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Abstract

:

Until now, the ability to form a self-assembled monolayer (SAM) on a surface has been investigated according to deposition techniques, which in turn depend on surface-coater interactions. In this paper, we pursued two goals: to form a SAM on a gold nanosurface and to correlate its formation to the nanosurface curvature. To achieve these objectives, gold nanoparticles of different shapes (spheres, rods, and triangles) were functionalized with a luminescent thiolated bipyridine (Bpy-SH), and the SAM formation was studied by investigating the photo-physics of Bpy-SH. We have shown that emission wavelength and excited-state lifetime of Bpy-SH are strongly correlated to the formation of specific aggregates within SAMs, the nature of these aggregates being in close correlation to the shape of the nanoparticles. Micro-Raman spectroscopy investigation was used to test the SERS effect of gold nanoparticles on thiolated bipyridine forming SAMs.
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1. Introduction


Self-assembled monolayers (SAMs) are highly ordered organic molecular aggregates with a thickness of a single molecule, i.e., in the range of a few nanometers, chemisorbed on a substrate. SAMs of organic molecules have been the object of a very large number of investigations [1,2] in relation to a wide panel of applications in fields such as corrosion protection [3], biosensors [4], drug-delivery systems [5] and molecular electronics [6]. Specifically regarding SAMs on metal surfaces, many studies have focused on molecules bearing a thiol termination because of the ease of S-metal binding. In particular, alkanethiols, dithiols, thiophenes, and thiophenols on various substrates, such as Au, Ag, Pt, and Cu have been investigated [7,8,9]. In this regard, dithiol molecules have attracted particular attention owing to the possibility of using the thiol terminations to bind two different metallic entities. A dithiol SAM with free pendent SH groups allows for the grafting of metallic atoms or nanoparticles [10,11,12,13] that can, in turn, become a useful platform for the further growth of metallic contacts and more complex heterostructures [14]. In addition, SAMs formed on metallic nanoparticles have attracted a plethora of research efforts due to the possibility of combining the unique properties of nanosized metal clusters with those of ordered organic molecules in a new class of materials, i.e., monolayer-protected metal nanoparticles (MPMNs) [15]. A particularly relevant aspect of nanoparticles is that the percentage of the total number of interfacial atoms is much greater than in bulk materials. Because the electronic states of interfacial atoms of nanoparticles affect their chemical, optical, and electronic properties, there is a strong synergy between nanoparticles and SAMs [7]. However, the structures of SAMs differ greatly depending on the curvature of a given surface [15]. Unlike SAMs formed on planar macro surfaces, MPMNs offer the possibility of studying the effect of curvature on the formation of monolayers, as it is possible to prepare metal nanoparticles with quite varied shapes, such as spheres, rods, stars, triangles, and cubes—each with a specific surface curvature.



The nanoscale surface curvature exerts a profound effect on the adsorbed molecules–nanoparticles interactions. For this reason, and due to the outstanding relationship between the shape of nanoparticles and the energy of their localized surface plasmon resonance [16] (which in the case of gold is included in the visible spectrum), gold nanoparticles covered with monolayers of thiol-functionalized molecules have been intensively studied, both for their applications and the exploration of phenomena due to the anisotropic surface stress [17]. Indeed, understanding the interface at the nanometer scale is crucial for a wide range of applications of gold nanoparticles such as labeling, sensing, drug delivery, medical therapies, molecular electronics, and catalysis [18]. For this purpose, many different thin-film characterization techniques have been applied to SAMs [2,3,19,20,21], including microscopy (e.g., STM, AFM), diffraction (e.g., LEED, GIXD, LEAD), and spectroscopy (e.g., SHG, SFG, XPS, RAIRS). All of the aforementioned techniques require the use of sophisticated and expensive instrumentation. However, it is worth noting that many of these techniques can hardly be applied to nanoparticle samples.



On the other hand, molecular luminescence is a formidable tool in a myriad of application fields, including biology, medicine, electronics, analytics, and material sciences [22]. The photophysical properties of an emitter are strongly influenced not only by the environment surrounding the luminophore (i.e., the solvent), but also by intermolecular interactions which become important in a concentrated solution, or more decisively, in a solid or mesophase. In particular, the formation of dimers or multimers in the ground electronic state or excited dimers/multimers (i.e., excimers), can result in different photophysical behavior with respect to the isolated molecule, leading to an increase or conversely, to quenching of the luminescence with the formation of a new emission band, in some cases [23]. Ordered structures of luminophores, such as crystals or liquid crystals or gel, can show emission properties affected by aggregation [24]. Self-assembled structures [25], derived from dissolving emitters in an organized medium (such as liquid crystals [26,27]) or depositing them onto orienting surfaces to form organized films (such as SAMs [28,29,30]), can show this luminescence tuning. For this reason, photophysical studies of luminescent SAMs can be highly useful to probe the type of aggregates formed within the layer.



Herein, we present the synthesis and photophysical characterization of differently shaped gold nanoparticles (rod, sphere, and triangle) functionalized with 5,5′-bis(mercaptomethyl)-2,2′-bipyridine (briefly, Bpy-SH). The photophysical properties of the obtained MPMNs Bpy-SH@AuNR (rod), Bpy-SH@AuNS (sphere), and Bpy-SH@AuNT (triangle) were studied and compared with those of a Bpy-SH monolayer on gold plates (Bpy-SH@Au-plate).



The formation of a self-assembled monolayer on a gold nanosurface has been demonstrated through a deep analysis of luminescence data, revealing a dramatic change of the thiolated bipyridine emission, due to a face-to-face organization of the bipyridine similar to that observed in solid or concentrated solution [31]. Furthermore, the comparison between the luminescence properties of the newly synthesized SAM@AuNP and the shape (spherical, rod-shaped, or triangular) of the gold nanoparticles allowed for correlation between the SAM formation and the nanosurface curvature, providing the first example of a photophysical study of luminescent SAMs on nanoparticles with different shapes.




2. Materials and Methods


All chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany; highest purity grade available) and used as received.



2.1. Synthesis of Gold Nanorods


The synthesis of gold nanorods capped with cetyltrimethylammonium bromide (CTAB (AuNRCTAB)), was conducted in an aqueous solution using the reported seed-mediated method [32,33]. The synthetic steps proceed through physical separation of the nucleation process (seed solution) from the growth process (growth solution), which allows an effective control of the final shape.



Preparation of the seed solution. A total of 25 μL of 5.0 × 10−2 M HAuCl4 water solution was added to 4.7 mL of 0.1 M CTAB water solution and 300 μL of a freshly prepared 1.0 × 10−2 M NaBH4 water solution was then rapidly injected under vigorous stirring. Excess borohydride was consumed by keeping the seed solution for 30 min at room temperature before use.



Preparation of the growth solution. A total of 45 mg of 5-bromosalicylic acid was added to 50 mL of 0.05 × 10−2 M CTAB water solution. After complete dissolution, 480 μL of 1.0 × 10−2 M AgNO3 water solution was added. The solution was mildly stirred for 15 min at room temperature, and then 500 μL of 5.0 × 10−2 M HAuCl4 water solution was added to the mixture. Finally, 130 μL of 0.1 M L-ascorbic acid water solution was added under vigorous stirring, followed by 80 μL of seed solution. After 30 s, the stirring was stopped and the mixture was left undisturbed at room temperature for at least 4 h. The sample was centrifuged to eliminate the unreacted reagents (9000 rpm, 20 min, 30 °C).



Coating agent exchange. CTAB capping agent was replaced with O-(2-mercaptoethyl)-O′-methylpolyethylene glycol (2000 Mn), PEG-SH, by dissolving 30 mg of polymer in 1 mL of deionized water, then adding this solution to 50 mL of 5 × 10−4 M water-dispersed AuNRCTAB [34]. The solution was left stirring overnight. The sample was then centrifuged at 9000 rpm for 30 min and the solid residue dissolved in dichloromethane. Because AuNRCTAB is not soluble in dichloromethane, this induced solubilization is evidence of the successful functionalization of the gold nanorods with PEG-SH, allowed by the formation of a strong sulphur–gold bond. Figure S1 in the Supplementary Materials shows the extinction spectra of the gold nanorods dispersed in solution before and after coating exchange.



Gold nanorods functionalization. A 5,5′-Bis (mercaptomethyl)-2,2′-bipyridine (Bpy-SH) dichloromethane solution (5.5 mL, 1.0 × 10−2 M) was mixed with a dichloromethane solution of AuNRPEG-SH (50 mL, 5 × 10−4) and left under stirring for 12 h. As shown below, the formation of an S–Au bond between Bpy-SH and AuNRPEG-SH guarantees functionalization of the nanoparticles with mercaptomethyl-bipyridine (Bpy-SH@AuNR). Successively, by adding water, two phases were formed. After vigorous stirring, the pink organic phase discolors, while the aqueous phase turns pink due to the migration of the nanorods. PEGylated termination ensures the water solubility of nanorods while free Byp-SH, insoluble in water, remains in the organic phase. The two phases have been separated with a separating funnel and subsequent extractions to ensure the complete removal of the free Bpy-SH from the nanorod solution (thin-layer chromatography of the nanorods solution showed no trace of either labile or free Bpy-SH). Figure 1a shows a TEM image of the obtained Bpy-SH@AuNR nanorods, with an average size of 50 × 15 nm.




2.2. Synthesis of Gold Nanospheres


Gold nanospheres, with an average diameter of 18 nm (calculated using the TEM images), covered with sodium citrate (AuNSSC) and dispersed in water have been synthesized through a one-step procedure. Sodium citrate (3 mg) was added to 40 mL of cold distilled water with stirring, HAuCl4 water solution (0.020 mL, 0.05 M) was added and after a few minutes, 1.6 mL of a freshly prepared 1.0 × 10−2 M NaBH4 water solution was injected with vigorous stirring. A centrifuge purification to eliminate unreacted reagents was performed. Figure S2 in Supplementary Materials shows the extinction spectrum of the gold nanospheres dispersed in water, where the plasmonic band shows a peak at 522 nm. The coating agent exchange and the functionalization with Bpy-SH of the obtained nano-spheres were achieved exactly as described above for the gold nanorods. Figure 1b reports a TEM image of the obtained Bpy-SH@AuNS nanoparticles.




2.3. Synthesis of Gold Nanotriangles


The synthesis of gold nanotriangles capped with cetyltrimethylammonium chloride (CTAC (AuNTCTAC)) was conducted in an aqueous solution using an adaptation of the seed-mediated method [35].



Preparation of the seed solution. A total of 25 μL of 5.0 × 10−2 M HAuCl4 water solution was added to 4.7 mL of 0.1 M CTAC water solution and 300 μL of a freshly prepared 1.0 × 10−2 M NaBH4 water solution was then injected with vigorous stirring. Excess borohydride was consumed by keeping the seed solution at room temperature for 30 min before use.



Preparation of the growth solution. Two growth solutions were prepared, one (A) was used to grow the CTAC-capped seeds into larger nanoparticles; the second (B) was used to direct the anisotropic triangular-shaped growth. Solution A was prepared as follows: 6.4 mL of 0.1 M CTAC water solution was added to 32 mL of water. Subsequently, 160 μL of 5.0 × 10−2 M HAuCl4 water solution was added. Solution B was prepared as follows: 313 mL of 5.0 × 10−2 M CTAC water solution was added to 3.91 mL of 5.0 × 10−2 M HAuCl4 water solution, followed by 2.35 mL of 1 × 10−3 NaI water solution. Then, 160 μL and 3.13 mL of 0.1 M ascorbic acid water solution was added to solutions A and B, respectively, and both solutions were stirred until complete transparency of the solutions was achieved. Finally, 400 μL of 10 times diluted seed solution was added to solution A. At this point, solution A was added to solution B. The obtained dispersion was left undisturbed at room temperature for 2 h. The color, initially intense pink, soon turned into a purple solution containing nanoparticles with different shapes (cubes, spheres, and triangles), as observed by TEM (Figure S3a in Supplementary Materials) and by UV-Vis spectroscopy (Figure S4 in Supplementary Materials). To trigger the selective precipitation of triangles, a water CTAC solution (93.3 mL of 25% w/vol) was added, causing flocculation. After two hours, the supernatant was removed, while the precipitate was redispersed in 5.0 × 10−2 M CTAC water solution, obtaining the desired AuNTCTAC characterized by a blue water solution whose shape was confirmed with TEM (Figure S3c in Supplementary Materials) and UV-Vis spectroscopy (Figure S4, black line, in Supplementary Materials). TEM images and spectroscopic analysis confirm that differently shaped nanoparticles, together with a few triangles, remained in the supernatant (Figures S3b and S4 in Supplementary Materials). The coating agent exchange and the functionalization with Bpy-SH of the obtained nanotriangles were achieved exactly as described above for gold nanorods. Figure 1c reports a TEM image of the obtained Bpy-SH@AuNT nanoparticles, having an average length (along the side) of 50 nm.




2.4. Bpy-SH Covered Gold Plates


A Bpy-SH dichloromethane solution with a concentration of 3.5 × 10−2 M was prepared and degassed with argon. The gold substrate was obtained by thermal evaporation of 200 nm of gold (99.99% purity) onto either polished single crystal silicon (100) wafers primed on freshly cleaved mica at 340 °C. A film of Bpy-SH on the gold plate was deposited by immersing the gold substrate into the Bpy-SH solution for 6 h at room temperature in the absence of ambient light in a sealed vessel, adapting a reported protocol [36]. Finally, the functionalized gold plate, Bpy-SH@Au-plate, was washed with dichloromethane.





3. Results and Discussion


3.1. Uv-Vis Spectroscopy


The photophysical properties of the investigated samples are reported in Table 1. Since their emission features are attributable to Byp-SH, the electronic transitions of this chromophore in solution will be described first.



The absorption spectrum of the diluted Bpy-SH dichloromethane solution (1.3 × 10−5 M) is reported in Figure S5 of the Supplementary Materials. It shows two principal peaks at 254 and 295 nm (with a series of shoulders) due to aromatic ππ* transitions, and a weak band at approximately 330 nm, attributed to a symmetry forbidden nπ* transition involving the sulfur atom. In the absorption spectrum of an analogous solution of 2,2′-bipyridine, this band is absent (See Figure S6 in Supplementary Materials), which confirms this attribution. The deactivation originates from a mixed nπ*-ππ* singlet state giving an asymmetric and unstructured emission band at 352 nm (Figure 2); its intensity decay kinetics were deconvoluted with a biexponential function, providing lifetime values of 7.9 and 2.2 ns (with pre-exponential factors of 0.60 and 0.40, respectively). By increasing the concentration, the emission spectrum showed new features (Figure S7 in Supplementary Materials): the 352 nm emission band underwent a bathochromic shift up to 370 nm, and new emission structured peaks were detected at 396, 422, and 485 nm, becoming gradually more evident as the concentration increased. These new peaks can be attributed to the continuous formation of ππ-aggregates, which takes place in the ground electronic state, as can be inferred by comparison of the ground-state spectral patterns (i.e., the absorption spectrum of dilute Bpy-SH in Figure S5, and the excitation spectrum of concentrated Bpy-SH in Figure 2) of diluted and concentrated Bpy-SH to the emission spectral patterns: differences were observed in both cases, confirming aggregation in the ground state [22]. Very interestingly, by diluting the concentrated solutions, the shape of the emission spectrum was restored; thus, it confirms that these spectral variations are not due to the creation of new covalent species but to the formation of ππ-aggregates. The emission spectrum of a highly concentrated solution (3.5 × 10−2 M), reported in Figure 2, clearly shows the disappearance of the 356 nm band, attributed to the isolated Bpy-SH, and well-defined bands at 396 and 418 nm (with weak shoulders at around 445 and 485 nm) attributed to the π-aggregates. Comparing the excitation spectrum of the diluted solution with that of the concentrated solution, it is evident that Bpy-SH molecules in the concentrated solution were aggregated (the weak band at 273 nm in the excitation spectrum of the concentrated solution is due to a small fraction of non-aggregated bipyridine). The absorption spectrum of the concentrated solution was not collected due to the high concentration. Emission spectrum of the concentrated solution as recorded by excitation at 273 nm gave a negligible emission. The intensity decay kinetics were deconvoluted with a biexponential function, giving lifetime values of 3.0 and 0.9 ns (with pre-exponential factors of 0.18 and 0.82, respectively), considerably shorter than those measured in a diluted solution.



The aggregate formation was confirmed by comparing the emission and excitation spectra of the concentrated solution with those of a powder sample (Figure 3). The maxima of the luminescence spectra (λemmax = 435 nm; λexmax = 397 nm) and their shape gave evidence of the presence of aggregates both in the solid sample and in the concentrated solution.



Lifetime values measured in solid (2.7 and 0.7 ns) are almost identical to those measured in the concentrated solution (Table 1) and considerably lower than those measured in the diluted solution, confirming that the formation of π–π stacking interactions between bipyridine molecules results in a faster radiative deactivation, stabilizing the energy levels of the excited states and reducing the radiative rate constant. After carefully examining the photophysics of Bpy-SH, we will now illustrate and discuss the properties of gold nanoparticles functionalized with this chromophore. Starting from the nanorods Bpy-SH@AuNR, the absorption spectrum they display once dispersed in water is reported in Figure 4, while Figure 5 shows the relative excitation and emission spectra.



In the absorption spectrum, several bands are present due to the plasmon resonance of the nanorods and relative to the Bpy-SH molecules linked to the nanoparticles. Bands at 840 and 530 nm are due to the longitudinal and transversal plasmonic modes, respectively, while the spectroscopic features below 450 nm suggest the presence of both isolated and aggregated thiolated bipyridines.



In fact, within the range between 450 and 350 nm, a series of maxima (368 nm) and shoulders (at approximately 390 nm) attributable to Bpy-SH aggregates are present (see the excitation spectrum in Figure 2), while between 260 and 350 nm there are bands (at 273 nm and the shoulder at approximately 300 nm) that can be attributed to the presence of isolated Bpy-SH molecules (see the absorption spectrum in Figure S5 in Supplementary Materials).



The presence of this different organization of Bpy-SH on the gold nanorods surface was corroborated by the examination of the Bpy-SH@AuNR emissive properties. Figure 5 reports the emission spectrum obtained by exciting at 325 nm. We chose to excite at this wavelength to highlight both the weak emission at about 350 nm, typical of isolated Bpy-SH molecules, and the well-structured emission band with a maximum at 435 nm, attributed to Bpy-SH molecules anchored on the metal through a strong S–Au bond [7,11] and stacked together to form a monolayer on the nanoparticle’s surface.



The excitation spectrum in Figure 5 (recorded at 435 nm) confirms the identity of the emissive species; in fact, a comparison to the analogous spectra shown in Figure 2 and Figure 3 suggests the presence of stacked chromophores. Figure S8 in Supplementary Materials reports the excitation spectrum of Bpy-SH@AuNR recorded at λem = 350 nm (i.e., on the emission maximum of the isolated chromophore), confirming the simultaneous presence of this species.



Our hypothesis is illustrated in Scheme 1: the photophysical data highlight both the presence of aggregated and isolated Bpy-SH molecules. This is plausible if we assume that a stacked Bpy-SH monolayer is formed on the gold nanorods’ sides, while on the tips these molecules, anchored Bpy-SH molecules, are unable to form any efficient stacking due to the large curvature of the nanosurface, thus behaving as isolated molecules. The lifetime values (Table 1) collected on the emission maximum of the isolated molecule (i.e., at 352 nm) are longer than that of the monolayered stacked molecules (i.e., at 418 nm), upholding this picture. The model proposed herein is also in agreement with the self-assembly properties of Bpy-SH molecules deposited onto the gold surface, as proposed by Hamoudi and Esaulov [10]. Indeed, Bpy-SH molecules mainly constituted of a rigid core made of two consecutive aromatic rings are more likely to stand straight on the gold surface, leaving a free pendant SH group, rather than being anchored from both sides onto the gold surface. This staple-like geometry is indeed highly disfavored for steric hindrance, as the arms-bearing SH functional groups made of only one carbon atom are too short. Moreover, the existence of free SH moieties, which has been previously revealed by XPS measurements [11] is further corroborated by the high solubility of the functionalized nanoparticles in water.



In any case, to further validate our hypothesis, we prepared (see Experimental section) and characterized a Bpy-SH monolayer deposited onto gold substrates (Bipy-SH@Au-plate). Furthermore, to confirm the role of the increased curvature of the tips of the nanorods, we prepared Bpy-SH-functionalized gold nanospheres (Bpy-SH@AuNS) of comparable diameter to the end parts of the nanorods and, finally, to obtain a planar nanosurface with zero curvature, we prepared thiolated bipyridine-functionalized gold nanotriangles (Bpy-SH@AuNT).



Figure 6 reports the emission and excitation spectra of Bipy-SH@Au-plate. The position and shape of the bands and the lifetime value (Table 1) of the monolayered chromophore on the gold surface completely overlap with the data collected from Bpy-SH@AuNR, confirming the formation of SAM onto the sides of the nanorod. Note that the slight differences in the lifetime values are most likely because the nanorods are dispersed in water, while the gold plates are not.



Photophysical data recorded from the Bpy-SH@AuNS and Bpy-SH@AuNT solutions (Table 1) are of particular interest. The absorption spectrum of Bpy-SH@AuNS (Figure 7) shows a prominent band at 292 nm, due to the ππ* transition on Bpy-SH, while in the inset, a plasmon resonance band is visible at 520 nm, exactly in the position expected for nanospheres of 18 nm in diameter (see Figure S2 in Supplementary Materials) [37]. Figure 8 reports the absorption spectrum of the gold nanotriangles functionalized with Bpy-SH, namely Bpy-SH@AuNT.



In this spectrum, transitions attributed both to the isolated Bpy-SH molecules (the intense band at 294 nm) and to the aggregated Bpy-SH (the shoulder at about 350 nm) are observed, while the peaks between 550 and 660 are due to the plasmon resonance of the nanoparticles (see Figure S4 in Supplementary Materials). Emission and excitation spectra (Figure 9) of Bpy-SH@AuNS show maxima at 350 and 265 nm, respectively. The measured lifetime values are τ1 = 1.5 ns and τ2 = 7.6 ns (Table 1). These data, consistent with the absorption spectrum reported in Figure 7, account for the presence of non-aggregated Bpy-SH molecules on the nanosurface, as expected according to the nanospheres curvature being almost identical to that of the tips of the nanorods (see Scheme 1)



Emission and excitation spectra of Bpy-SH@AuNT, reported in Figure 9, instead show maxima at 418 and 382 nm, respectively, and the measured lifetime values are τ1 = 0.7 ns and τ2 = 2.4 ns (Table 1). These values indicate the presence of mostly aggregated Bpy-SH, in line with what was expected, since the nanotriangles’ surface has zero curvature, allowing SAM formation (Scheme 1). However, the absorption spectrum (Figure 8) shows not only features attributable to stacked aggregates, but also the presence of isolated Bpy-SH. Indeed, the excitation spectrum of Bpy-SH@AuNT (black line in Figure 9) shows a weak maximum at 265 nm, typical of isolated Byp-SH. The excitation spectrum of Bpy-SH@AuNT was collected at 410 nm, where even the isolated Bpy-SH has a weak emission. Since the Bpy-SH in aqueous solution is not soluble, this band is due to the presence of the chromophore bound on the nanotriangles that is unable to form aggregates.



Nanotriangles are characterized by large flat surfaces (with zero curvature) but have sharp angles at the vertexes (where the radius of curvature becomes very high). These vertexes are highly reactive sites where a high plasmonic field is generated [38]. Therefore, it is plausible to suppose that on the triangle’s vertexes Bpy-SH molecules (Scheme 1), due to the largest curvature, are less prompted to form aggregates, and therefore must be responsible for the observed spectral bands.



It is important to note that none of the observed features can be imputed to coupling effects between the chromophore and the gold plasmonic resonance. The emission spectrum of Bpy-SH did not overlap with the plasmonic bands of the nanoparticles in any of the SAM@AuNP samples, excluding energy or electron transfer involved in coupling processes [16,39,40,41,42]. The photophysical properties are governed by stacking interactions between the aromatic rings of adjacent molecules; hence, only the shape of the nanoparticles is responsible of the observed differences and must be related exclusively to the type of organization within the SAMs deposited onto the surface of the nanoparticles.




3.2. Raman Spectroscopy


The formation of the SAM by the Bpy-SH on two sample preparations (i.e., Bpy-SH@Au-plate and Bpy-SH@AuNR) was investigated by Raman spectroscopy [43,44,45,46,47,48,49]. As a starting reference, the representative Raman spectrum of the thiolated bipyridine (Bpy-SH) powder collected with the laser source at 532 nm is shown in Figure 10. The Raman band attributions are reported in Table S1 in the Supplementary Materials. In the Raman spectra, collected by a laser source at 633 nm, no Raman features were detected and for this reason, relative spectra were not shown.



When Bpy-SH is deposited onto a gold plate [50], a surface-enhanced Raman scattering (SERS) effect is observed. In Figure 11, the two representative SERS spectra collected on the sample Bpy-SH@Au-plate are shown. The first representative SERS spectra is shown in the range between 400 and 1650 cm−1 (Figure 11a), while the second representative SERS spectrum is shown in the ranges between 500 and 1100 cm−1, 1170 and 1800 cm−1, and 2450 and 3000 cm−1 (Figure 11b,c) [51,52,53,54]. The ranges not shown for both the spectra did not present any detectable features. The sharp peaks of Figure 11a that fall at 433, 465, 569, 630, 661, 713, 794, 843, 1022, 1119, 1215, 1240, 1260, 1301, 1321, 1406, 1496, and 1593 cm−1 can be assigned by using the modes described in Table S1 in the Supplementary Materials. Such Raman peaks are due to the presence of Bpy-SH. The SERS spectra shown in Figure 11b,c are quite interesting. In this case, the Raman band at 2561 cm−1 is assigned to the S–H bond stretching and the bands at 747 and 1541 cm−1 are associated to the ν5 (CH o.p. bend + ring o.p. def) and ν2 (ring stret.) mode of Bpy-SH, respectively [55].



The presence of the band associated with S-H stretching means that the SERS effect allows for the observation that the Bpy-SH layer on the gold plate in the Bpy-SH@Au-plate samples is not homogenous; in some areas, there are not thiol groups free and in others, there is the presence of free S-H groups. The explanation for such experimental evidence could be attributed to the orientation of the Bpy-SH molecules on the plate. When the S-H groups are detectable, the molecules of Bpy-SH are perpendicularly bonded to the gold surface and one of two thiols group remains free. On the areas where the S-H stretching is not visible (Figure 11), the Byp-SH molecules are bonded in parallel to the gold surface.



Figure 12 reports the representative Raman spectrum of Bpy-SH@AuNR in water solution, collected in the 400–1800 cm−1 range (in the other ranges there are no detectable Raman features).



It is interesting to see the presence of many Raman bands that are very close to those observed in the spectra collected from the AuNRPEG-SH water sample (Figures S9 and S10 and Table S2 in Supplementary Materials): 530, 699, 729, 877, 964, 1086, and 1109 cm−1. In addition to those Raman bands, the spectrum shows other bands at 1564, 1585, and 1619 cm−1 that are ascribed to the ring and C–N bond stretching of Bpy-SH deposited on the nanorods and become detectable for the SERS effect induced by the gold nanorods. Of course, it is well known that the solvent used in the last sample (water) has a very low Raman cross section. For this reason, the Raman signals coming from the nanoparticles are not covered by the Raman of the solvent [56,57,58,59,60,61].





4. Conclusions


Self-assembled monolayers are a key technology, not only because of their wide fields of application, but also because they constitute a fundamental research topic for the understanding of interfacial systems: shedding light on the wettability, electrostatic nature, and interaction properties of surfaces. SAMs are a prototypical form of nanotechnology; since they determine the interfacial properties of surfaces and nanostructures are predominantly “all surface”, they are broadly useful when combined with metal nanoparticles. On the other hand, the great versatility with which it is possible to obtain different shapes of metal nanoparticles allows for the control of the formation of SAMs through careful tuning of the nanosurfaces’ curvature.



In this work, for the first time, we used fluorescence to study SAM formation on gold nanoparticles in correlation with the nanosurface curvature by preparing spherical, rod-shaped, and triangular nanoparticles. Fluorescence spectroscopy, as an investigation technique, was successful as we have used a thiolated bipyridine as SAM brick molecule, whose emission wavelength and excited-state lifetime depend on the formation of close-contact ππ-stacked aggregates. When such aggregates are formed, the emission wavelength undergoes a considerable redshift accompanied by a decrease in the lifetime of the excited states.



Bpy-SH was carefully selected to have a methylene group between the terminal sulfured and the aromatic ring, considering that an SH group directly linked to the pyridine ring could have favored an electron transfer from the gold core to the chromophore, interfering with its photophysics. On the other hand, a longer aliphatic chain could have favored Bpy-SH to deposit on the nanosurface (using both thiol terminals to bind to gold) preventing efficient ππ stacking in this case.



We have shown that on the faces of nanotriangles Bpy-SH molecules form highly compact SAMs, since the flat nanosurface allows the bipyridines to form ππ-stacking interactions; on curved nanosurfaces, such as 18 nm diameter nanospheres, this is not possible. For nanorods, the observed spectral features can be ascribed to both stacked and isolated Bpy-SH, due to the functionalization of both the tips (which have a curvature similar to that of the spheres) and the sides (which are comparable to the faces of the nanotriangles). Since the use of fluorescence spectroscopy is an innovative technique for the detection of SAMs formed on gold nanoparticles, we performed a Raman spectroscopy investigation on the Bpy-SH functionalized nanosurfaces, since this is a technique already used to study SAMs on macro surfaces.



In this work, the attribution of the Raman spectra observed on the Bpy-SH powder has been propoosed. A SERS effect induced by gold nanorods and a gold plate has been shown on the Bpy-SH, with the characteristic ring stretching mode at about 1595 cm−1 seen in both the systems. Moreover, it has been shown that the Bpy-SH molecules are most likely bonded in two different ways: parallel to the gold surface (Figure 11) and perpendicularly to the surface (Figure 12). By exploiting the SERS effect due to the plasmonic field of the nanoparticles, the obtained outcome confirms what has been observed through the luminescence techniques.



The results obtained from these SAM@AuNPs are very encouraging, as they show a possibility of studying SAM formation using fluorescence spectroscopy and confirming the correlation between the curvature of a nanosurface and the growth of SAMs. This understanding can help to improve the properties of nanoparticles, such as stability and dispersibility, consolidating their use as platforms for the delivery of biomolecules and other therapeutic agents.
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Figure 1. TEM images of Bpy-SH@AuNR (a), Bpy-SH@AuNS (b) and Bpy-SH@AuNT (c). 
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Figure 2. Excitation (λem = 356 nm, blue line) and emission (λex = 270 nm, magenta line) spectra of Bpy-SH in diluted dichloromethane solution (1.3 × 10−5 M). Excitation (λem = 418 nm, black line) and emission (λex = 362 nm, red line) spectra of Bpy-SH in concentrated dichloromethane solution (3.5 × 10−2 M). 
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Figure 3. Excitation (λem = 435 nm, black line) and emission (λex = 370 nm, red line) spectra of Bpy-SH in powder sample. 
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Figure 4. The absorption spectrum of Bpy-SH@AuNR in water solution. The three spectral zones are drawn in different colors: bands attributed to the isolated Bpy-SH transitions (black line), bands attributed to the aggregated Bpy-SH transitions (red line), bands due to the plasmonic resonances (blue line). Subfigure (a): absorption spectrum of diluted Bpy, see Figure S5 in Supplementary Materials; Subfigure (b): extinction spectrum of Bpy-SH@AuNR. The absorption spectrum of the concentrated solution was not collected due to the high concentration. 
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Figure 5. Excitation (λem = 435 nm, black line) and emission (λex = 325 nm, red line) spectra of Bpy-SH@AuNR in water solution. 






Figure 5. Excitation (λem = 435 nm, black line) and emission (λex = 325 nm, red line) spectra of Bpy-SH@AuNR in water solution.



[image: Chemosensors 10 00176 g005]







[image: Chemosensors 10 00176 g006 550] 





Figure 6. Excitation (λem = 435 nm, black line) and emission (λex = 325 nm, red line) spectra of Bpy-SH@Au-plate. 
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Figure 7. Absorption spectrum of Bpy-SH@AuNS in water solution. 
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Figure 8. Absorption spectrum of Bpy-SH@AuNT in water solution. 
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Scheme 1. Schematic representation of Bpy-SH@AuNR, Bpy-SH@AuNT, and Bpy-SH@AuNS (molecules are not in scale). The curvature of the nanosphere is identical to that of the nanorod’s tips. 
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Figure 9. Excitation (λem = 350 nm, blue line) and emission (λex = 265 nm, magenta line) spectra of Bpy-SH@AuNS in water solution. Excitation (λem = 410 nm, black line) and emission (λex = 380 nm, red line) spectra of Bpy-SH@AuNT water solution. 
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Figure 10. Raman spectrum of Bpy-SH in powder sample collected in the ranges between 350 and 1700 cm−1 and between 2500 and 3100 cm−1 (laser source at 532 nm). 
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Figure 11. The first representative SERS spectrum of Bpy-SH@Au-plate in the range between 400 and 1650 cm−1 (laser source at 633 nm) (a) and the second representative SERS spectra of Bpy-SH@Au-plate in the ranges between 500 and 1100 cm−1 (b), 1170 and 1800 cm−1, 2450 and 3000 cm−1 (c) (laser source at 633 nm). 
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Figure 12. Raman spectrum of Bpy-SH@AuNR in water solution, collected in the 400–1800 cm−1 range (laser source at 532 nm). The peak indicated with the symbol “*” as an apex is assigned to PEG-SH while the others to Bpy-SH. 
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Table 1. Photophysical properties of investigated samples.
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Sample

	
Abs, λ/nm (ε/M−1 cm−1)

	
Emission Max, λ/nm

	
Excitation Bands, λ/nm

	
Lifetime, τ/ns (α/%)




	
at 352 nm

	
at 418 nm






	
Bpy-SH@AuNR a

	
273, 300(sh),368, 390(sh), 530, 840 c

	
435

	
320, 374, 395(sh)

	
1.6 (94.3), 11.1 (5.7)

	
0.7 (75.4), 5.2 (24.6)




	
Bpy-SH@AuNS a

	
291, 520 c

	
350

	
265

	
1.5 (79.3), 7.6 (20.7)

	




	
Bpy-SH@AuNT a

	
294, 350(sh), 653 c

	
410

	
265, 382

	

	
0.7 (82.5), 2.4 (17.5)




	
“diluted” Bpy-SH solution (1.3 × 10−5 M) b

	
254 (15145), 295 (29355), 310 (20300, sh), 330 (1470, sh)

	
356

	
270

	
2.2 (40.2), 7.9 (59.8)

	




	
“concentrated” Bpy-SH solution (3.5 × 10−2 M) b

	
Too intense

	
418

	
362

	

	
0.9 (81.5), 3.0 (18.5)




	
Solid Bpy-SH

	
Not available

	
435

	
397

	

	
0.7 (86.0), 2.7 (14.0)




	
Bpy-SH@Au-plate

	
Not available

	
435

	
280, 361

	

	
0.6 (5.5), 0.9 (94.5)








a Water solution. b Dichloromethane solution. c The molar extinction coefficient is not defined for the extinction spectrum where electronic transitions are present along with plasmonic resonances. sh = shoulder.
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