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Electrochemical and Plasmon-induced Grafting of n-Dopable -Conjugated Oligomers

Electrodes are functionalized by electrochemical reduction of the diazonium cation from 4- (2,3-diethylthieno[3,4-b]pyrazine-5-yl)aniline with ultrathin organic layers incorporating thienopyrazine units. This layer can be n-doped while being covalently grafted to the surface.

Moreover, it can be deposited onto gold nanoparticles (NPs) by plasmon-induced diazonium reduction, thanks to the transfer of hot electrons from the excited plasmonic NPs to the diazonium salt. This confirms that localized surface plasmon resonance can induce nanolocalized electrochemical reactions.
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The functionalization of electrodes by the reduction of diazonium cations generated in^^situ from 4- (2,3-diethylthieno[3,4-b]pyrazine-5-yl)aniline has been investigated. The thienopyrazine unit of this molecule is a precursor of n-dopable -conjugated oligomers.

Electrochemical reduction of diazonium cation coats the electrode with organic layers.

Raman, IR, and XPS analyses show that their composition corresponds to that of the starting monomer, while AFM scratching measurements indicate thicknesses below 10^^nm. The electrochemical responses of various reversible redox couples on the modified electrodes show that the attached layer is insulating in the positive potential range but can be n-doped at negative potential and switches to a conductive state. Moreover, oligo(4-(2,3-diethylthieno [3,4-b]pyrazine-5-yl)phenyl) can be selectively grafted onto gold nanoparticles (AuNPs) by plasmon-induced diazonium reduction. A 10--20^^nm-thick organic layer is easily grafted onto each gold nanoparticle by visible-light illumination in a few minutes without any reducing agent or molecular photocatalyst. This result is attributed to the transfer of hot electrons from the excited plasmonic NPs to the diazonium, confirms that localized surface plasmon resonance can induce nanolocalized electrochemical reactions, and contributes to the emerging field of "plasmonic electrochemistry". diazonium electroreduction n-dopable -conjugated oligomers plasmonic electrochemistry surface functionalization thin films

Introduction

Coating surfaces with organic layer is of great interest in many fields, from smart surfaces [1--3] to sensors [4--6] or organic and molecular electronics. [7--11] In these fields conjugated oligomers continue to be the focus of intensive scientific research due to their unique properties: tunable band gap, redox properties, and low cost. [12--15] P-dopable conjugated oligomers are much more developed than n-dopable materials as they are usually more stable in their doped conducting states. [16] Development of new n-dopable oligomers is a highly active research field as such materials are crucial in new organic solar cells incorporating non-fullerene acceptors. [17] Among the many types of n-dopable -conjugated oligomers, those incorporating thienopyrazine units (scheme^^1<schr1>) are widely used. [18,19] This monomer consists of a central thiophene unit bearing an electron-withdrawing pyrazine moiety attached on the C3 and C4 carbon atoms of the thiophene. Incorporation of this unit in oligomers has been used to tune the gap of -conjugated materials and to develop stable n-dopable or ambipolar materials for optoelectronic applications. [20--24] -conjugated oligomers can be deposited by various techniques, amongst which electrochemical oxidation of a monomer has been widely used. In this case, the bond between the substrate and the oligomers deposited is not covalent and the interface is often ill-defined. This drawback can be overcome by using the electrochemical reduction of diazonium salts, as it allows to graft adhesion primers or oligomers on the surface of the electrode by covalent bonds. [25--30] This process generates nitrogen and highly reactive aromatic radicals in the vicinity of the electrode, whereupon the radicals react with the electrode leading to a bond at the interface. [26,31] This reaction has been investigated on various materials such as metallic, diamond, carbon electrodes or semiconducting surfaces [32--34] and in different media. [35,36] Covalent bonding between the surface and the molecules was demonstrated by several experimental tools [37--40] and indirectly evidenced by the strong adhesion, resisting sonication of the organic film that cannot be explained by weak interactions. The process usually generates ultrathin layers since the deposit is insulating in the potential range required for further electrochemical reduction of the diazonium salt. Such films are not well-defined single monolayers but multilayer films, [41,42] consisting of disorganized oligomers, even though progress has been reported in this field. [43--46] Diazonium salts can be generated in^^situ from many amino aromatic precursors, and a wide variety, bearing various functionalities, has been used. When they incoporate thiophene, [47,48] ethylenedioxythiophene, [49] pyrrole [50] or aniline [27] moieties, -conjugated oligomers, incorporating these electron-rich aromatic units, covalently grafted on surfaces, are 4 obtained. The grafted layers are electroactive at positive potential and the oligomers can be easily p-doped at potentials which depend on their molecular structure. As a consequence, all these layers show reversible on/off conductance switching at positive potential. [51] In this present work we wish to extend the variety of switchable conjugated oligomers that can be covalently grafted by diazonium reduction. We investigate the electroreduction of the diazonium salt derived from 4- (2,3-diethylthieno[3,4-b]pyrazine-5-yl)aniline, obtained in two steps from thienopyrazine (see scheme^^1<xschr1> for synthetic pathway). We show that this molecule can be grafted onto an electrode and characterize the modified surfaces by various techniques: IR, Raman, X-ray photoelectron (XPS) spectroscopies, AFM and electrochemistry. We show that on/off switching capabilities associated with oligo (thienopyrazine) materials are retained and that these oligomers can be also locally grafted onto gold nanoparticles by plasmon-induced diazonium reduction. [52] Experimental Section Reagent-grade solvents and reagents were used as received from commercial sources unless specified otherwise. Thienopyrazine (TP) was synthesized according to the literature. [53] Reactions were monitored by thin-layer chromatography (TLC silica gel 60^^F254). Column chromatography was performed using 40--63^^μm silica gel and eluent mixtures are reported as volume ratios (v/v). 1 H and 13 C NMR spectra were recorded on a Bruker AC400. 1 H and 13 C chemical shifts are reported in parts per million (ppm) referenced to the residual non-deuterated solvent peak.

Synthesis of TP-NB

A solution of TP (300^^mg) in dry THF (60^^mL) under argon was cooled to <M->78^°C.

BuLi (2.5^^M, 0.75^^ml, 1.87^^mmol) was added and the mixture was stirred for 30^^minutes at <M->78^°C. Bu3SnCl (0.51^^ml, 1.87^^mmol) was added and the mixture was stirred for 30^^minutes at <M->78^°C and for two hours at room temperature. Solvent was evaporated and the residue was dissolved in toluene (30^^mL). 1-Bromo-4-nitrobenzene (315^^mg, 1.56^^mmol) was added and the solution was degassed with argon. Pd(PPh3)4 was added and the solution was stirred at 90^°C for 18^^h. It was then cooled to room temperature, washed with water and extracted with dichloromethane. Organic layers were dried over magnesium sulfate, evaporated, purified by silica gel chromatography eluted with dichloromethane/petroleum ether (9/1) and washed with pentane. Yield: 26^% (125^^mg). 1 H NMR (400^^MHz, CDCl3) δ (ppm): 8.49 (2H, d, J=9.1^^Hz, CH Arom), 8.30 (2H, q, J=9.1^^Hz, CH Arom), 7.91 (1H, s, CH Arom), 3.01 (2H, q, J=7.3^^Hz, CH2 Ethyl), 2.96 (2H, q, J=7.3^^Hz, CH2 Ethyl), 1.47 (3H, t, J=7.2^^Hz, CH3 Ethyl), 1.40 (3H, t, J=7.2^^Hz, CH3 Ethyl).

Synthesis of TP-An

Hydrazine hydrate 60^% (0.27^^ml) and Pd/C 10^% (32^^mg, 0.031^^mmol) were added to a solution of TP-NB (97^^mg, 0.31^^mmol) in THF (6^^mL). The resulting mixture was refluxed for four hours. It was then evaporated and purified by silica gel chromatography eluted with dichloromethane. Yield: 65^% (57^^mg). 1 H NMR (400.15^^MHz, CD3CN) δ (ppm): 7.97 (2H, d, J=8.8^^Hz, CH Arom), 7.54 (1H, s, CH Arom), 6.73 (2H, d, J=8.8^^Hz, CH Arom), 2.93 (2H, t, J=7.3^^Hz, CH2 Ethyl), 2.88 (2H, t, J=7.3^^Hz, CH2 Ethyl), 1.36 (3H, t, J=7.3^^Hz, CH3 Ethyl), 1.31 (3H, t, J=7.3^^Hz, CH3 Ethyl); 13 C NMR (100.62^^MHz, CD3CN) δ (ppm): 158.6, 157.2, 149.4, 144.3, 130.1, 124.3, 115.8, 111.8, 29.3, 29.2, 11.91, 11.87; NMR spectra are given in the SI files as Figure^^S1.

Electrochemical Experiments

A conventional three-electrode cell was used with a platinum wire as auxiliary electrode and a saturated calomel electrode (SCE) (3^^M KCl) as reference. Three types of working electrode were used, namely glassy carbon (GC, 3^^mm diameter), gold (1^^cm 2 ) for XPS and IR analysis, and plasmonic electrodes, i.^e. ITO covered by gold nanoparticles or gold gratings, for surface-enhanced Raman spectroscopy. Before any measurements the solutions were deoxygenated by bubbling argon 6 for 30^^min; during the experiment the electrochemical cell remained under argon. Electrochemical data were recorded on a CHI 660^^C potentiostat (CH Instruments, U.S.A.).

Infrared Reflection Absorption Spectroscopy (IRRAS)

IR spectra of a gold working electrode were recorded on a Nicolet Magna-IR 860 spectrometer with Fourier transform, equipped to measure the reflectivity under grazing incidence. IR spectra were referenced to that of a freshly cleaned gold surface.

Raman Spectroscopy

Raman spectra were recorded using an HORIBA Labram spectrometer with an excitation wavelength of 632^^nm. Due to the lack of sensitivity, specific plasmonic electrodes were used. These substrates were obtained either by electrodeposition of gold nanoparticles (NPs) following an already published procedure [54] or by e-beam lithography. In the last case, 100*100^^µm arrays of spherical NPs were generated. The NPs are separated by 400^^nm and each NP has a diameter of 120^^nm.

Procedures to generate such NPs have been reported elsewhere. [55] X-ray Photoelectron Spectroscopy XPS analyses were performed on a modified gold substrate. The spectra was recorded using a K-Alpha system (Thermo Fishier Scientific, East-Grinstead , UK) fitted with a microfocused and monochromatic Al Ka X-ray beam (1486.6^^eV, 400^^µm spot size). The samples were stuck on sample holders using conductive double-sided adhesive. The surface composition was determined with version 5.9902 Avantage software by using the manufacturer sensitivity factors.

Atomic Force Microscopy

AFM measurements were performed using a Nano-Observer microscope (CSInstruments AFM Microscopes, France). Images were recorded in the tapping mode with a tip from Budgetsensor.

Results and Discussion

4- (2,3-Diethylthieno[3,4-b]pyrazine-5-yl)aniline (TP<C->An) was obtained by a twostep synthesis (scheme^^1<xschr1>). The first step consists of a "one-pot" Stille coupling reaction with the non-isolated stannate intermediate to obtain the nitrobenzene derivative TP-NB in 26^% yield. The second step is a Pd/C catalyzed reduction with hydrazine hydrate to form TP<C->An in 65^% yield. Then, TP<C->An was used to modify the electrode surface by the electroreduction of the corresponding diazonium cation (TPP-N2 + ). The diazonium salt was generated in^^situ and electrochemical grafting was carried out by cyclic voltammetry.

Figure^^1<figr1> shows the CV of the reduction on a GC electrode of TPP-N2 + generated in acetonitrile containing 0.5^^mmol.L <M->1 of TP<C->An, 10 equivalents of tert-butyl nitrite and 0.1^^M tetra-n-butylammonium tetrafluoroborate.

The recorded CV displays one irreversible reduction wave at <M->0.14^^V/SCE and a large reduction current from 0.0 to <M->1.0^^V. This behavior is associated with the reduction of TPP-N2 + . During subsequent cycles, the CV shows a significant decrease in the intensity of the reduction current, which disappears completely after 10 cycles. Similar behavior has been observed in the reduction of aryldiazonium cations generated in^^situ. [31] It is attributed to the progressive modification of the electrode by the formation of an insulating organic film, which partially blocks the surface in the 0.0 to <M->1.0^^V potential range.

The thickness of the layer deposited was measured using the AFM scratch method following a known procedure. [42] Figure^^1<xfigr1>b shows an image of a scratch made by the AFM tip. The depth of the hole is close to 5 to 6^^nm, which is typically the result when insulating layers are generated by diazonium electroreduction in the potential range used.

The layers deposited on flat gold or plasmonic substrates were also analyzed by IR and Raman spectroscopy. Figure^^2<figr2>a shows the IR spectra of a film deposited on a gold substrate while Figure^^2<xfigr2>b displays several Raman spectra of the starting precursor and of films generated on ITO or plasmonic electrodes.

The IR spectrum features bands at 2933 and 2953^^cm <M->1 are attributed to the ethyl groups of the oligomers. Bands at 1606 and 1309^^cm <M->1 originate from the pyrazine groups (C<C=>N stretching and CH in-plane bending) while those at 1511^^cm <M->1 and 1448^^cm <M->1 reveal the presence of thiophene moieties [56--58] Finally, C<C->H out-of-plane vibrations of the tetra-substituted pyrazine ring or 1,4-disubstituted phenyl moieties can be observed at 700^^cm <M->1 and 800^^cm <M->1 , respectively.

The Raman spectra of the same film deposited on ITO do not show any discernable signals while those recorded when the film is deposited on plasmonic electrodes (ITO bearing gold NPs) show several Raman shifts which are also observed in the spectra of TP<C->An (green curve). C<C=>C and C<C=>N shifts at 1600^^cm <M->1 are very strong and indicate the presence of phenyl and pyrazine units on the surface. [59] Raman shifts between 1400 and 1500^^cm <M->1 can again be attributed to the thiophene rings [60,61] while intense bands at 1275 and 1080^^cm <M->1 are probably due to in-plane C<C->H bending of aromatic units known to be strong in Raman spectroscopy.

The grafted layers were also characterized by XPS. Comparison of the survey XPS spectra before and after grafting (Figure^^3<figr3>a) reveals several major changes. First the Au4f (at 84^^eV) signal is drastically attenuated, the carbon and nitrogen signals increase, then a new signal of sulfur appear after the reduction of the diazonium. The spectrum of a TPP sample shows strong C1s and O1s peaks at 285 and 532.7^^eV, respectively, together with an N1s peak at 400^^eV and an S2p sulfur signal at 164^^eV, which indicates the formation of an organic layer. The relatively high O1s signal indicates that the deposited layer seems sensitive to oxygen.

Figure^^3<xfigr3>b shows the high-resolution C1s XPS spectrum for the TPP sample, with a major peak at 285^^eV and a second peak at 286.1^^eV. The latter peak can be attributed to carbon atoms bonded to the nitrogens of the pyrazine moieties. The C286/C285 ratio is found to be 3.2 which is close to the theoretical ratio of 3.

Overall, AFM, IR Raman and XPS analysis confirm that an ultrathin film of oligo (TPP) can be easily been grafted onto gold, ITO and GC surfaces by diazonium electroreduction.

Electrochemical Characterization of the Grafted Layers

To study the electrochemical properties of the modified electrode, cyclic voltammetry was first used to test the blocking behavior of the electrode in the positive potential range. To do so the ferrocene redox couple was used. Figure^^4<figr4>a shows the CV of this probe on a bare GC and a modified TPP/GC electrode. On the bare electrode there are the usual reversible Fc redox peaks centered on 0.3^^V/ECS. These peaks are not observed on the TPPmodified electrode and are replaced by a small current plateau indicating a strong blocking effect of these films on Fc oxidation (with some micrometric holes sufficiently dispersed to be independent on the time-scale of the experiments [62] ). Sweeping the potential from <M->0.4 to 1.1^^V also shows no electrochemical signal and underlines the strong homogeneity of the layer with no significant pinholes. This behavior is in marked contrast with those observed on grafted layers incorporating thiophene, pyrrole, EDOT or aniline. [27,47--50,63] Indeed, on these electrodes the probe is irreversibly oxidized. This diode-like signal is the signature of a conductive switch of the grafted layer, and indicates that the oligomers can be p-doped at potentials below 1^^V/SCE.

In a second step, we have used two different redox probes, namely 7,7,8,8-tetracyanop-quinodimethane (TCNQ) and 4,4'-dimethylbipyridinium dichloride (VIO) known to be reversibly reduced in two successive one-electron processes on a bare electrode at different 10 potentials, (i.^e. 0.2, <M->0.3^^V/SCE for TCNQ and <M->0.4 and <M->0.8^^V/SCE for VIO).

The two probes cannot be reduced at their usual reduction potentials, and the current is close to zero up to <M->1.5^^V/SCE, which underlines the insulating behavior of the grafted layer in this potential window. However, a sharp irreversible reduction peak is observed for both probes at a very similar potential close to <M->1.7^^V/SCE. The maximum current of these peaks reaches <M->110^^µA, which is more than twice that recorded on a bare electrode for each diffusion-limited monoelectronic reduction peak of TCNQ or VIO. These results indicate that the reduction of both probes is completely controlled by the electrochemical properties of the grafted TPP layer and that the layer can be n-doped at a potential close to <M->1.7^^V/SCE and switches in a conductive state which makes reduction of the probes possible in a bi-electronic process. N-doping of the layer can also be evidenced by its electroactivity (Figure^^S2) observed at <M->1.7^^V/SCE as a sharp reduction wave in a probe-free electrolyte (0.1^^M solution of tetra-n-butylammonium tetrafluoroborate in acetonitrile). This behavior is close to that already observed by McCreery et^^al. with monolayers of biphenyl and nitrobiphenyl molecules. [64] Note also that this behavior is not reversible as, after the reduction of the layer, TCNQ and VIO oxidation waves at potentials close to those for a bare electrode are partially recovered (Figure^^S3) during the reverse potential scan. This behavior can either be attributed to pinholes created in the TTP layer upon n doping or to oxygen induced degradation of the n-doped layer. Raman spectra (Figure^^2<xfigr2> b, blue curve) indicates that a film is still partially covering the gold nanoparticules after polarization below <M->1.7^^V. Despite this drawback, TPP layers grafted by electrochemical reduction of thienopyrazine-phenyl diazonium cation appear to be n-dopable. [65] Next TPP grafting from diazonium solutions was triggered by localized surface plasmons. Previous works have shown that oligo(bisthienylbenzene) (BTB) [66] and other aromatic units [67] can be deposited onto gold nanoparticles (AuNPs) or in the gaps between gold NP dimers [68] by visible-light illumination for a few minutes without any reducing agent or molecular photocatalyst. As grafting depends on the wavelength and polarization of the incident light, the orientation of the growth of the layer deposited on the AuNPs can be controlled. The mechanism of this plasmon-induced deposition process is considered to be the transfer of hot electrons from the excited plasmonic NPs to the diazonium salt, triggering the subsequent chemical reactions leading to surface modification. [66--68] Figure^^5<figr5> shows a scheme of the process. The plasmonic electrode used consists of 100*100^^µm 2 arrays of spherical gold NPs (diameter 120^^nm) with a 400^^nm square grating deposited on ITO by e-beam lithography. It is fixed horizontally in a solution of acetonitrile containing 0.5^^mmol.L <M->1 of TP<C->An, 10 equivalents of tert-butyl nitrite and 0.1^^M tetra-n-butylammonium tetrafluoroborate, and is illuminated using white light from an optical microscope with a power of 0.54^^W.cm <M->2 . Figure^^5<xfigr5>b shows an SEM image of the AuNPs after two minutes of irradiation (Figure^^S4 shows the SEM image of the AuNP before plasmon induced grafting for comparison purposes). One can see that a thin film (thickness around 10^^nm) has been locally deposited on the AuNPs. Figure^^5<xfigr5>c shows the Raman spectrum of the substrate for different positions. When the laser is focused on the ITO part of the electrode no Raman shift is recorded. On the contrary, an intense Raman spectrum is recorded when the laser is focused on the gratings.

Raman shifts typical of pyrazine and thiophene groups show that the material deposited consists of oligo(TPP). Note also that some Raman shifts are strongly enhanced compared to those observed when the film is deposited by electrochemistry, which indicates that the orientation of the oligo(TPP) layer is not the same for both samples. (Orientational effects are 12 beyond the scope of the study and will be discussed elsewhere.) These results clearly demonstrate that oligo(TPP) can be locally grafted by light on a plasmonic substrate.

Conclusion

Electrodes have been functionalized by reduction of diazonium cation generated in^^situ from 4- (2,3-diethylthieno[3,4-b]pyrazine-5-yl)aniline. Electrochemical reduction of diazonium coats the electrode with ultrathin organic layers, consisting of aromatic oligomers and incorporating thienopyrazine units, a known building block for n-dopable -conjugated oligomers. We show that this layer is insulating in the positive potential range and switches to a conductive state at negative potential, and can thus be n-doped while covalently grafted to the surface. Moreover, oligo(TPP) can also be selectively grafted onto gold NPs by plasmoninduced diazonium reduction. This result can be attributed to the transfer of hot electrons from the excited plasmonic NPs to the diazonium, and confirms that localized surface plasmon resonance can induce nanolocalized electrochemical reactions, thus contributing to the field of "plasmonic electrochemistry". 

Figure^^1

  Figure^^1(a) Cyclic voltammetry on a carbon electrode for the electroreduction of TPP-N2 + generated in acetonitrile containing 0.5^^mmol.L <M->1 of TP<C->An, 10 equivalents of tert-butyl nitrite and 0.1^^M tetra-n-butylammonium tetrafluoroborate (15 cycles). Scan rate 0.1^^V^s <M->1 . (b) Thickness measurement of an oligo(TPP) film deposited on an ITO electrode. Inset shows the scratch made by the tip.

Figure^^2

  Figure^^2 IR and Raman characterization of the thin film generated by electroreduction of TPP-N2 + . (a) IRRAS of a film deposited on a gold mirror. (b) Raman spectra of the starting TP<C->An precursor (green curve), of a TPP film electrodeposited on an ITO electrode (black curve) and on a plasmonic electrode before (red curve) and after (blue curve) polarization at <M->2^^V/SCE.

Figure^^3

  Figure^^3(a) XPS survey spectra of the initial and the TTP-modified gold electrode. (b)High-resolution C1s spectra.

Figure^^4

  Figure^^4Electrochemical response of various electrochemical probes on a bare GC electrode (dotted lines) and on a TPP-modified GC electrode (plain lines) in 0.1^^M solution of tetra-n-butylammonium tetrafluoroborate in acetonitrile. (a) Ferrocene (10 <M->2 ^^M). (b) TCNQ (5.10 <M->3 ^^M, blue curves) and VIO (5.10 <M->3 ^^M, red curves) electrochemical response on a bare electrode and on a TPP-modified electrode Scan rate 0.1^^V.s <M->1 .
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