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Abstract

:

Reproducible materials that have detection properties towards a certain molecule are very important for applications in the fabrication of devices. Among all the substrates that are used, highly oriented pyrolytic graphite allows to clearly image a monolayer. On the other hand, cryptand molecules are versatile because they can sense certain analytes with high selectivity. The highly oriented pyrolytic graphite electrode was first functionalized with an aryl bearing a bromine or an alkyne group to further attach cryptand molecules to its surface. The functionalization was performed through the electroreduction of aryl diazonium salts. While functionalization with an aryl-bromine produced a 20 nm-thick dendritic layer, functionalization of the surface with an aryl bearing a terminal alkyne produced a 9.7 nm-thick multilayer. However, if the diazonium salt is prepared in situ, a 0.9 nm monolayer with aryl–alkyne groups is formed. The alkyne functionalized electrode reacted with a bromo-cryptand through a Sonogashira C–C coupling reaction yielding electrodes functionalized with cryptands. These were immersed in a solution of a Co(II) salt resulting in Co(II)-cryptate modified electrodes, highlighting the ability of the cryptands’ modified electrode to sense metal ions. The electrode surface was analyzed by X-ray photoelectron spectroscopy after each modification step, which confirmed the successful functionalization of the substrate with both the cryptand and the cryptate. Cyclic voltammetry studies showed stable current response after approximately six cycles. Different reduction processes were detected for both cryptand (−1.40 V vs. SCE) and cryptate (−1.22 V vs. SCE) modified highly oriented pyrolytic graphite.
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1. Introduction


The fabrication of materials that can be used as a heterogeneous support with the ability of detecting changes in the substrate is very appealing in terms of developing sensing materials for biological [1], technological [2] or environmental [3] applications. Electrochemistry can play an important role in producing substrates with grafted molecules with recognition sites for different types of guests (e.g., carbon dioxide, anions) [4,5]. These modified substrates have the combined ability of recognition and transducing sensing of target molecules [1]. Electrochemical sensing is an appealing type of signal transduction; however, producing reliable interfaces is still challenging [4].



Several approaches have been used to attach molecules to electrodes, the two main types being chemical and physical [6]. While the physical methods are based on the adsorption of the active molecule on the electrode surface, thus increasing the irreproducibility of the morphologies formed, the chemical methods result in the grafting of the active molecules to the electrode surface [6]. This latter method produces substrates that are less irreproducible and is able to fabricate robust thin films at the monolayer level [7]. Examples of chemically modified electrodes are the Aramata’s Co(II) amino-porphyrin that was immobilized on a glassy carbon (GC) electrode through an amine radical. The GC electrode was first electrochemically modified with an aminopyridyl compound by amine cation radical formation through electrooxidation of the GC in an ethanol solution, followed by chemical bonding of the radical to the GC. This finding showed that recurring to organic chemistry, a molecule can be covalently bound to a substrate producing a modified material (e.g., amide formation, azide-alkyne cycloaddition or diazonium salt electroreduction) [8]. As a result, in 2012 a Co(II) porphyrin was covalently attached to a boron-doped diamond electrode by azide-alkyne cycloaddition reactions. This new electrode exhibited high stability in acetonitrile solutions [9].



Diazonium salts are extremely versatile and have been used to graft compounds onto different substrates, not only by electrochemical [10] but also by chemical [11] methods. This spontaneous grafting method results in the formation of benzene cations that react with different substrates, leading to a covalent attachment to the surface of the substrate [12]. Therefore, due to their unique electronic properties and reactivity, metal complexes have been immobilized on electrodes using electroreduction of diazonium salts [13]. This process can occur either by the formation of the diazonium in situ from a primary amine group [14,15] or by the introduction of a diazonium group on the ligand’s structure [16]. The further functionalization of the substrate with a metal complex can be obtained by direct immobilization of the compound or by soaking the ligand-modified electrode in the desired metal salt solution [17]. For example, Fontecave and coworkers [17] immobilized a terpyridine (trpy) ligand on glassy carbon using electroreduction of a diazonium salt in the ligand structure. After immobilization by electrografting, the electrode was soaked in a dimethylformamide (DMF) solution of CoCl2, yielding the complex. The same procedure was applied by Jiang et al. [18] and Messerle and coworkers [19], while Nervi and coworkers [20] directly deposited Re(I) and Mn(I) tricarbonyl bipyridine complexes with a diazonium group in the diimine ligand onto the GC electrode. Other complexes were also chemically attached after modifying the electrode surface with an azide [21], amide [22] or carboxylic acid [16] functions.



Although electrografting with aryl diazonium salts has been used to modify surfaces, one of the major drawbacks is the formation of disordered multilayers that can result into poor electron interaction between the electrode and the immobilized compound [21]. Happiot et al. [10,23] reported the formation of a monolayer but only when aryl diazonium salts with bulkier groups were electrografted onto the electrode. This monolayer allowed further chemical reactions and the formation of a monolayer of a metal complex.



Cryptands and their corresponding metal complexes, cryptates, are versatile supramolecular structures that have proven to be efficient in CO2 capturing and storage [24] and anion recognition [25]. These preorganized supramolecular structures are key when evaluating their selectivity towards a certain substrate; this has been reviewed by others [26,27]. Following our previous report on CO2 reduction to CO and CH4 using a Co(II) cryptate [28], and the proof that cryptands can be stably adsorbed on highly oriented pyrolytic graphite (HOPG) electrode surfaces [29], we investigated the functionalization of HOPG electrodes with cryptands/cryptates, using diazonium salts. Sonogashira coupling reactions based on similar published procedures (e.g., graphene oxide [30] and carbon paper electrodes [31]) were used to immobilize the compounds. These carbon–carbon coupling reactions have been extensively used to prepare many new organic compounds using a terminal alkyne and an aryl or vinyl halide [32]. To the best of our knowledge, this is the first report of a cryptand and cryptate grafted to the surface of an HOPG electrode.




2. Materials and Methods


Atomic force microscopy (AFM) ex situ images were collected in a Multimode atomic force microscope running on the NanoScope IIIa controller (digital instrument Veeco) using tapping mode. To perform the AFM scratch for thickness measurements, a modified method was applied [33]. A first scan was accomplished in tapping mode and after switching for contact mode scans were made in a 500 × 500 nm with a slow sweep rate (0.5 Hz) and a high deflection force.



For the electrochemical experiments, a potentiostat Autolab PGSTAT 12 AUT71019 controlled by NOVA 2.0 software was used. A three-electrode electrochemical Teflon cell was used with HOPG (active area 0.322 cm2) and platinum wire was used as working and counter electrodes, respectively. Saturated calomel electrode (SCE = 0.244 V vs. NHE) was used as a reference electrode. Before each experiment to produce a monolayer, the HOPG surface was regenerated by peeling the surface layers using adhesive tape. Before measurements, the solutions were deoxygenated by bubbling N2 for 20 min. The electrochemical behavior of the modified electrodes was recorded in acetonitrile solution with 0.1 M TBAPF6 as supporting electrolyte with or without ferrocene (1 mM). Milli-Q water was obtained from a Millipore Milli-Q Gradient Water Purification System.



The X-ray Photoelectron Spectroscopy (XPS) study was performed using an XSAM800 non-monochromatic spectrometer from KRATOS. Operating conditions, spectra acquisition and data treatment were as described elsewhere [34]. The charge shift was corrected using the binding energy of 284.8 eV as reference. The sensitivity factors (SF) used for the quantitative analysis were those of Vision 2 for Windows, Version 2.2.9 from KRATOS, given for Mg Kα source. Co 2p3/2 SF = 2.33667 was computed for the main component considering the 2p multiplicity of states.



2.1. Potential Cycling Using Synthesized Diazonium Salts (HOPG-Br and HOPG-TMS)


This procedure was based on an existing literature procedure [10]. Modification of the HOPG electrode was performed in a 10 mM solution of the aryl diazonium salt (4-Br-N2+ and 4-TMS-N2+) and 0.1 M TBAPF6 in acetonitrile using cyclic voltammetry with a scan rate 50 mV s−1 during 6 cycles between +0.60 V and −0.75 V vs. SCE. After modification, the electrodes were washed by sonication with acetone and ethanol for 5 min.




2.2. Applying a Reduction Single Step Potential Using 4-TMS-NH2 (HOPG-TMS)


This procedure was based on a modified literature procedure [15]. The diazonium was produced in situ by the following procedure: in a flask cooled in an ice bath, NaNO2 (4 equivalents) was added to a 0.1 M HCl solution (10 mL) containing the amine 4-TMS-NH2 (1 mM). This mixture was left stirring under nitrogen for 5 min. The mixture was then transferred to the Teflon electrochemical cell with the HOPG electrode as the working electrode. After stabilizing for 60 s, a potential of −0.5 V vs. SCE was applied for 30 min. The electrode was washed by sonication for 5 min with water, acetone, ethanol and dichloromethane.




2.3. Silyl Deprotection of HOPG-TMS to HOPG-H


This procedure was based on a literature procedure [10]. The HOPG-TMS electrode was immersed in a 0.05 M tetrabuthylammonium fluoride in tetrahydrofuran solution for 30 min. Afterwards, the electrode was thoroughly washed with acetonitrile.




2.4. Sonogashira Coupling for HOPG-Crypt


This was based on a literature procedure [31]. The HOPG-H electrode was immersed in a solution containing copper iodide (12.6 mmol, 2.4 mg), Pd(PPh3)4 (12.0 mmol, 13.8 mg), crypt-Br (150 mmol, 0.125 g), distilled triethylamine (45 mmol, 63.6 µL) in 3 mL of anhydrous dimethylformamide previously degassed. This was heated for 30 min at 80 °C. After cooling to room temperature, the electrode was cleaned with acetonitrile by pipetting 4 mL onto the electrode. This was repeated three times and the electrode was immersed in 8 mL of acetonitrile for one hour. This last cleaning procedure was repeated three times.




2.5. HOPG-Crypt-Co


HOPG-crypt electrode was immersed in a 10 mM Co(ClO4)2·6H2O aqueous solution for four hours, that was previously degassed by bubbling N2 for 30 min. After this, the electrode was cleaned by immersing the electrode for one hour in Milli-Q water.





3. Results and Discussion


Preparation of the cryptand modified electrodes. To modify electrodes with cryptands, two different approaches of covalent linking using a C–C Sonogashira coupling may be considered (see Supplementary Materials Figure S1, Method A and B). To perform this reaction, the cryptands must have an appropriate aromatic ring substituent: a terminal alkyne (Method A) or a bromine (Method B). The syntheses of both cryptands bearing different aromatic substituents were previously published by our group [28]. These cryptands can be covalently attached to a monolayer produced via the electroreduction of an aryl diazonium salt.



HOPG electrodes were chosen as electrode substrates as they are dominated by edge planes yielding a flat surface with a low roughness, convenient for imaging nanostructures and small modifications in detail (Figure S2) [35]. To follow method A, the compound 4-bromobenzediazonium tetrafluoroborate (4-Br-N2+) was used to produce an aryl bromine monolayer (HOPG-Br, Figure S1) by electroreduction (Figure S3a). This was performed following a literature procedure (Scheme S1) [10]. To study and evaluate the formation of a monolayer onto the electrode surface, the electrochemical behavior of a ferrocene solution (Figure S3b) was analyzed. A loss of reversibility of the redox behavior of ferrocene suggests not only a thicker film than expected but also that the layer presents a high barrier for charge transfer between the molecule and the substrate [36]. The film thickness was determined using AFM with a scratching experiment [33]. This experiment showed a film with 20 nm of thickness (Figure S4) which agrees with the loss of the ferrocene electrochemical behavior. Therefore, through this method a dendritic layer was formed onto the electrode surface and a new method had to be explored to allow monolayer formation [36].



As the purpose of the electrode modification was to obtain an ordered monolayer of cryptands/cryptates, method B was employed as an immobilization strategy. Hapiot et al. [10,23] studied monolayer formation by the electroreduction of silyl capped benzene diazonium salts and observed the prevention of the dendritic growth of the films (Scheme S1). 4-(Trimethylsilyl)ethynylbenzenediazonium tetrafluoroborate (4-TMS-N2+) was synthesized [23] and used for electrode monolayer formation using the procedure reported in the literature (Figure S5a,b). The film thickness was also determined by performing an AFM scratch (Figure S5c,d) of the film and crossing a profile section in that region. A thickness of approximately 9.7 nm was obtained that was greater than the thickness reported in the literature (0.86 ± 0.16 nm) [23], indicating the formation of a multilayer.



An alternative approach was attempted by electrografting 4-(trimethylsilyl)ethynylaniline (4-TMS-NH2) with the formation of the diazonium in situ (Scheme 1). This one-pot electrografting procedure (see materials and methods) was previously reported by others to immobilize a calix[4]arene with an NH2 function on the aromatic ring [15]. Therefore, this procedure was used to produce a monolayer via generation of diazonium in situ from 4-TMS-NH2. The procedure is based on the addition of NaNO2 to an acidic aqueous solution of 4-TMS-NH2, which allows the generation of the diazonium group that after electroreduction leads to a TMS-aryl monolayer. The HOPG electrode was modified with the application of a reductive single step potential (−0.5 vs. SCE) for 30 min (Figure 1a). The electrochemical behavior of a ferrocene solution was investigated by CV (Figure 1b). The cyclic voltammogram (CV) showed similar behavior for ferrocene as that in a bare HOPG electrode. Their similar response meant that the film formed was not blocking the access to the electrode surface.



The 2D AFM image shows a different morphology of the film compared to the AFM images obtained for the previous methods, where edges and planes of the HOPG electrode are clearly seen (Figure 2a). The thickness was determined (Figure 2b,c) and is approximately 0.9 nm, which agrees with the literature values for the same type of monolayer [23].



After formation of the aryl TMS monolayer, the HOPG-TMS electrode was immersed in a 0.05 M tetrabutylammonium fluoride (TBAF) solution using tetrahydrofuran as solvent following a literature procedure [10] (Scheme 1). This method allows removal of the silyl protective groups, giving rise to a terminal alkyne group (HOPG-H, Scheme 1) where Sonogashira coupling reactions were performed to immobilize the cryptand (Crypt-Br, Figure S1). The procedure for the Sonogashira coupling was based on a previous report where ferrocenes were immobilized on carbon paper electrodes [31].



HOPG-crypt electrodes were analyzed by AFM and a 3D image was compared with a 3D image of HOPG-TMS (Figure S6). The roughness of the HOPG-crypt (Figure S6b) was greater than that of the HOPG-TMS (Figure S6a), which was expected due to the immobilization of the cryptand. Larger and higher globules were detected in HOPG-crypt (Figure S6b) as noted by the higher Z scale used (20 instead of 4.0 nm). The thickness of the HOPG-crypt film was not determined by the same scratch procedure. From the 2D image (Figure 3a) it is possible to observe a rough and heterogeneous surface with several high regions. The thickness varied from 2 to 6 nm of vertical distance (Figure 3a,b) which might be related to the formation of small aggregates with covalently linked molecules and physically adsorbed cryptand molecules that did not get grafted onto the HOPG functionalized surface.



Electrode surfaces modified by supramolecular structures with sensing ability, in our case cryptands, can turn an inert electrode into a selective material. Cryptands are also versatile in terms of coordinating different metal ions. This results in tuning their selectivity and sensing to capture different types of molecules (e.g., halogens, carbonate, CN−) [24,37,38,39]. Thus, our HOPG-crypt was immersed in a 10 mM Co(ClO4)2·6H2O aqueous solution (HOPG-crypt-Co, see materials and methods) and thoroughly washed with water.



The HOPG-crypt and HOPG-crypt-Co were studied under N2 to characterize the redox processes in the cathodic region (Figure 4). For both samples, the first cycles showed a loss of current which can be associated with material loss. However, after approximately six cycles the current response stabilized, indicating that no further loss of material was occurring. It was possible to observe two distinct reduction processes: one at −1.40 V vs. SCE for the HOPG-crypt and another at −1.22 V vs. SCE for the HOPG-crypt-Co. The latter reduction potential may be identified as the Co(II)/Co(I) reduction [40]. Several factors can affect the stability of the electrodes. Among these are the election of solvent (from organic to aqueous), electrolyte and target molecule that will be the subject of further studies. The change in redox behavior before and after coordination of the cobalt ions confirmed the potential of the cryptands to be used as sensors for cations (preferably metals in their lowest oxidation state as nitrogen donor atoms are less hard than oxygen donors). The ability of molecular cryptands to form cryptates with different metals has been shown before and cryptates of Zn(II), Ni(II) and Cu(II) can be found in the literature. Additionally, due to their cavity dimensions and the distance between the di-metal found therein, these cryptates have also a huge potential to sense analytes in solution, such as the capture of atmospheric CO2, cyanide, or halogen anions.



XPS characterization. All the steps of the electrode surface modification were checked by XPS.



Si 2p region (Figure 5a) clearly shows the efficiency of both step 1 and step 2. This region could be fit for both samples with single doublets with a spin-orbit split of 0.61 eV. For the electrode resulting from step 1, HOPG-TMS, the existence of a doublet with the most intense component, Si 2p3/2, centered at 101.5 ± 0.2 eV and assigned to Si bonded to carbons [41], proved that the surface was functionalized with aryl-TMS. After the removal of the silyl protective groups giving rise to a terminal alkyne group (HOPG-H), the signal completely disappeared. However, a small doublet with Si 2p3/2 centered at 102.7 ± 0.2 eV appeared and is assignable to Si bonded to O [42] in silicones, for instance. It may originate in glassware greases and it was also present in subsequent samples.



The third step consisted of a Sonogashira coupling performed on HOPG-H to yield HOPG-crypt. To prove the functionalization, the best way was to rely on the XPS regions Br 3d and N 1s, which should have been found also on the HOPG-crypt-Co sample. Figure 5b,c shows the two regions for both samples. Nitrogen was detected through the photoelectron N 1s. The sample issued from step 2 (HOPG-H) already contained some nitrogen, especially at a binding energy of 403.7 eV. These nitrogen species were in vestigial amounts from precursors used in steps 1 and 2. In step 3, they disappeared, and a large component appeared at 400.4 ± 0.2 eV assignable to the cryptand nitrogen atoms. A smaller component at 402.7 ± 0.2 eV was assignable to protonated nitrogen [42]. In the HOPG-crypt-Co, the N 1s region was not very different in the position of the main peak but the peak had larger tails, denoting a larger heterogeneity of nitrogen neighborhoods. For the two samples functionalized with cryptands, Br 3d needed two doublets with a spin-orbit split of 1.0 eV. The most intense had the main component, Br 3d5/2 centered at 71.5 ± 0.2 eV and the least intense was centered at 68.9 ± 0.2 eV. The first one was assigned to the free C(aromatic)-Br. The second one, since it had a lower binding energy, was a species with higher electronic density. It was, maybe, a result of a degradation induced by the X-radiation. They were very similar in both samples. The N/Br atomic ratio computed from the respective areas divided by the sensitivity factors, was 4 in both samples, as expected for the reacted cryptands, proving the successful functionalization in step 3.



Finally, to prove the retention of Co(II) metal center in step 4, the region Co 2p was explored. Figure 5d shows the Co 2p composed by a doublet next to a multiplet structure typical of transition metals with unpaired outer shell electrons. The component centered at lower binding energy, 781.4 eV, has been reported, whether to +2 or +3 oxidation states [41]. From the quantitative point of view, the atomic ratio Co/N was around 0.1. If all the cryptand cavities had Co2+ ions, this ratio should be 0.125, which is close to the experimental value.



XPS spectra were also recorded after the CV experiments to confirm the integrity of the films. For that, the XPS spectra for the N 1s and Co 2p regions are shown in Figure S7 and retained the features observed prior to the CV experiments.




4. Conclusions


A HOPG surface was successfully modified with a cryptand via electroreduction of aryl diazonium salts and C–C Sonogashira coupling reactions. The morphology and the thickness of the films produced in each step were imaged by AFM. A monolayer with 0.9 nm thickness was produced on the HOPG surface by electrografting a diazonium salt produced in situ with a bulkier substituent: TMS instead of Br. After the formation of the monolayer and hydrolysis of the TMS group, a terminal alkyne monolayer was obtained. A cryptand with a Br substituent on the aromatic ring (Crypt-Br) was covalently attached using Sonogashira coupling reaction to the terminal alkyne present in the monolayer. A 2 nm-thickness film was expected but thickness variations from 2–6 nm were obtained which can be related to the pilling of some unreacted cryptands with those grafted on the HOPG surface. This new electrode was submersed in a Co(ClO4)2·6H2O to yield a cryptate modified HOPG. Both cryptand and cryptate modified surfaces were studied by cyclic voltammetry under N2 and two distinct reduction processes were observed at −1.40 V and −1.22 V (vs. SCE), respectively, the latter being attributed to a Co(II)/Co(I) reduction process. Additionally, a stable current response was observed for both modified electrodes after approximately six cycles. XPS confirmed the successful modification performed in each reaction step. It also showed the composition integrity of the modified electrodes before and after the CV experiments. Opportunities to study the ability of the cryptand modified surfaces to sense cations (as shown for Co2+), and the cryptate modified electrodes in CO2 and anionic analytes, are now possible and will be the subject of further studies in our lab.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/su13084158/s1. Supplementary material showing a general procedure scheme, AFM images of bare and functionalized HOPG and its functionalization using 4-bromobenzediazonium tetrafluoroborate and 4-(trimethylsilyl)ethynylbenzenediazonium tetrafluoroborate are shown. XPS spectra after CV studies of HOPG-crypt-Co. Figure S1: Two different methods used for cryptand grafting onto electrodes using C–C Sonogashira coupling. HOPG-Br produced by electroreduction of 4-Br-N2+. HOPG-H is prepared first by electrografting of a diazonium salt formed in situ from 4-TMS-NH2, followed by silyl deprotection to yield a terminal alkyne function, Figure S2: 2D AFM image (2 × 2 µm) of an HOPG surface. Figure S3: (a) CV of 10 mM 4-bromobenzediazonium tetrafluoroborate (4-Br-N2+), 6 cycles at 50 mV s−1. (b) CV of 1 mM ferrocene using the modified HOPG-Br and unmodified HOPG electrodes, 100 mV s−1, 0.1 M TBAPF6, CH3CN. Pt wire and SCE were used as counter and reference electrodes, respectively. Scheme S1: Electroreduction of the silyl capped benzene diazonium salt 4-(trimethylsilyl)ethynylbenzenediazonium tetrafluoroborate reported by Happiot and coworkers, Figure S4: (a) 2D AFM image (1 × 1 µm) of the modified electrode with 4-Br-N2+. (b) 500 × 500 nm trench in the film with AFM contact mode. (c) Profile section of the AFM scratch for film thickness, Figure S5: (a) CV of 10 mM 4-TMS-N2+, 6 cycles at 50 mV s−1, 0.1 M TBAPF6, CH3CN. Pt wire and SCE were used as counter and reference electrodes, respectively. (b) 2D AFM image (3 × 3 µm) of the modified electrode. (c) 500 × 500 nm trench in the film formed with AFM contact mode. (d) Profile section of the AFM scratch to measure the film thickness, Figure S6: 3D AFM image of (a) HOPG-TMS and (b) HOPG-crypt, Figure S7: XPS regions (a) N 1s and (b) Co 2p of HOPG-crypt-Co after CV.
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Figure 1. (a) Application of the reductive potential −0.5 V vs. saturated calomel electrode (SCE) for 30 min to a solution containing 4-TMS-NH2, NaNO2 and HCl (diazonium generated in situ) originating HOPG-TMS. (b) Cyclic voltammogram (CV) of 1 mM ferrocene using the HOPG-TMS (blue line) and HOPG (red line) electrodes, 100 mV s−1, 0.1 M TBAPF6, CH3CN. Pt wire and SCE were used as counter and reference electrodes, respectively. 
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Scheme 1. Electroreduction of 4-(trimethylsilyl)ehtynylaniline (4-TMS-NH2) based on a procedure reported in literature [15] for calix[4]arene immobilization. HOPG-TMS deprotection yielding HOPG-H electrode (thickness values from literature [23]). Sonogashira coupling performed on HOPG-H to afford HOPG-crypt (total thickness estimated from the X-ray structure of the cryptand). 
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Figure 2. (a) 2D Atomic force microscopy (AFM) image (1.3 µm × 1.3 µm) of the HOPG-TMS. (b) 500 × 500 nm trench in the monolayer formed with AFM contact mode. (c) Profile section of the AFM scratch to measure film thickness. 
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Figure 3. (a) 2D AFM image (1.3 × 1.3 µm) of the HOPG-crypt. (b) Two different profile sections of the HOPG-crypt film. 
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Figure 4. CV of HOPG-crypt (red line) and HOPG-crypt-Co (blue line) under N2, 100 mV s−1, 0.1 M TBAPF6, CH3CN. Pt wire and SCE were used as counter and reference electrodes, respectively. 
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Figure 5. XPS regions (a) Si 2p for HOPG-TMS and for HOPG-H; (b) and (c) N 1s and Br 3d for samples issuing from electrode surface functionalization with cryptands; (d) Co 2p attesting the existence of cobalt in the sample HOPG-Crypt-Co. 
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