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Introduction

Hybrid nanocomposites including noble metal nanostructures have become of great interest for their unique optical, electrical, and mechanical properties 1,2 . They are essential elements of nanophotonics which explore the possibility of modulating light propagation with very small amount of matter using nanoscale phenomena. The occurrence of plasmons at metal/dielectric interfaces is indeed one of the key phenomena used in nanophotonics, which has encouraged in the recent years active research towards the fabrication of nanostructured noble metal-dielectric materials and surfaces. In this context, an increasing interest focuses on the incorporation of gold nanoparticles (AuNPs) into block copolymer (BCP) matrices, which allows the combination of the specific physical properties of the AuNPs -their localized surface plasmon resonance 3,4 -with the ability of the BCP to self-assemble into well-organized 3D nanostructures 5,6,7,8 , such as assemblies of lamellae, cylinders or spheres. Such materials, patterned at the nanometer scale can provide bricks to a wide range of applications in optics 9,10,11,12,13 and electronics 14,15 . Particularly, block copolymers provide anisotropic templates of interest for reaching unusual light propagation properties such as the one of the so-called "hyperbolic metamaterials", with several promising applications 16,17 . The last few years have seen the development of various methodologies to incorporate nanoparticles in self-assembled block copolymer matrices 18,19 . The majority of the studies focused so far on lamellar nanostructures, but oriented cylinders could provide a stronger confinement of AuNPs and offer different optical anisotropies than lamellae. However, very few methods to include AuNPs in such cylinders embedded in copolymer films have been reported so far 20,21 . Note that, on the opposite, quite a few studies have made use of such cylinders or other block copolymer morphologies as templates to produce 2D arrays of nanoparticles 22,23,24,25,26 . In the case of insertion within lamellae, two main paths have been developed. The nanoparticles can be either pre-formed and then inserted inside the polymer matrix (often called ex situ method), or be synthetized in situ through the selective reduction of metal ion in one of the block domains. The first method often uses nanoparticles functionalized with a ligand compatible with the polymer block in which they are to be inserted: for instance, in the case of a matrix of poly(styrene)b-poly(vinylpyridine) (PS-b-PVP) presenting spheres of PVP, insertion has been achieved through the functionalization with Please do not adjust margins thiol-PVP 27 or pyridine 28 ligands. This method allows a good control on the shape and size of the nanoparticles 21,29 However, the insertion of large quantities of such nanoparticles within block copolymer mesophases can be difficult to achieve, because of steric hindrance, especially for particles of large dimensions 30 . This issue can be tackled by the second method of in situ formation of the nanoparticles. Gold nanoparticles can be generated by successive cycles of liquid chemical permeation of a gold salt followed by a reducing agent 11,31 . However, because of the increased confinement of cylindrical structures as compared to lamellae, it can be difficult to find the right balance between -i-an insufficient swelling of the matrix, leading to incomplete diffusion of the precursor reagents and therefore gradients in the filler concentration 32 , and -ii-a too efficient swelling leading to structure disruption. In particular, the immersion in aqueous or ethanolic solutions -containing the gold salt and/or the reducing agent-can damage the film structure due to nanodomain swelling 33 . Because there is still a need for simple strategies able to build a nanocomposite made from perpendicular cylinders full of AuNPs, we considered here an alternative strategy consisting in the direct synthesis of the AuNPs in the copolymer solution prior to the film formation. We made use of physico-chemical methods such as γirradiation 34,35,36 or sonication 37,38,39 for the reduction of gold salt in aqueous solutions, with no need for the addition of a reducing agent. Only few results have appeared, so far, about producing gold nanoparticles by irradiation or sonication directly in organic media. The study of Surendran et al. on the formation of platinum nanoparticles in liquid crystal by radiolysis 40 is close to our approach, but no process of NPs formation by sonication in a copolymer solution to form a nanostructured films was reported to our knowledge. Here, we report on the formation of PS-b-PVP films organized in cylindrical mesophases and containing AuNPs. First, the full characterization of the perpendicular or parallel cylinders of PS-b-P4VP and PS-b-P2VP was achieved with Atomic Force Microscopy (AFM), Transmission Electronic Microscopy (TEM) and Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) experiments. Then, the incorporation of AuNPs was obtained by a two steps procedure: 1/ the AuNPs were produced directly by sonication of the solution prior to 2/ the casting of the film. This synthesis method avoids adding extra-species such as a ligand or reducing agent in the solution. We also proved the efficiency of a seeded-growth method to reach larger AuNPs exhibiting a plasmon resonance. The AuNPs formation was also achieved by radiolysis in solution before casting, as well as directly on the previously deposited film, both leading to films containing AuNPs of small diameter located into the cylinders and exhibiting a plasmon resonance. These processes of sonication, or irradiation, and spin-coating of a gold-containing copolymer solution allow for an easy and controllable formation of self-organized plasmonic hybrid films. A first optical characterization of these films was achieved by variable angle spectroscopic ellipsometry. In particular, a ppolarized visible radiation incident on the films containing the plasmonic nanoparticles presents an extinction accompanied by a phase jump at a specific wavelength and incidence angle. Furthermore, these wavelengths and angles were found to depend on the nanoparticle size.

Experimental section

Materials.

Two different diblock copolymers of poly(styrene)-blockpoly(4-vinylpyridine) (PS-b-P4VP) and one diblock copolymer of poly(styrene)-block-poly(2-vinylpyridine) (PS-b-P2VP), of formula (C8H8)n-b-(C7H7N)m, were purchased from Polymer Source, Inc., and used as received. Table 1 summarized the composition of the three different polymers. In this report, these polymers will be referred to as PSx-b-PVPy with x and y the molecular mass of each block, respectively, in kg/mol. Gold (III) chloride (AuCl3, 99,99%) and sodium bromide (NaBr) were purchased from Sigma Aldrich and used as received.

Substrate preparation.

Silicon (Si) substrates of 1 cm 2 were cleaned by immersion for 2 hours in a mixture of deionized water/hydrogen peroxide (H2O2)/ammonia (NH3) (5:1:1) before conservation in a Petri dish. Before any utilization, the wafers were exposed to a plasma (created from ionized dioxygen) at low pressure during 3 min, for a thorough cleaning. For glass substrates, microscope glass slides (with a thickness of 3 mm) were cut into pieces of 1 cm 2 . Those pieces were treated by the same plasma cleaning for 3 min before utilization.

Films preparation.

Perpendicular cylinders. The PS48-b-P4VP25 and PS27-b-P4VP7 copolymers were dissolved in a mixture of toluene/tetrahydrofurane (THF) (with various ratio according to the nature of the copolymer, for details see Table 1) in order to yield 1 wt% solutions. These solutions were spin-cast at 2000 rpm for 1 minute to yield ≈ 100 nm-thick films. The residual solvent in the spin-cast films was removed by placing the films in vacuum for 2 h. For some samples, a solvent annealing in vapors of a mixture chloroform/ethanol (CHCl3/EtOH) (10:1) was performed for 1 min at 60°C. The films were then quickly removed from the vapor chamber and dried with nitrogen and finally placed in vacuum for 2 h.

Parallel cylinders. The PS34-b-P2VP18 copolymer was dissolved in CHCl3 in order to yield a 0.5 wt% solution. This solution was spin-cast at 2000 rpm for 1 minute to yield ≈ 100 nm-thick films, then dried with nitrogen. A solvent annealing in CHCl3 vapors was performed for 1 min at 60°C. The films were then dried again with nitrogen and placed in vacuum for 2 h.

In situ formation of the gold nanoparticles (AuNPs) by sonication.

Copolymer solutions were prepared as described above, then mixed with a 0.1 M AuCl3 solution in toluene (in chloroform for parallel cylinders) in order to obtain various gold/pyridine molar ratios (from Au/pyr = 0.1 to Au/pyr = 5.5). The solution was protected from light and stirred overnight. The AuNPs were synthetized by sonication as follows: the solution vial was immersed in the sonication bath (Elmasonic P30H, 37 kHz, 120 W) and sonicated for a given time (from 1 to 10 min) at room temperature. A film was then spin-cast as described above. Seeded growth kinetics were performed by adding gold salt (Au/pyr = 0.2, each addition) in the copolymer solution containing the previously formed AuNPs (initially with a ratio Au/pyr = 0.5). The mixture was sonicated again to grow metallic gold on the surface of the AuNPs. This process of gold addition/sonication was repeated three times, in order to get AuNPs bigger in size.

In situ formation of the gold nanoparticles (AuNPs) by radiolysis.

Copolymer solutions were prepared as described, then mixed with a 0.03 M AuCl3 solution in toluene in order to obtain a solution with a ratio Au/pyr = 0.5. The solution was stirred for 1 hour, away from any light. A film was obtained by spincoating some of the solution on a glass slide as described above. Both solution and film were then irradiated with a Gammacell (300 Elan) equipped with a Cesium 137 source with energy 660 keV. The dose rate used was 5.6 Gy/min, as determined by Fricke dosimetry. For both approaches, the kinetics of the formation were studied ex situ (with UV-visible spectroscopy) by varying the irradiation time from 1h to 24h (0.33 to 8 kGy). Such a dose range is expected to have minimal damaging effects on aromatic polymers like the one used here.

Characterization.

Atomic Force Microscopy (AFM) measurements were carried out with a Bruker-NanoDimension 3000 AFM equipped with a Nanoscope V controller in tapping mode using NanoWorld ARROW-NCR silicon cantilevers (f0 = 240 -380 kHz, k = 27 -80 N/m, as specified by the manufacturer). AFM images were typically obtained with scan ranges of 3 x 3 µm 2 , 1 x 1 µm 2 and 300 x 300 nm 2 at a frequency of 0.8 line/second. Film thicknesses were measured by scratching the film on the whole length with a razor blade followed by scanning across the scratch edges. Transmission Electron Microscopy (TEM) measurements were performed on a CM30 transmission electron microscope operating at an accelerating voltage of 300 kV. The mixed polymer/AuNPs suspensions were drop-cast on a carbonated copper grid and let evaporate overnight before analysis. There was no addition of contrast agent before the TEM observation. UV-visible spectroscopy was carried out on a UV-2550 Shimadzu spectroscope in a wavelength range from 190 to 900 nm. For the study of the mixed polymer/AuNPs suspensions, the signal obtained with a neat copolymer solution in the same cell was subtracted in order to extract the signal of the gold species (salt and NPs). For the study of the films deposited and γ-irradiated on glass slides, we subtracted the signal measured on a reference glass slide after irradiation, since glass evolves while irradiated. GISAXS experiments were performed on the SIRIUS beamline 41 of SOLEIL synchrotron (Gif-sur-Yvette, FRANCE). The configuration was obtained with a 2D Pilatus3 (Dectris Ltd, Switzerland) detector positioned at 4.45 meters from the samples allowing for one single distance acquisition for all the samples. A vertical beamstop is mounted to catch the vertical specular and off-specular reflection from the surface. The energy of the incident X-Ray beam was fixed at 7.8 keV and the beamsize was 100×500 µm 2 (vertical×horizontal). Various incidence angles (from 2 mrad to 4 mrad) were measured starting from below the critical angle of the silicon substrate (4.02 mrad). Data were fitted with a monodisperse 2Dhexagonal model, with the help of the FitGISAXS software elaborated by D. Babonneau 42 (see Supp. Info for detail). The optical study was performed using variable angle spectroscopic ellipsometry (VASE) in reflection with a phase modulated spectroscopic ellipsometer (UVISEL, from Horiba Scientific) on the spectral range [275-2000 nm or alternatively 0.6-4.5 eV]. We used the UVISEL II (A=45°; M=0) configuration, where A and M denote the azimuthal orientations of the input polarizer and photoelastic modulator, respectively, with respect to the plane of incidence. Five values of the incidence angle θ0=50°, 55°, 60°, 65° and 70° were used and analyzed simultaneously. The spot size was 1 mm and the measured data were checked to be similar at three different locations on the samples. We acquired the ellipsometric quantities Is=sin 2 (Ψ)sin(Δ) and Ic=sin 2 (Ψ)cos(Δ), where Ψ and Δ are the two ellipsometric angles, defined by the ellipsometric ratio ρ=rp/rs=tan(Ψ).e iΔ , with rp and rs the complex reflection coefficients of the amplitude of the p-polarized (i.e. in the plane of incidence) and the s-polarized (perpendicular to the plane of incidence) waves respectively. We also represent the experimental data as the value of the pseudo-dielectric function:

𝜀̃= 𝜀̃𝑟 + 𝑖. 𝜀̃𝑖 = 𝑠𝑖𝑛 2 (𝜃 0 ) [1 + ( 1-𝜌 1+𝜌 ) 2 𝑡𝑎𝑛 2 (𝜃 0 )],
which corresponds to the dielectric function of a hypothetical bulk material providing the same ellipsometric measurements as the studied thin film. The VASE information was obtained by measuring the full spectra for the films at different growth steps of the gold nanoparticles.

Results and discussion

Organization of the block copolymer film.

Two types of PS-b-P4VP (see Table 1) were used to produce spin-cast films (with a thickness typically 100 nm) presenting arrays of cylinders normal to the substrate. In order to obtain a perpendicular orientation of the cylinders, the copolymer was dissolved in a dedicated solvent -a mixture toluene/THF, with a ratio depending on the molecular mass of each block -as described in the literature 43 . Figure 1 shows AFM height images of a PS27-b-P4VP7 with a 2D-hexagonal organization of perpendicular cylinders. The spin-coating process with the chosen solvent is able to orient the cylinders normal to the surface, on various substrates like glass slide or silicon wafers, suggesting that the surface energy has no effect and that a metastable state is reached: the final perpendicular organization disappears when energy is provided, such as during a thermal annealing of the film. From the AFM images, in which the contrast comes from a slight height difference between two block domains, the structural parameters such as the cylinder center-to-center distance and cylinder diameter can be estimated. The Table 2 summarizes the average values obtained for the different samples, depending on their composition and concentration before spin-coating. The spincoating parameters were the same for all the samples presented in this table.

The influence of the solvent annealing is visible on the upper surface of the PVP cylinders: while the cylinders are higher than the PS matrix before annealing, they become lower with the annealing procedure (Figure 1), due to the matrix expansion after the solvent exposition. The position of the first peak from both methods leads to an identical value q(01) = 0.1 nm -1 , corresponding to a cylinder center-to-center distance Λ = 60 nm. The higher order peaks are found close to a 2D disordered hexagonal packing thanks to a fit of the data with the software FitGISAXS (fitting procedure is described in Supp. Info.). The conservation of these orders through the whole film thickness confirms the perpendicular orientation of the cylinders all over the thickness. The agreement between AFM and GISAXS experiments is of importance since the sample areas studied by these two methods are quite different in size. While the GISAXS experiments investigate the whole sample (1 cm 2 ), the AFM method focuses on the local organization (1 µm 2 ). The GISAXS I(Qy) presents a limited number of peaks with significant width (four orders). This suggests a limited of the hexagonal correlation. It is in agreement with the presence of packing defects in the AFM images (e.g. Figure 1.a). Nevertheless, this local organization is confirmed by the fit of the GISAXS data to persist through the whole film thickness. Films (thickness 80 nm) of PS-b-P2VP organized in parallel cylinders were also prepared, by spin-coating a PS34-b-P2VP18 solution in chloroform. A further annealing in chloroform vapors for 1 min was found essential to obtain the parallel orientation of the cylinders.

Formation of plasmonic gold nanoparticles by sonication.

The incorporation of the inorganic gold salt into one of the copolymer domains is one possible way to achieve the singlestep synthesis of AuNPs organized in a copolymer film 44 . Generally, the reduction step is obtained via a chemical reducing agent, or UV or heat exposure.

Here addition of a gold salt (AuCl3) in the PS27-b-P4VP7 copolymer solution and further sonication leads to the formation of AuNPs. The formation of AuNPs over time was demonstrated by UV-visible spectroscopy, evidencing the decrease of the Au(III) peak at 325 nm (Figure 3.a). Au(III) has signatures in UV-visible in the 200-350 nm range depending on the nature of the ligand and solvent 45 . The optimal sonication time was found to be 6 min at this concentration, since for Please do not adjust margins longer times an increase of the Au(III) signal is observed, indicating the re-oxidation of a gold species into Au(III). This phenomenon could be attributed to an effect of oxidizing agents formed by the sonication process, but this point was not further studied. TEM pictures (Figure 3.b) of a drop-cast film from the solution shows the AuNPs formed by sonication, confined inside the P4VP domains, due to the affinity between gold and the pyridine group of P4VP 46 . TEM analysis realized by drop-casting the copolymer solution, with or without nanoparticles, on a TEM carbonated-grid shows an organized microphase-separated film, although it is known that such procedure can produce different morphologies than spincoating. However this perfectly discriminates the preferential location of nanoparticles between PS and PVP domains.The average NP diameter determined by image analysis on the TEM micrographs (inset in Figure 3.c) was found to be 2-3 nm. This size is not large enough to provide the AuNPs with suitable plasmonic properties and, thus, explains the absence of a plasmon peak in the UV-visible spectra.

A study of the initial amount of gold in solution was performed, with the preparation of copolymer solutions containing gold salt, with a ratio Au/pyr from 0.1 to 5.5. Figure 4 and Supp. Info. S5 show the TEM pictures of the films produced with these increasing concentrations: while the AuNPs are barely visible for a ratio Au/pyr = 0.2 and not visible at all for 0.1, not shown, they become quite visible beyond a ratio of 0.5. With increasing the ratio gold/pyridine, the AuNPs produced by sonication are larger. From 2 nm for Au/pyr = 0.5, a diameter of 3.5 nm was reached when increasing the ratio to 5.5.

Another way to get larger nanoparticles is through a seededgrowth process over a solution of AuNPs formed by sonication in the copolymer, with an initial ratio gold/pyridine = 0.5. After the first reduction by sonication, a second amount of gold salt (Au/pyr = 0.2) was added in the solution AuNPs/copolymer, and sonicated. The process was repeated again (up to four times) to obtain AuNPs large enough to exhibit plasmonic properties: indeed, a small bump is visible at a wavelength of 560 nm in the UV-visible spectroscopy data obtained for the AuNPs/copolymer suspension (Figure 5.a). This bump can be attributed to a plasmon resonance damped by small-size effects 47 . TEM picture of the film formed with such a solution shows larger AuNPs inside the P4VP domains (Figure 5.b). The average diameter of these AuNPs is 3-4 nm. This seededgrowth process was found interesting for it used a total ratio Au/pyr of 1 in order to reach the same sizes of particles as the solution with an initial ratio Au/pyr = 3.5. We can propose that this difference between the two processes is due to a favorized growth over the nucleation in the case of the seeded-growth process. This seeded-growth process was performed over a solution containing AuNPs with a larger diameter of 5.5 nm with cycles of addition/reduction adding a ratio Au/pyr = 0.2 each time and led to the formation of films containing bigger AuNPs, with a diameter up to 10 nm, located preferentially in the PVP domains (Figure 6). No effect of AuNPs was detected on the perpendicular orientation of the PS27-b-P4VP7 cylinders, as we can see in Figures 3 and5. The conservation of the perpendicular orientation when AuNPs are included in PS27-b-P4VP7 films is confirmed by the GISAXS experiments, with the appropriate fit of data (Figure 8; Table 3), which demonstrate the same 2Dhexagonal organization in surface compared to the same film without gold.

The second peak is almost invisible, which means a 2Dhexagonal organization on a less-extended range than for the samples without AuNPs (see Supp. Info.; S6). It can be noticed that in the case of the sample with AuNPs, the first order peak is more pronounced at 3 and 3.5 mrad. If the AuNPs are responsible to the slight disorganization of the cylinder orientation, it may indicate that they are mostly localized at the interfaces air/film and film/substrate, since the disorganization is stronger for these positions (corresponding to 2 and 4 mrad, respectively). Actually, this localization is supported by preliminary tomography experiments (to be published). The FitGISAXS analysis (example of the fit curve for 4 mrad is shown in the Figure 8.b) allows a determination of the structural parameters (diameter of the cylinders (D), center-to-center distance (Λ), and thickness of the film (H), as well as the standard deviation (σ)) for the films containing AuNPs for all incidence angles (Table 3). These results deduced from the fit are in accordance with the AFM pictures concerning the diameter and the thickness of the sample, which do not change in the case of films containing small AuNPs (diameter 2 nm) from the gold-free films.

In the case of the film containing the AuNPs formed by seeded-growth method, AFM measurements (Figure 9) show an increase in the mean diameter of the cylinders: from a mean diameter of 32 nm without the AuNPs the cylinders containing AuNPs reach diameters up to 62 nm over the reduction cycles. This result confirms the presence of the AuNPs inside the PVP domains and quantifies the alteration such particles operate on the film morphology.

Formation of AuNPs by radiolysis.

Another approach to the in situ formation of AuNPs in an organized copolymer film was to use radiolysis. Interestingly, the irradiation of either a gold containing-copolymer solution or of the spin-cast film obtained with this solution equally shows the formation of AuNPs. Mößmer et al. 50 have shown that after incorporation of a gold salt in PS-b-P2VP micelles, the electron beam of the microscope can reduce the gold salt into small NPs located in the PVP core of the micelles. A similar case of palladium nanoparticles formation in organic media (toluene) has been studied by Abellan et al. 51 and gives clues about the mechanism involved in such a reaction. In our case, after 24h of irradiation of a mixture of AuCl3 gold salt and PS27-b-P4VP7 copolymer in toluene/THF solution, UVvisible spectroscopy (Figure 10.a) shows a plasmon resonance at λ~565 nm, confirming the formation of AuNPs. The same plasmon peak appears in transmission for the irradiated film after 3 hours of irradiation and is still present after 24 hours (data not shown). The dose of irradiation is of 1 kGy after 3 hours, which is a weak dose 52 . This could confirm a catalytic effect of the first AuNPs formed in solution which would enhance the reduction of gold on their surface and promote the AuNP growth. TEM micrographs (Figure 10.b) for the irradiated solution show the AuNPs inside the cylinders of the copolymer. The average diameter of these nanoparticles is around 3.5 nm, which is enough to observe a damped plasmon resonance. Unlike the spin-coating, the deposition on the TEM grid, by drop-casting, allows microphase separation of the diblock structures, but does not produce any 2D-organization.

For the spin-cast gold-containing film after irradiation, the 2D organization is conserved at least on the surface, as shown in AFM images as Figure 10.c.

Optical responses.

We Please do not adjust margins 11.a shows the real part of 𝜀̃ as a function of the photon energy between 0.6 and 4.5eV, for the films with different AuNPs sizes (described in Figure 6.b). The signal from the seedloaded film, also reproduced in the inset for clarity, shows regular oscillations related to the interferences driven by reflections at the air/film and film/substrate interfaces, showing that the film is mostly transparent in the studied energy range. The Au seeds are too small to produce a strong plasmon resonance, and the UV absorption bands of the possibly remaining AuCl3 salt or the solid seeds are weak enough. As the AuNPs are grown with successive cycles, we observe that the oscillations of the curve are damped and shifted to higher energies. Since the films all have similar thicknesses, we can relate these evolutions to both an increase of the films absorption, and a change in their effective refractive index. These changes can be associated to the increase of the gold volume fraction and the appearance of a plasmon absorption band when the AuNPs grow. Extracting the optical index or the dielectric function of a thin film of material deposited on a substrate, from the ellipsometric data, requires an appropriate optical model of the permittivity of the film, which can be challenging for nanostructured and anisotropic materials such as the ones studied here. For simple composites of plasmonic NPs, it is usual to build the optical model with a combination of a few Lorentz oscillators, but no such simple combination could be fitted to our measurements, although the response of the studied thin films with large enough particles (> 4 nm) most likely contains plasmonic resonances. The ellipsometric data of the films, however, show the existence of a cancellation of the ellipsometric intensity angle Ψ, while the ellipsometric phase angle Δ jumps abruptly of more than 180° at a given incidence angle and photon energy. In the example shown on the Figure 11.b, for the film with the AuNPS obtained by two growth cycles (AuNPs diameter of 7 nm), this specific behavior occurs at an incident light energy of 2.55 eV and incidence angle of Θo = 65°. This behavior has been called "plasmon-induced Brewster" extinction 12 or "topological darkness" because the exact cancellation of the ellipsometric parameter , or equivalently of the ellipsometric angle Ψ, is guaranteed geometrically by the Jordan theorem 53 . It has been identified as a method to reach highly sensitive plasmonic detection 53 in biological or chemical sensors, thanks to the very large phase jump. The dark point returned by the ellipsometer as Ψ = 0, simply corresponds to the conditions for which the p-polarized light is not reflected (rp = 0). For a simple isotropic film, which can be described by a single effective optical index N=n+ik, this extinction corresponds to a specific combination of the parameters defining rp, through the Fresnel coefficients, namely the wavelength , the angle of incidence Θo, the index N=n+ik of the film material and those of the ambient (air) and substrate media. For anisotropic plasmonic material, it has been shown that the dark point can still be predicted by simulations if a reliable structural model of the thin film is known 12 . Note that in the previous evidences of topological darkness in nanoplasmonic systems 12,53,54,55 , the studied thin films presented pronounced plasmon resonances responsible for strong light absorption. On the opposite, all the samples of the studied series, from the seed-loaded film to the films including post-grown AuNPs, present the darkness feature regardless of pronounced plasmon resonance, therefore providing possible materials for low-loss sensitive detection devices. For all these films of same surrounding and very similar thicknesses, the dark points occur at very close angles of incidence (all within a few degrees around 65°) and energies increasing with the size of the AuNPs: 2.3 eV, 2.25 eV, 2.55 eV, 2.7 eV and 3.1 eV for the films with Au-seeds, and with AuNPs from 1, 2, 3 and 4 growth cycles, respectively. The energy shifts are additional evidences of the effect of the NP-growth on the optical responses of the host films. The supplementary information file displays the comparison of the Ψ and Δ curves for the 2 and 3-cycle samples as an example (Figure S7 in the SI).

Conclusions

We produced anisotropic films of block copolymer PS-b-PVP containing in situ synthetized AuNPs of controlled sizes between 2 nm and 4 nm aligned along oriented cylinders. Well-ordered structures of perpendicular and parallel PVP cylinders embedded in the PS matrix were prepared, thanks to the appropriate solvent deposition and solvent annealing. The perpendicular cylinder morphology spans over the film thickness as demonstrated by GISAXS, even when AuNPs are present in the PVP cylinders. AuNPs were formed from physically-activated reduction (by sonication or irradiation) of the gold salt mixed with the copolymer solution, prior to their casting as films. The sonication of a mixture of gold salt/copolymer leads to the formation of AuNPs of small size (< 2 nm), confined in the PVP block domains (i.e the cylinders) after the film deposition.

a b

Please do not adjust margins AuNPs formed by sonication were found to induce no significant deformation of the structure for perpendicular cylinders, while they affect the organization of the parallel cylinders, redirecting them to a quasi-perpendicular orientation. Bigger size (~ 4 nm) AuNPs with plasmon resonance properties could also be obtained, either by increasing the initial gold quantity in the mixture, or by a seeded-growth method of the already formed AuNPs. In the latter case, the plasmonic particles formation was more efficient for less initial gold precursor. For these bigger sizes, conservation of the 2D-hexagonal organization of the cylinders was observed, but with some modifications in the size of the cylinder diameters. γ-ray irradiation of the gold salt/copolymer solution was demonstrated as an alternative method to lead to similar AuNPs. We have also shown that the γ-ray irradiation of the film of a spin-cast gold salt/copolymer mixed solution leads to in situ formation of plasmonic AuNPs in the perpendicular cylinders of the copolymer. This alternative allows the formation of the AuNPs in a film already deposited without altering its morphology. Such simple methods for the formation of plasmonic AuNPs, paired with their selective location in a self-assembled copolymer film will be of great interest as a new bottom-up process for the formation of nanoplasmonic materials and metamaterials. These methods also offer a very controlled way for easily inserting dense population of small size AuNPs (< 2 nm) in an organic nanostructured film. Finally, we demonstrate promising optical properties for these hybrid films with an extinction accompanied by a phase jump at specific wavelength and incidence angle. The dependence on the wavelength and angle with the nanoparticle size is the first step towards modulation of optical properties for the bottom-up formation of hybrid nanostructures.

  The persistence of the morphology through the whole film thickness was investigated by Grazing-Incidence Small-Angle Xray Scattering (GISAXS). The 2D patterns (Figure2.a) present typical features of an ordered film. Integration of the scattered intensity for 0.20<Qz<0.50 nm -1 yields a function I(Qy) giving access to the in-plane organization in the films. After removing a Gaussian-shaped background originating from the polymer matrix and independently measured (see Supp. Info), the resulting data present several peaks (shown with black arrows on Figure2.b), in accordance with the different orders of a 2D hexagonal packing. Several incidence angles (from 2 mrad to 4 mrad) were analyzed to determine the geometry of the films for different penetration depths. For the different angles, the first order is well defined, as well as the second and third orders; the fourth order is less visible. A first conclusion is that the microphase separation is present all over the thickness of the film although with a slighty increasing disorder with depth. The position of the first peak gives information about the distance between the centers of two neighboring cylinders. The GISAXS curve after removal of the background at 3 mrad and the Fast Fourier Transform (FFT) from a AFM height image of a PS48-b-P4VP25 film surface (shown in sup. info.; S4) were compared to check the consistency of both methods.
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  AuNPs over the cylinders organization.The incorporation of AuNPs inside PS34-b-P2VP18 copolymer film was found to prevent their parallel organization. Studies have already demonstrated the use of functionalized NPs to direct the orientation of block copolymers48,49 . Here, we have observed the absence of the parallel orientation of cylinders after the in situ formation of AuNPs by sonication of the copolymer/Au salt solution. Figures 7.a and 7.b show the AFM height pictures of PS-b-P2VP films after solvent annealing without and with AuNPs. The film spin-cast with AuNPs formed by sonication present a disorganization of the cylinders. This is linked to the presence of the AuNPs in the solution, since the same sample in absence of AuNPs and subject to sonication for 6 min prior to spin-coating produces identical pattern of parallel cylinders.
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