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Evidence of monolayer formation from diazonium 

grafting with radical scavenger: electrochemical, 

AFM and XPS monitoring  
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a
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b
 and T. Breton*

a
   

This paper analyzes the impact of the use of a radical scavenger on organic films generated by 

aryldiazonium electrografting in terms of thickness, morphology and chemical composition. 

Glassy carbon (GC) and pyrolyzed photoresist film (PPF) were modified by electrochemical 

reduction of 4-nitrobenzenediazonium salt in the presence of various amounts of 2,2-diphenyl-

1-picrylhydrazyl (DPPH). The thicknesses of organic films have been measured by atomic 

force microscopy (AFM) and the lower threshold value confirms that it is possible to reach a 

monolayer by radical trapping. X-ray photoelectron spectroscopy (XPS) highlights a decrease 

in the proportion of nitrophenyl groups grafted via azo bridges as the DPPH concentration is 

decreased and the film thickness increases. A correlation of electrochemical, XPS and AFM 

data confirms that not all nitrophenyl groups are electroactive in films greater than 2 nm thick.  

 

 

 

 

 

 

 

 

1. Introduction  

Aryldiazonium salt chemistry is now well exploited to modify 

the surface of various substrates including metals, carbon, semi-

conductors and non-conductive materials.1-3 The key step of the 

process rests on the production, by reduction of the diazonium 

cation, of highly reactive radical moieties at the 

substrate/solution interface.4 The subsequent anchoring of the 

radical leads to the formation of robust organic nano-films that 

can be of interest in the field of nanoelectronics,5 energy 

storage,6-7 spin labelled surfaces,8-9 and sensors.10-11 The high 

reactivity of radical intermediates generated during the process 

is a strength of the method, but also its weakness. Hence, 

depending on the substituent borne by the benzenediazonium 

ion, the grafting usually leads to the disordered polymerization 

of aromatics,2,12 incompatible with the development of the 

controlled and well defined nanostructures needed for 

applications in nanochemistry and nanotechnologies.  

With an efficient limitation of the layer growth by careful 

control of the consumed charge remaining complex,13-14 several 

strategies have been developed to avoid radical attacks on 

already grafted aryl species. The use of ionic liquid to minimize 

the diffusion of the diazonium salt and control the production of 

radicals is a promising and versatile strategy.15-17 One of the 

most efficient approaches to ensure a strict control of the layer 

growth consists in the use of diazonium cations bearing a bulky 

substituent.18-20 This method has been demonstrated using 

sterically hindered protecting groups to generate monolayer or 

near monolayer platforms dedicated to post-

functionalization.18,20-21 Our group has recently reported a 

different approach using a radical scavenger to trap reactive 

species produced in excess, thereby preventing the formation of 

polyaryl structures.22-23 It was shown that the 

electrochemically-determined surface coverage of grafted aryl 

species depends on the scavenger amount and reaches, at high 

concentration, a minimum and steady state value. This 

minimum surface coverage was consistent with a monolayer of 

grafted groups. In this work, organic films generated on carbon 

surfaces from 4-nitrobenzenediazonium ion (NBD) in the 

presence of 2,2-diphenyl-1-picrylhydrazyl (DPPH) were 

analysed by AFM and XPS. We go further in the analysis of the 

mode of action of the radical trap by focusing the study on the 

composition of the grafted layer. In addition we directly 

measure the thickness of the grafted layers to confirm the 

formation of monolayers, and compare film thickness data with 

electrochemically-determined surface coverages. 

2. Experimental section 

2.1. Material and reagents 
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4-Nitrobenzenediazonium tetrafluoroborate (Aldrich), 2,2-

diphenyl-1-picrylhydrazyl (Aldrich), tetrabutylammonium 

hexafluorophosphate (Aldrich) and acetonitrile (HPLC grade, 

Carlo Erba) were used as received. GC electrodes were 

obtained from Bioanalytical Systems Inc. (Model MF-2012; 

diameter 3 mm). 

2.2. Electrochemistry and surface modification 

A potentiostat/galvanostat model SP150 (from Bio-Logic) 

monitored by ECLab software was used for the electrochemical 

experiments on GC. All potentials were reported versus the 

Ag/AgCl (sat. KCl) reference electrode in aqueous medium and 

Ag/AgNO3 (10 mM) in organic medium. The GC electrode 

surface was cleaned by polishing with Buehler 1 and 0.05 µm 

alumina slurry. After each polishing step, the electrode was 

washed with Nanopure water (18.2 MΩ cm) by sonication. 

Prior to each derivatisation, the electrode was sonicated in 

acetonitrile for 1 minute. Pyrolyzed photoresist film (PPF) 

preparation and the electrochemical cell used with PPF have 

been described previously.12 All electrochemical measurements 

on PPF were performed using an Eco Chemie Autolab 

PGSTAT302 potentiostat/galvanostat. The reference electrode 

was a saturated calomel electrode (SCE) for measurements in 

aqueous solutions and a calomel electrode with 1 M LiCl for 

non-aqueous solutions. All electrolytic solutions were deaerated 

by nitrogen bubbling for 15 min before cyclic voltammetry 

(CV) experiments. Modification of GC and PPF was achieved 

by CV at 50 mV/s for two cycles between 0.5 and -0.6 V in 

deaerated acetonitrile containing 0.1M nBu4NBF4 and 1 mM 

diazonium salt. After each derivatisation, the electrode was 

sonicated in acetonitrile for 1 minute. 

The surface coverage of electroactive nitrophenyl groups was 

measured by transferring the modified electrode to a deaerated 

aqueous solution of 0.1 M KOH and recording CVs between 0 

and -1.2 V at a scan rate of 50 mV/s. The charge associated 

with the hydroxyaminophenyl/nitrosophenyl redox couple was 

used to estimate the surface coverage of nitrophenyl groups.24 

2.3 XPS 

XPS data were collected using a Kratos Axis Ultra 

spectrometer. The X-ray source was monochromated Al Kα 

working at 1486.6 eV. Spectra were accumulated at a take off 

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

less than 10-8 mbar. High resolution scans (N1s, C1s and O1s) 

were carried out with 0.1 eV step size and pass energy 20 eV. 

All spectra were calibrated taking C1s as a reference binding 

energy of 284.5 eV (graphitic carbon component of the vitreous 

carbon substrates), without internal standard. XPS spectra were 

analyzed with the curve fitting program CASA XPS and 

involved background subtraction using Shirley and a 

subsequent pseudo-Voigt function mixing Gaussian-Lorentzian 

functions. Atomic ratios of the surfaces were calculated by 

normal area divided by number of scans and the element 

sensitivity factor. For the elements considered, the sensitivity 

factors are O1s 2.93, N1s 1.78 and C1s 1.00. 

2.4. AFM 

Film thickness measurements were made on modified PPF 

working electrodes by depth profiling using an AFM instrument 

and technique as described previously.12
 A section of film was 

removed by scratching with the AFM tip (silicon cantilever, 

NSC 12 model, Ultrasharp) and the scratch was imaged using  

non-contact tapping mode (silicon cantilever NSC 14 model, 

Ultrasharp).  

3. Results and discussion 

Glassy carbon electrodes were modified by CV  in the presence 

of a millimolar solution of 4-nitrobenzenediazonium 

tetrafluoroborate (NBD) in acetonitrile/nBu4PF6 (0.1 M) with 

increasing DPPH concentrations (Figure 1). A characteristic 

reduction behaviour (two peaks at 0.42 and 0.14 V) was 

observed in the absence of DPPH. The electrode passivation 

recorded for the second cycle is consistent with the grafting 

process. 

 

 
Figure 1. First and second CV cycle recorded in acetonitrile- 

0.1 nBu4NPF6 containing 1 mM NBD on a GC electrode at 50 

mV/s without and with increasing DPPH concentrations. 

Reference was Ag/AgNO3. 

  

When DPPH is added, its reduction into DPPH- is observed at 

0.2 V (superimposed on the diazonium ion reduction) and a 

weaker passivation is visible on the second cycle. As previously 

reported for nitrophenyl tethered carbon, the surface coverage 

of electroactive nitrophenyl groups can be extracted from the 

charge associated with the hydroxyaminophenyl/nitrosophenyl 

redox couple after transfer of the modified electrode to 0.1 M 

KOH solution.24 Table 1 summarizes the surface coverages, 

ΓNP, associated with modified GC. 

 

Concentration 

of DPPH 
0 mM 0.5 mM 1 mM 2 mM 

ΓNP (× 10-10 

mol/cm2) 
17.0 ± 2.0 8.8 ± 1.5 6.7 ± 1.5 6.4 ± 1.0 

 

Table 1. Calculated surface coverage from the voltammetric 

response of nitrophenyl groups for GC modified surfaces with 

increasing DPPH concentrations. 

 

As recently reported by our group, the use of DPPH has a 

drastic effect on the functionalisation with NBD.22-23 The 

surface coverage of nitrophenyl groups is lowered for 

increasing DPPH concentration and reaches a minimum and 

steady state value of approximately 6.5 × 10-10 mol/cm2. This 

surface coverage can be compared to values of around 2.5 × 10-

10 and 3.2 × 10-10 mol/cm2 reported for films of monolayer 

thickness prepared on PPF, a much smoother substrate.12,25 

Considering the larger roughness of GC (vide infra), these 

values agree well. Indeed a comparable difference has 
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previously been reported for a monolayer of porphyrin grafted 

on both substrates.26 

3.1 XPS monitoring 

XPS monitoring of GC functionalized surfaces was achieved to 

determine the composition of the film and investigate the 

impact of the use of radical scavenger on the polymerization 

mode. C1s, O1s and N1s signals were closely examined and the 

relative concentration of each element was determined by 

integration of the components of the signals (see the supporting 

information for survey spectra and atomic concentrations, 

Figure S1, Table S1). No change of the shape of C1s and O1s 

signals was observed regardless of the DPPH concentration 

used during the deposition. In contrast, the nitrogen signal can 

provide valuable information since it allows unambiguous  

identification of the +5 oxidation state of the nitrogen atom in 

nitrophenyl groups. Figure 2 shows N1s core level spectra for a 

bare GC surface and functionalised surfaces in the presence of 

increasing DPPH amounts. 

 

 
 

Figure 2. XPS N1s core-level spectra of unmodified GC (bare), 

and modified GC with 1 mM NBD in the presence of 

increasing concentrations of DPPH. 

 

The spectral profile of the modified surfaces is similar to those 

reported in the literature for nitrophenyl modified 

substrates,24,27-28 showing two principal peaks around 406 and 

400 eV, respectively attributed to nitro groups and reduced N 

species.26 The peak located at 402.4 eV is classically assigned 

to the nitrosophenyl29 or hydroxylamine30 functionality coming 

from the partial reduction of the nitro group during the grafting. 

It can be excluded that this peak comes from traces of DPPH 

since the signal corresponding to reduced nitrogen atoms of 

DPPH is located at 401 eV31 and the component at 402.4 eV is 

present even for modification carried out without DPPH. With 

respect to the peak at 407 eV, although several studies mention 

its presence in nitro-modified surfaces, no clear explanation has 

been proposed.30,32 

The intensity of the N 1s signal corresponding to nitro groups 

(N 1s406) is DPPH concentration dependent. Evolution of this 

component is represented in Figure 3, through the plotting of 

the [N1s406/C1s] ratio as function of the DPPH concentration. 

Following DPPH addition to the deposition solution, a drastic 

decrease is observed, from 7.4% in the absence of DPPH to a 

constant value of 2 % at ≥ 1 mM of radical trap. As expected 

from the electrochemical surface coverage measurements at 

GC, XPS shows that the layers grown in the presence of 1 and 2 

mM radical trap are the same. The factor of 3.7 decrease in the 

XPS [N1s406/C1s] ratio as the DPPH concentration increases 

from 0 to 1 or 2 mM can be compared with the factor of 2.7 

decrease in the concentration of electroactive nitrophenyl 

groups as the DPPH concentration is similarly varied (Table 1). 

There is a similar discrepancy, but less marked,  when 

comparing the ratio of electrochemical surface concentrations 

in the presence of 0.5 mM and 1 mM DPPH (a factor of 1.4) 

with the XPS [N1s406/C1s] ratios for films prepared with the 

same concentration of scavenger (a factor of 1.6). The most 

reasonable explanation for this difference is that the 

voltammetric technique underestimates the nitrophenyl 

coverage in thick films prepared with ≤ 0.5 mM DPPH (vide 

infra). This phenomenon has been noted previously and was 

attributed to the presence of non-electroactive groups due to 

limited ion and/or solvent diffusion within the film.33,34 

The peak located at 400 eV is assigned to the presence of azo 

bridges in the film, coming from the attack of non-reduced 

aryldiazonium ions on the surface (direct grafting) or on 

already attached nitrophenyl moieties (polyaryl layer growth). 

Evolution of this component with increasing DPPH 

concentration (Figure 3) follows the same trend as the N1s406 

one but is characterized by a smaller amplitude. When a 1 or 

2 mM DPPH concentration is used giving the minimum film 

coverage, the [N1s406/N1s400] ratio is 2:1. Assuming there is 

just a monolayer of nitrophenyl groups on the surface, the azo 

groups must link the groups to the GC surface. In that case, a 

[N1s406/N1s400] ratio of 2:1 corresponds to 1 in 4 groups 

attached through an azo link. For increasingly thick films, the 

ratio decreases, indicating that there are relatively fewer azo 

links in the bulk of the film although the precise ratio of 

nitrophenyl groups attached via azo groups to those attached 

through C-C bonds cannot be calculated as it depends on how 

many links are at the surface (connected to one nitrophenyl 

group and how many are within the film (connected to two 

nitrophenyl groups)). The XPS data can be compared with that 

previously reported by our group on the controlled spontaneous 

modification of GC with NBD.23 For modified surfaces without 

radical trap, [N1s406/N1s400] ratios are very similar for both 

modification methods (i.e. 17% and 20% of azo groups in the 

layer for electrochemical and spontaneous grafting 

respectively). In contrast, as radical scavenger was added, the 

increase in azo group concentration for decreasingly thick films 

was more pronounced for spontaneous modification than for 

electrochemical modification. Indeed, for monolayers prepared 

by spontaneous grafting, it was found that 50% of the 

nitrophenyl groups were attached to the surface via azo bridges. 

The lower proportion found in the current work (i.e. 25%) is 
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attributed to the electrochemical induction mode which 

promotes a sustainable production of aryl radicals and 

consequently favors direct radical coupling. 

 

 
 

Figure 3. N1s/C1s atomic ratios of GC modified with 1 mM 

NBD calculated from XPS as a function of the DPPH 

concentration in the deposition solution. The dashed lines are a 

guide for the eye. 

 

The presence of a higher proportion of azo links at the surface 

compared with in the bulk can be explained by the reaction of 

the aryldiazonium ion with the carbon substrate being faster 

than with already grafted nitrophenyl groups. The nitro 

substituent increases the electrophilicity of the aryldiazonium 

ion,35 but the electron withdrawing nitro group on already 

grafted entities makes attack of the aryldiazonium ion relatively 

unfavourable compared with attack at GC which is promoted 

by electron donating O functionalities on the surface, eg -OH 

groups.27 This phenomenom is probably reinforced when the 

radical trap is used because the reactive aryl radical 

concentration at the substrate/solution interface is lowered by 

the trapping of DPPH. 

3.2. AFM monitoring 

Although the electrochemically determined surface coverage of 

nitrophenyl groups in films prepared with high DPPH 

concentration is consistent with a monolayer, unambiguous 

confirmation of monolayer formation can be obtained by 

directly measuring the film thickness by AFM depth profiling.  

This technique requires a substrate having very low roughness. 

The roughness of our polished GC was determined using AFM 

(see the supporting information, Figure S2). In agreement with 

reported data for GC surfaces,36 a mean value of 3.2 ± 0.5 nm 

was obtained, confirming that such a surface is not appropriate 

for accurate topographic measurement of nanometer or sub-

nanometer layers with AFM. For that purpose, PPF was 

prepared and electrochemically modified using identical 

conditions as for GC. PPF is a glassy carbon-like material 

having a low surface roughness (< 0.5 nm),37-38 well adapted to 

the characterization of nanoscale films.39 The voltammetric 

behavior observed during the electrografting of the PPF is 

identical to that obtained for GC (CVs are presented in the 

supporting information, Figure S3). Surface coverages 

calculated from the hydroxyaminophenyl/nitrosophenyl redox 

couple are summarized in Table 2 (CVs are presented in the 

supporting information, Figure S4). 

 

 

Concentration 

of DPPH 
0 mM 0.5 mM 1 mM 2 mM 

ΓNP (× 10-10 

mol/cm2) 
16.9 ± 2.0 10.7 ± 2.0 8.6 ± 1.5 3.9 ± 1.5 

 

Table 2. Calculated surface coverage from the voltammetric 

response of nitrophenyl groups for PPF modified surfaces with 

increasing DPPH concentrations. 

 

Without radical trap, the calculated surface coverage is similar 

to that calculated on GC, despite the greater roughness of GC. 

This is not surprising: for sufficiently thick films, with 

thickness greater than the substrate roughness, the effect of 

substrate roughness on the measured surface concentration is 

expected to be insignificant. Additionally, as indicated by the 

XPS study of films grafted at GC, the electrochemically 

measured surface coverage of thick films may underestimate 

the amount of film. Hence the actual surface coverage of 

nitrophenyl groups on PPF may be higher than that measured. 

When radical trap is added, PFF substrates behave similarly to 

GC substrates: the surface coverage of the organic film 

decreases with increasing DPPH concentration. In contrast to 

GC, the minimum surface coverage is not obtained with 1 mM 

DPPH, however additional experiments carried out on PPF with 

a higher concentration of DPPH (3 mM) confirmed that the 

minimum surface concentration of nitrophenyl groups on PPF 

is between 3 and 4 × 10-10 mol/cm2. This value is lower than 

that obtained for GC (6.4 × 10-10 mol/cm2) which is attributed 

to the lower surface roughness of PPF than GC (vide supra). A 

surface coverage of 3 - 4 × 10-10 mol/cm2 is consistent with 

monolayer surface coverage on PPF.12,25 

 

 

10 nm 

 

 

 

 

 

 

 

 

 

 

0 nm 

 
without DPPH  

 
0.5 mM DPPH  

 
1 mM DPPH  

 
2 mM DPPH  
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Figure 4. AFM topography images (6 µm × 3 µm) and 

corresponding depth profiles of nitrophenyl PPF modified with 

1 mM NBD and increasing DPPH concentrations. Uncertainty 

is ± 0.5 nm for depth measurements. 

 

The thickness of films grafted to PPF was measured by 

removing small sections of attached film by scratching with an 

AFM tip, followed by profiling perpendicularly to the scratch. 

Figure 4 shows topographic images of a scratch in nitrophenyl 

films prepared with increasing DPPH concentrations. 

Corresponding depth profiles are presented on the right part of 

Figure 4. When no radical trap is used, an average film 

thickness of 5.5 ± 0.5 nm can be estimated. Such a value is 

consistent with those previously reported for various diazonium 

salts.12,33,39 The calculated height of a nitrophenyl group 

perpendicularly oriented on a flat surface is ~0.8 nm (calculated 

via a CPK model), hence the film is multilayered with a 

minimum of 6-7 layers. The increasing DPPH concentration in 

solution progressively decreases the thickness of the organic 

film from 5.5 to 0.9 nm. For a radical trap concentration of 2 

mM, a homogeneous coverage can be observed on the AFM 

image with a well-defined contrast between the scratch and the 

top of the film. (Black spots correspond to carbon surface 

defects.) The measured film thickness (0.9 ± 0.5 nm) is 

consistent with monolayer formation on PPF. 

These results illustrate that when using the same modification 

conditions as for GC, at the highest scavenger concentration the 

film growth is restricted to a monolayer, whereas at lower 

scavenger concentrations the films are clearly multi-layered, 

confirming the efficiency of the technique in film thickness 

control and monolayer preparation. 

3.3. Correlation between AFM, Electrochemistry and XPS 

AFM measurements have been correlated with electrochemical 

and XPS data in order to further characterise the grafted films. 

Surface coverage of electroactive species as a function of the 

thickness is presented in Figure 5. Data can be fitted by 

different models, however, considering the uncertainties 

associated with the voltammetric measurements, the best fit to 

the experimental points is to use a linear relationship for the 

lower portion of the layer, followed by a curved part. The linear 

dependency obtained for thickness ≤ 2 nm suggests that all 

nitrophenyl groups are electroactive in this range. The film 

density extracted from the slope (i.e. 3 ± 0.5 × 10-10 mol.cm-

2.nm-1) is 0.38 g.cm-3. The second part of the curve is consistent 

with either a decrease of the film compactness and/or 

electroactivity above a thickness of 2 nm. From the comparison 

of electrochemical and XPS data for films grafted to GC it was 

deduced that the electrochemical determination of surface 

coverage of films prepared with ≤ 0.5 mM DPPH 

underestimates the amount of film. Hence the deviation in 

linearity of the plot shown in Figure 5 can be best explained by 

the incomplete electroactivity of films of thickness > 2 nm. 

 
 

Figure 5. Nitrophenyl surface coverage calculated by 

integration of the electrochemical response of the nitrophenyl 

groups for PPF modified with 1 mM NBD as a function of the 

film thickness measured by AFM depth profiling. The curved 

part was fitted by a logarithmic model following equation: f = 

y0+a*ln(x-x0) with a = 6,4393 × 10-10, x0 = -0,5276 and y0 = 

3,1316 × 10-10. 

Conclusions 

The correlation between voltammetric, XPS and AFM 

experiments confirms that the presence of radical scavenger 

during electrografting of nitrophenyl groups acts on the layer 

thickness. Direct measurement of film thickness by AFM depth 

profiling shows the formation of a monolayer at high 

concentration of radical trap in solution, and XPS 

measurements reveal that one quarter of the nitrophenyl groups 

are directly grafted onto carbon via azo coupling. As the film 

thickness increases, the relative abundance of azo links in the 

films decreases. Combining results from CV, XPS and AFM 

experiments, performed on different layer thicknesses, provides 

clear evidence that film electroactivity decreases for thickness 

above 2 nm.  

From a general point of view, the increase of the azo bond 

proportion when using DPPH does not represent a drawback as 

covalent bonds are involved. However, the stability of the 

layers to further electrochemical and chemical manipulations, 

especially under reductive conditions, must be investigated. 

Extension of the strategy presented here to prepare controlled 

molecular layers bearing chemical groups designed for 

coupling with various functionalities is currently under 

investigation and could be of great interest to modulate 

structure/properties relationships of complex structures. 

Furthermore, the transposition of the radical control strategy to 

other carbon, metal and semiconductor materials remains to be 

studied. A key factor will be the kinetics of the direct grafting 

compared to the polymerization reactions at those substrates.  
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