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Regioselective surface functionalization of lithographically designed gold nanorods by plasmon-mediated reduction of aryl diazonium salts

Site-selective surface functionalization of anisotropic gold nanoparticles represents a major breakthrough for fully exploiting nanoparticle anisotropy. In this paper, we explore an original strategy for the regioselective functionalization of lithographically designed gold nanorods (AuNRs), based a combination of photoinduced plasmon excitation and aryl diazonium salt chemistry.

Rod-shaped gold nanorods (AuNRs) have attracted great interest these past years owing to their anisotropic and tunable optical properties which offer promising technological potential in plasmonenhanced spectroscopies, non-linear optics, catalysis and biomedecine 1 . These optical properties are governed by the collective oscillation of the conductive electrons at the particle surface under light irradiation, so-called localized surface plasmon resonances (LSPR). These LSPR modes are characterized in the far field by a large extinction cross-section in the visible and nearinfrared spectral region, and a strong electric field enhancement in the near-field 2 . In the case of AuNRs, such enhancement is mainly located at the two extremities. Therefore, they can act as a light source, but also as a heat generator and a reservoir of electrons at the nanoscale, controllable by the energy of the incident photons 3 . If the control over the geometrical features of nanorods is a crucial parameter for tailoring their optical properties, the ability to properly functionalize their surface largely determines their potential application. For this reason, considerable efforts have been devoted to their functionalization with a variety of ligands [4][5][6] such as small molecules, surfactants, polymers, and biomolecules. Moreover, to impart new functionalities to the nanorod surface, regioselective surface modification strategies were developed, able to decorate AuNRs with surface patches of polymers or other molecules. Common strategies include the regioselective grafting of polymer chains to AuNRs on specific crystal facets, relying on differential binding strength 7,8 or on one side of the nanoparticle surface by masking the other one 9 . However, these regioselective functionalization strategies are limited to colloidal gold nanorods synthesized by wet chemistry and cannot be transposed to lithographic nanoparticles, which display homogeneous surface chemistry. Therefore, the development of new strategies able to provide a regioselective surface functionalization of lithographic AuNRs still represents a major challenge for fully exploiting nanoparticle anisotropy. In this paper, we explore an original approach for the site-selective functionalization of AuNRs, combining photo-induced plasmon excitation and aryl diazonium salt chemistry. Plasmon-driven surface functionalization has already been reported in the literature, on gold nanocrescents 10 , nanostripes 11 , nanodisks, nanotriangles 12 and silver nanoantennas 13 to generate locally tailored chemical reactivity on the nanoparticle surface. This approach was exploited to guide molecules 14 , proteins 15 or quantum dots 16 to specific regions of the nanoparticle. However, the plasmonmediated surface functionalization of gold nanorods has never been reported so far. In this work, we use lithographic gold nanorods as electron reservoirs, under plasmon excitation with visible light irradiation. In turn, aryl diazonium salts, which are well-known for their ability to graft on various types of surfaces by electron transfer 17 , act here as electron-induced surface-functionalization agents. Aryl diazonium salts are very attractive surface modifiers because they create strong covalent Au-C bonds with the surface, promoting stable interfacial links 18,19 . They are able to form thick poly(phenylene) layers upon reduction, which can help mapping the spatial distribution of the grafted organic layers. We demonstrate that the plasmon excitation of AuNRs, under polarized light, acts as a booster to promote the grafting of diazonium-derived aryl films at the AuNR surface, in confined nanoscale area, corresponding to a maximum of the near-field intensity enhancement. As a proof of concept, we chose a diazonium salt bearing hydroxyl terminated groups, 4-hydroxyethylbenzene diazonium tetra-fluoroborate, which offers a functional platform for future post-functionalization This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins reactions (see Scheme 1). Indeed, as was shown previously, the hydroxyethyl groups can be easily transformed into bromoterminated esters, able to initiate polymer growth by atom transfer radical polymerization 6a or into azide moieties for click chemistry 6c . The plasmon-driven regioselective grafting was studied using scanning electron microscopy (SEM), atomic force microscopy (AFM) and extinction micro-spectroscopy. Calculations based on the discrete dipole approximation (DDA) method were also performed to compare the spatial localization of the functional groups around the AuNRs with the electromagnetic field distribution (this method is described in the supporting information, including reference).

Scheme 1. Scheme of the regioselective surface functionalization of gold nanorods under plasmon excitation with polarized light. The nanostructures were incubated for 10 s in an aqueous solution of hydroxy-ethyl phenyl diazonium salt (at 3 mM) under laser irradiation polarized along the nanorod long axis and short axis direction, respectively.

Lithographic gold nanorod arrays (diameter D = 100 ± 5 nm, length L = 165 ± 5 nm, height H = 47 ± 3 nm, interparticle distance Λ ∼ 300 ± 5 nm) were elaborated on an indium-tin-oxide (ITO) coated-glass substrate by electron-beam lithography (EBL). The fabrication of the samples is detailed in the Supporting Information. A representative SEM image of the array of nanorods is displayed in Figure 1a. Due to their anisotropic shape, they display two separate surface plasmon resonance (SPR) bands corresponding to their width and length, known as the transverse and longitudinal plasmon bands. Indeed, the longitudinal LSPR mode is associated with the electron oscillations along the length axis for an incident polarization parallel to this axis. The transverse LSPR mode is associated with the electron oscillations along the short axis for a polarization parallel to the short axis of the nanorod 2 . Therefore, the transverse LSPR is located at about 560 nm while the longitudinal LSPR is at approximately 780 nm as shown in figure 1b (the spectra are recorded in water). Note that both LSPR corresponds to dipolar modes. The functionalization of the gold nanorod arrays by the aryl diazonium salts was first studied in the absence of any laser irradiation and plasmon excitation. After a simple immersion of the plasmonic arrays in aqueous solutions of the diazonium salts at 3 mM during 6 h, the AFM images revealed the presence of thin organic layers uniformly grafted all around the gold nanorods (see Fig. S1). From the AFM profiles, an average thickness of ca. 3 nm was estimated for these spontaneously grafted layers. Their chemical nature was investigated on model gold substrates using X-ray photoelectron (XPS) and surface-enhanced Raman spectroscopy (SERS). The SERS spectra (see Fig. S3) revealed the signature of Au-C bonds with a vibrational band at 413 cm -1 , confirming the covalent grafting of the diazonium-derived layers on gold. The XPS spectra (see Fig. S4) were recorded as a function of the time of incubation of the gold surface in the diazonium salt solution. The C/Au atomic ratio was observed to increase with time indicating the covering of the surface by organic layers of growing thickness (Table S1). The gold signal attenuation due to the progressive covering of the substrate was used to provide an estimation of the organic layer thickness evolution. Details of this calculation are reported in the supporting information. From these results, it appears that, contrary to alkylthiols molecules which tend to form monolayers on surfaces 20 , the diazonium-derived layers grow progressively with time, forming functional poly(aryl) multilayers as previously reported in the literature 21 . The thickness of these layers varies from ca. 1.1 nm after 5 min of incubation to almost 3.2 nm after 5 h of incubation. This correlates well to the thickness of the organic layers measured previously by AFM. The gold nanorod arrays were then homogeneously immersed in the solution of diazonium salt (concentration 3 mM) and illuminated by a laser, during 10 s. A Krypton Laser at 785 nm was used since its wavelength matches the maximum of extinction of the longitudinal LSPR band. This excitation wavelength has been selected for the plasmon-induced grafting of poly(aryl) films, since a strong field enhancement at the extremities of the rods is expected, provided that the incident polarization is set parallel to the long axis of the rod. The aryl film grafting is thus expected to be particularly efficient under such experimental conditions. Note that although an equatorial functionalization may be expected for a transverse polarization, a much higher incident energy dose would be required due to a weaker near-field enhancement, thus increasing the risk of decomposition of the diazonium salt. The optical exposure was performed under normal incidence, and the Krypton laser (λinc = 785 nm) was focused on the nano-array through a microscope objective (×100, numerical aperture N.A. #0.8), resulting in a circular laser spot of ∼3 μm diameter at the surface. The incident polarization was set parallel to the AuNRs long axis. It is worth mentioning that the laser heating induces the grafting reaction by itself, even in the absence of any plasmon excitation, when the exposure energy dose exceeds a given threshold Dth, as shown in a previous paper 11 . In the case of thermal grafting, the layers are observed all around the Please do not adjust margins Please do not adjust margins nanoparticles, with a uniform distribution. Therefore, an exposure dose below this threshold value, corresponding to D = 50% Dth, was used here to avoid side reactions by laser heating and guarantee that the grafting of poly(aryl) layers on the nanostructures was solely induced by plasmon excitation. The hybrid nanostructures, obtained before and after plasmon-mediated functionalization by the diazonium salt, were characterized using AFM (see Figure 2a,b andsupporting information). An elongation of the nanoparticles of ca. 40 nm is observed along the long axis after plasmon-induced grafting. To visualize the spatial extent of the grafted layers around the nanorods, AFM profiles of the nanoarrays before and after plasmoninduced grafting were recorded and subtracted. From these profiles (and the subtraction between the AFM images, displayed in Fig. 2c-e and in Fig. S2), it appears that the grafting of the poly(aryl) layers is highly confined at each end of the nanorod long axis and that no grafting occurs on top of the nanoparticles. However, the grafting of nanoscale poly(aryl) layers is not strictly confined to each ends of the nanorods as shown by the AFM profiles recorded along the short axis direction. Indeed, they reveals that poly(aryl) layers are also grafted along each side of the nanorods with an enlargement of ca. 10 nm of the hybrid nanoparticle along the short axis direction. This is due to the spatial extension of the electromagnetic field enhancement away from the irradiation polarization axis leading to a poly(aryl) film, which is not strictly confined along the long axis, but slightly spread out towards the short axis. (d,e) AFM lateral cross section profiles along the long axis (d) and short axis (e), before (black curves) and after (red curves) plasmon-induced grafting using a laser at λinc = 785 nm, polarized along the long axis of the nanorods. (f) Cross-sectional view of the intensity of the electric field distribution around a rectangular rod with rounded edges, h = 45 nm, l = 165 nm, w = 100 nm over a 350x175nm 2 ITO slab in water at 800nm.

A snapshot of the grafted poly(aryl) layers obtained after plasmoninduced functionalization was obtained by subtracting the AFM images all along the nanorods (see Fig. 2c). Note that for all AFM measurements, we have used the same AFM tip, in order to ensure the reliability of measurements. In order to elucidate the mechanism of the aryl film grafting appearing under LSP excitation with longitudinal polarization, the electric field intensity distribution around a single rod was mapped, using the discrete dipole approximation (DDA) method (see Fig. 2f). These calculations show that the plasmon excitation generates enhanced electromagnetic fields, maximum at the tips of the rod. Interestingly, the spatial grafting of the poly(aryl) layers determined by AFM correlates perfectly well with the dipolar near-field intensity calculated around the AuNRs. The remarkable agreement between the spatial confinement of the aryl grafted film (Fig. 2c) and the spatial distribution of the electromagnetic field enhancement (Fig. 2f) implies that the enhanced near-field intensity is responsible for the grafting of the diazonium-derived aryl film, under LSP excitation. Therefore, the aryl film grafting can be explained by the capacity of the gold nanorods under LSP excitation to act as electron-rich reservoirs, in the area of maximum electric field, as demonstrated recently by E. Cortès et al. 13 . The LSP resonance and extinction peaks can be switched on and off by changing the incident polarization. Therefore, when the polarization of the 785 nm laser was turned along the short nanorod axis, no grafting could be detected as revealed by the AFM profiles in Fig. 3. As the plasmon is not excited in this configuration, this experiment can be regarded as a control test to highlight the role of the plasmon excitation in the functionalization of the AuNRs.

Two key features can be identified. Firstly, the plasmon excitation boosts the grafting of the poly(aryl) layers, with 40 nm thick layers obtained after 10 s, compared to 3 nm thick layers detected after 6 h of spontaneous grafting. Secondly, the plasmon excitation results in a regioselective functionalization of the AuNRs, in contrast to the homogeneous coating obtained under spontaneous grafting. This plasmon-mediated functionalization approach therefore opens promising prospects for the nanoscale confinement of organic layers at the AuNR surface. In summary, we have shown the ability to modify locally the surface chemical properties of gold nanorods by plasmon-mediated grafting of functional poly(aryl) layers. This anisotropic functionalization strategy is triggered by the site-selective electron mediated This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins reduction of aryl diazonium salts, depending on the polarization of the incident illumination. Compared to conventional grafting methods, the approach described in this paper offers several advantages: (i) it is very fast (it occurs in a few seconds upon laser irradiation, while the usual spontaneous methods require several hours); (ii) it gives thick poly(aryl) layers (up to 40-60 nm) using low diazonium salt concentrations. Moreover, the grafting takes place selectively in the regions of maximum of field enhancement. Although this paper focuses exclusively on a diazonium salt bearing hydroxyethyl terminated groups, the approach could be extended to other types of aryl diazonium salts bearing different end groups. Further work is in hand to investigate the plasmon-mediated reduction of various compounds. This plasmonic-based approach thus offers a new way for the regioselective functionalization of gold nanorods, which could be used for the multi-functionalization of plasmonic nanoparticles. It could also provide a general strategy to attach molecules to hot spot regions and further improve their detection for (bio)sensing applications, using Surface-Enhanced Raman Spectroscopy.
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 1 Figure 1. Characterization of the gold nanorod array. (a) SEM image of the nanorod array (with length L = 165 nm and diameter D = 100nm). (b) Extinction spectra under transversal (black curve) and longitudinal polarization (blue curve) in water.

Figure 2 .

 2 Figure 2. Snapshot of the hybrid nanoparticles obtained after plasmoninduced functionalization. (a) AFM image of a AuNR before functionalization; (b) AFM image obtained after plasmon-induced grafting along the long axis; (c) Result of the subtraction between the AFM images (b) -(a); (d,e) AFM lateral cross section profiles along the long axis (d) and short axis (e), before (black curves) and after (red curves) plasmon-induced grafting using a laser at λinc = 785 nm, polarized along the long axis of the nanorods. (f) Cross-sectional view of the intensity of the electric field distribution around a rectangular rod with rounded edges, h = 45 nm, l = 165 nm, w = 100 nm over a 350x175nm 2 ITO slab in water at 800nm.
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 3 Figure 3. AFM images of the nanorod array before (a) and after (b) irradiation using a laser at λinc = 785 nm, polarized along the short axis of the nanorods. AFM lateral cross section profiles along the long axis (c) and short axis (d), before (black curves) and after (red curves) irradiation.