 equivalents of 

tBuONO were added to the solutions and stirred for 10 minutes. 

The grafting potential was then applied to generate aryl radicals 

from in situ generated diazoniums, following the procedure 

described in previous literature.19,20 The counter electrode used 

was a platinum (Pt) rod, and the reference electrode was 

Ag/AgNO3 (0.01 M in 0.1 M nBu4NPF6 in acetonitrile). After 

deposition of the organic layers, the GC electrodes were 

sonicated for 2 minutes and washed with DCM. The surface 

coverage of PDI groups was estimated by analyzing cyclic 

voltammograms obtained in a 0.1 M nBu4NPF6/DCM solution. 

The surface coverage (Γ) was calculated using the formula 

Γ = Q/nFS, where Q is the charge estimated by integrating the 

reduction peaks on the cyclic voltammogram, n = 2 is the 

number of electrons involved, F = 96485 C.mol-1 is the Faraday 

constant, and S = 0.07 cm2 is the surface area of the electrode. 

All experiments were performed at room temperature, 

approximately 293 K. 

 

Atomic Force Microscopy (AFM) scratching measurements 

The thickness measurements were carried out using the AFM 

scratching method,40 with a NanoObserver Microscope from 

CSInstruments. The acquired images were processed using the 

free and open source software Gwyddion.41 Thickness values 

were calculated from the average profile extracted from the 

AFM images.  

 

Spectroelectrochemical (SEC) Characterization 

Spectroelectrochemical measurements were conducted in 

reflection mode using a custom-built bench setup inspired by a 

previously reported high-resolution bench.42,43 The setup 

comprises spectrometric modules (Flame CCD spectrometer 

from Ocean Optics and SL1 tungsten/halogen light source from 

StellarNet) coupled to a BioLogic SP-150 potentiostat. The 

experimental setup involved a home-designed Teflon three-

electrode cell with a GC working electrode, a platinum (Pt) 

counter electrode, and an Ag/AgNO3 reference electrode 

(0.01 M in 0.1 M nBu4NPF6 in acetonitrile), which was identical 

to the electrochemical grafting setup. The connection between 

the light source, the electrochemical cell, and the 

spectrophotometer was established using a "Y-shaped" optical 

fiber bundle from IDIL Fibres Optiques. This bundle comprised 

18 fibers to guide the light to the cell and 19 fibers to collect the 

reflected light from the cell, directing it to the CCD detector. The 

spectrophotometer had a spectral range of 320-1080 nm, a 

spectral resolution close to 0.5 nm, and an acquisition 

bandwidth of 2 MHz. The acquisition rate of the spectrometer 

was set to 10 frames per second (integration time of 100 ms), 

which corresponded to 1 frame per mV at a scan rate of 

10 mV.s-1. The EC-Lab software controlled the BioLogic 

potentiostat and triggered the acquisition of spectral data, 

ensuring synchronized time scales between the electrochemical 

and spectroscopic measurements. Custom MATLAB software 

was developed in-house for data plotting and processing. In 

each data set, the reference intensity (Iref) was determined by 

averaging the intensity of the first 10 measured frames in which 

no change in the redox state of the studied species was 

observed. As a result, the variation in absorbance (ΔAbs) was 

monitored rather than the absolute absorbance values (Abs). 

 

X-ray photoelectron spectroscopy (XPS) Experiments 

XPS data were acquired using a Kratos Axis Ultra spectrometer. 

The X-ray source employed was monochromated Al Kα source 

operating at 1486.6 eV. Spectra were collected at a take-off 

angle of 90°, using a spot size of 0.7 × 0.3 mm2 at a pressure 

below 10-8 mbar. High-resolution scans were performed with a 

step size of 0.1 eV and a pass energy of 40 eV. Calibration was 

done using C1s as a reference, with a binding energy of 284.5 

eV, without the need for an internal standard. XPS spectra were 

analyzed using the curve-fitting software CASA XPS. The 

background subtraction was performed using the U2 Tougaard 

method, followed by fitting the peaks using a pseudo-Voigt 

function that combined Gaussian and Lorentzian functions. 
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