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Organizing nanoparticles (NPs) into periodic structures is a central goal in materials science.

Despite progress in the last decades, it is still challenging to produce macroscopic assemblies reliably. In this work, we report the analysis of the pervaporation-induced organization of gold octahedra into supercrystals within microfluidic channels using a combination of X-ray scattering techniques and FIB-SEM tomography. The results reveal the formation of a singledomain supercrystal with a monoclinic C2/m symmetry and long-range order extending over the dimensions of the microfluidic channel, covering at least 1.7x0.3 mm 2 . Time-resolved small angle X-ray scattering analysis showed that the formation of the superlattice involves an accumulation of the NPs within the channel before the nucleation and growth of the supercrystal. The orientation of the crystal remains unchanged during its formation, suggesting a growth mechanism directed by the channel interface. Together, these results show the potential application of the pervaporation strategy to providing spatially determined control over NP crystallization, which can be used for the rational fabrication of nanomaterial architectures.

Introduction

A central goal in nanoscience is creating extended periodic nanoparticle lattices to take advantage of new functionalities due to interparticle coupling. [1] Self-assembling nanoparticles (NPs) of various shapes (cuboctahedra, cubes, rhombic dodecahedra, octahedra and rods) by evaporation techniques has been used as a means to obtain different crystalline symmetries. [2] Among these shapes, the self-organization of octahedra has attracted particular attention because of the existence of several packing polymorphs within the samples. First examples were reported more than a decade ago, when the analysis of the structure of MnO [3] and Au [4] octahedra supercrystals revealed monoclinic and hexagonal lattices. Later, a dense Minkowski lattice was found in superlattices of Ag [2c, 5] and Au [6] octahedra. Although the Minkowski lattice is the densest structure and the preferred phase under high-pressure conditions, monoclinic and hexagonal lattices are frequently found within samples. Glotzer and Tang explained this phenomenon by the monoclinic lattice being entropically favored, while the hexagonal one has the highest contact fraction. [2c] In general, these types of structures were observed for assemblies of large (>30 nm) octahedra, while more open bcc lattices were found for smaller (<10 nm) octahedra of c-In2O3, [7] Pt3Ni, [8] Pt3Cu2. [9] This different behavior could be due to the nature of the interparticle interactions changing with particle size. In the case of small NPs, the interaction is driven not only by directional attractive forces (which result in facet alignment) but also by additional interactions due to the ligand shell, which might modify the symmetry of the supercrystal. [10] This polymorphism can act as a bottleneck for applications that need extended and uniform superlattices.

Various evaporation-induced self-assembly (EISA) techniques have been used to obtain supercrystals of octahedra. Controlled evaporation of a sessile drop was found to lead to different octahedra packing polymorphs [3][4] such as monoclinic and hexagonal lattices as well as the Minkowski lattice, [6] sometimes within the same sample. The formation of a Minkowski lattice was observed in Ag [5] and Au [2c] octahedra supercrystals obtained by gravitational sedimentation. Some techniques have demonstrated the possibility of assembling octahedra into superlattices over large length scales. For instance, monolayers of Ag octahedra self-assembled at a liquid/liquid interface into 2D sheets spanning several centimeters. [11] Faceted supercrystals of Au octahedra of tens of micrometers were obtained by EISA through a careful adjustment of surfactant concentration and temperature. [12] Pervaporation within a microfluidic channel also led to the hierarchical assembly of Au octahedra over millimeter scales. [13] These works were mainly focused on the synthesis and self-assembly of uniform Au octahedra without performing an exhaustive study of the formation and 3D packing arrangement of the NPs.

The pervaporation technique consists of evaporating the solvent through a permeable membrane, generating a solvent flux from the reservoir toward the channel, which drags the colloids into the end of the channel, leading to their accumulation and subsequent crystallization. [14] This technique can yield supercrystals with arbitrary morphology since the NP assembly adopts the microchannel shape and dimension. [13,15] In the case of Au octahedra, the Scanning Electron Microscopy (SEM) analysis demonstrates the hierarchical organization of nanoparticles within the supercrystals, [13b, 15a] although the nanostructuration at large length scales or the crystal domain features were not elucidated. These analyses required the removal of the PDMS mold, which may result in partial damage or modification of supercrystal structure. Interestingly, the PDMS-based microfluidic platforms allow on-chip measurements by scattering techniques and therefore the complete characterization of the crystalline structure of the supercrystals. A microbeam Small Angle X-Ray Scattering (SAXS) analysis showed superlattices of gold spheres, but with a spatial extent limited to a few microns. [15a] Besides, over the last two decades, time-resolved SAXS has been used to investigate the formation of supercrystals in solution [16] or on substrates. [17] Technical constraints together with reduced sample volumes have made the combination of SAXS and microfluidics quite challenging. [18] Moreover, the time-resolved analysis renders the problem even more complicated.

In this work, we analyze the organization of gold octahedra into single-domain supercrystals obtained by pervaporation within a microfluidic channel that spans millimeters. We use SAXS to investigate the orientation of the supercrystals over large scales and FIB-SEM tomography for local structural characterization in the real space. Interestingly, time-resolved SAXS revealed the crystallization dynamics of gold octahedra in situ. The results show single-domain supercrystals extending over the dimensions of the microfluidic channel (millimeters) that were oriented in a reproducible manner from sample to sample.

Results and Discussion

Uniform Au octahedra with 4 different edge lengths were prepared by overgrowing single crystalline gold nanorods in the presence of butenoic acid. [13a] These samples were denoted as Ohi, where the subscript i indicates the mean edge length (in nm) of the octahedron: Oh53, Oh70, Oh75, and Oh85. The complete optical and structural characterization of the different particle batches by UV-Vis-NIR spectroscopy, transmission electron microscopy (TEM), and SAXS characterization is presented in the Supporting Information (Figures S1-S4). In SAXS, particle dimensions were determined by fitting the form factor obtained from the dilute colloid suspensions with a regular octahedron model (Figure S5). As shown in Table S1, the edge lengths obtained from SAXS for the different samples are in good agreement with those from TEM analysis. The standard deviation for the edge length was determined around 5-10% for all samples with both techniques.

The organization of Oh53, Oh70, Oh75, and Oh85 into extended superlattices was carried out by pervaporation using a microfluidic device. As shown in Scheme 1, a concentrated dispersion of Au octahedra is pumped through the reservoir into a microchannel with a rectangular crosssection of 300 µm width, 25 µm height, and around 6 mm in length (see also Scheme S1 in SI). The solvent was allowed to evaporate through the thin PDMS films for at least 6 h. After complete solvent evaporation, the supercrystals were formed. The analysis of the optical properties of the resulting supercrystals showed low transmission and relatively high extinction (Figure S6). They were then studied in-house by in situ SAXS across the thin PDMS membranes. Regardless of the edge length of the octahedra, the assemblies exhibited discrete Bragg spots, indicating the presence of a single superlattice spanning areas larger than the footprint of the X-ray beam (300 × 500 µm 2 ) (Figure S7). We next performed in situ SAXS analysis on the SWING beamline of the SOLEIL synchrotron along the channel to determine the extension of the supercrystal (Figure 1). of the lattice is given by the zone axis (see Figure 1B), which corresponds to the direction of the crystal parallel to the X-ray beam. Remarkably, the (111) reflection is observed at the same position for all images from positions 5 to 8, showing that the monodomain supercrystal is covering at least 1.7x0.3 mm². Its length is probably underestimated because we could not measure beyond position 8 since our microfluidic chips have a thick PDMS region with low X-Ray transmission, needed for the fabrication of the reservoir (Figure 1A and Scheme 1). To the best of our knowledge, this octahedron superlattice is among the largest single domain reported for plasmonic NPs to date. We also obtained the structure factor S(q) as the ratio between the intensity scattered by the supercrystal and the one for isolated Au nanoparticles.

As shown in Figure 1C, the spectra recorded from position 2 to 8 exhibit Bragg peaks, which are in agreement with the C2/m monoclinic space group. Finally, azimuthal integration of the SAXS images revealed that the supercrystals in different experiments all had very similar crystallographic orientations. The azimuthal integration at the q position of the strongest Bragg reflection is shown in Figure 2. The Bragg peaks always appear at the same angles, demonstrating that the crystallographic lattice is everywhere positioned with the c axis close to the direction of the X-ray beam. Besides, the partial extinction of some spots and the detection of out-of-plane reflections (Figure 1C, Figure S8) revealed that the supercrystal plane is not orthogonal to the X-Ray beam but slightly tilted, [19] presumably due to the softness of the PDMS membrane leading to small deformations or curvatures (Figure S9). We emphasize that for well-ordered lattices even a very small tilt can bring the peaks out of the reflection condition, leading to almost complete extinction. This effect is much less visible when using a laboratory setup where the resolution is much lower and the patterns are quite symmetric (Figure S10). Note that this analysis was carried out for three different channels at three different positions (between 1.9 mm and 3.3 mm from the dead-end of the channel), confirming in all cases the presence of extended supercrystals oriented in the same direction. The curvature of the membrane is a consequence of its reduced thickness and this configuration is necessary for performing SAXS. It is noteworthy that we previously built the channels between one thin membrane and a thick PDMS slab, keeping the channel straight, for sensing applications. 13 The SAXS experiments, however, require a much thinner sample, since the X-rays would be absorbed by a thicker PDMS layer. Although the resulting membrane curvature complicates the analysis of the result, the crystallographic orientation analysis provides good estimates of the monodomain size. In order to confirm the lattice structure, the nanostructuration was probed by SEM, revealing that the octahedra were ordered in monolayers with a hexagonal in-plane arrangement (Figure 3A-B). Fast-Fourier transform (FFT) analysis of the image confirmed this order by displaying 6 peaks arranged on a regular hexagon (inset in Figure 3A). The analysis also showed that within a monolayer, all octahedra were having the same orientation, with a triangular face parallel to the monolayers. All monolayers were identical and were stacked in a way such that a vertex of an octahedron in one monolayer touches the center of a particle edge in the neighboring monolayer (Figure S11). These observations are in agreement with the previously reported base-centered monoclinic packing. [2c] Further investigation of the internal structure was carried out by focused ion beam (FIB) in tandem with SEM imaging. This technique (Slice and View TM method) allows 3D rendering of a portion of the supercrystal (Figure 3C-E, Video 1 Supporting Information). [20] The hexagonal monolayers were stacked in an ABC fashion, with a relative offset of one layer to the next of 1/3 along the c monoclinic lattice vector direction, confirming the monoclinic packing of the octahedra (Figure 3D). Based on these observations we confirm that the supercrystal belongs to the C2/m space group, in agreement with the SAXS analysis. Indeed, the monoclinic lattice is face-centered and there is a mirror plane in the (a,c) plane and a two-fold axis perpendicular to this mirror plane (Figure S11). Additional projections of the 3D supercrystal region are shown in the supporting information (Figure S12).

The other lattice polymorphs (i.e. simple hexagonal and Minkowski) were not observed.

Interestingly, the results obtained indicate that there is no effect of the particle size on the superlattice formation. Therefore, considering a monoclinic lattice packing and a channel height of 25 µm, it is possible to estimate the number of layers in the supercrystal by correlating the edge length of the octahedron with the distance between monolayers (see Figure S11), which can be described as 𝑑 = √3 2 • 𝑎 . Therefore, the estimated number of nanoparticle layers within a supercrystal varied between 328 and 545 for octahedra with edge lengths from 85 to 53 nm. The formation kinetics of the supercrystal were investigated by time-resolved in situ SAXS (Figure 4). Two-dimensional SAXS images were recorded at a fixed position in the middle of the channel every 12 min until complete solvent evaporation (Figure 4A). Moreover, from the SAXS images we obtained the time-resolved structure factor (Figure 4B) and the time-resolved zero-order and sixth-order coefficients at the position of the first Bragg peak (Figure 4C).

While the zero-order coefficient is simply the average intensity (related to the particle concentration), the sixth-order coefficient corresponds to the 6 th harmonic of the intensity peak normalized to the zero-order one and thus encodes the contrast of the 6 Bragg peaks (Figure S13). As shown in Figure 4A, the initial stage of the pervaporation process is characterized by a featureless scattering pattern, due to the form factor of the non-interacting octahedra. The particle concentration increases in the channel as evaporation progresses, resulting in the gradual increase of the form factor intensity rings (stage 1, Figure 4C). This process continued until a structure factor emerged, marking the onset of superlattice formation (stage 2, Figure 4B-C). The lattice then grew over 1h, with gradually reinforced Bragg peaks. A steady state was then observed (stage 3, Figure 4B), indicating the supercrystal growth arrest. In the final stage of the drying process, the intensity drops slightly (stage 4, Figure 4C), presumably due to capillary forces dragging away a small portion of the supercrystal. The evolution of the SAXS pattern along with its analysis is provided in Video 2 in the Supporting Information and shows that the orientation of the lattice did not vary over time. Overall, the supercrystal forms via two consecutive processes: (1) gradual concentration of the colloids followed by (2) nucleation and growth of the supercrystal.

We next compared the organization obtained by pervaporation with a more standard EISA process, drop-casting, using the same dispersion of gold octahedra (see the Experimental Section for details). In this configuration, only diffuse scattering was detected (Figure S14),

showing the absence of an ordered lattice. Clearly, the closed microfluidic environment is important for obtaining extended superlattices. In a drop-casting experiment, particles accumulate at the drying front due to the coffee-ring effect, [21] where capillary forces at the air/liquid interface play an important role in the arrangement of the NPs and lead to a disordered deposit. In the pervaporation configuration, the suppression of capillary effects during selforganization likely leads to the formation of a single supercrystal inside the microfluidic channels. Moreover, pervaporation generates a solvent flux from the reservoir toward the channel, resulting in NPs accumulation and favoring crystallization (stage 1, Figure 4C).

Gravitational sedimentation can be neglected, as a similar organization was noticed whether the chip was placed horizontally or vertically during the pervaporation process (Figure S15). The reproducible orientation of the supercrystal in different channels can hardly be a confinementrelated effect since the channel width exceeds the NP size by more than two orders of magnitude. As shown in Figure 4A, the orientation of the supercrystal does not vary during the growth stage, suggesting that the nucleation and growth of the supercrystal were directed by the PDMS walls.

Finally, the pervaporation-induced self-assembly of other types of particles, i.e. gold spheres (with diameter 42.0 ± 3.0 nm) and nanorods (with length 49.4 ± 4.7 nm and width 12.3 ± 1.8 nm) were investigated (Figure S16). In a similar way to octahedra, gold spheres were found to assemble into single supercrystals (Figure S16A). In contrast, the SAXS patterns of rod samples exhibit well-defined rings, revealing multi-domain (powder) supercrystals (Figure S16B). These experiments show the potential application of pervaporation to assembling other NP shapes.

Conclusion

SAXS analysis of the self-assembly of gold octahedra by pervaporation in a microfluidic channel revealed the formation of single-domain supercrystals. To the best of our knowledge, the size of the supercrystals is among the largest reported to date for plasmonic NPs.

Supercrystal analysis by SAXS and FIB-SEM tomography indicated the formation of extended superlattices with a monoclinic C/2m crystalline symmetry. Supercrystal formation was also investigated by time-resolved in situ SAXS, revealing a multistep formation process, with an initial accumulation stage when the nanoparticles concentrated in the channel, followed by nucleation and crystal growth. Moreover, we found that the orientation of the supercrystal did not change during the growth, leading to a single-domain supercrystal, which ultimately adopted the shape of the microfluidic channel. This pervaporation approach favored the formation of the monoclinic lattice at the expense of the other polymorphs usually observed by alternative EISA approaches. Thus, we demonstrate that the self-assembly process leads to the formation of large single-domain supercrystals with potential plasmonics and optics applications for analytical chemistry.

Experimental Section

Materials. L-ascorbic acid (≥ 99 %), sodium borohydride (NaBH4, 99 %), 3-butenoic acid (C3H6O2, 97 %), hexadecyltrimethylammonium bromide (CTAB, ≥ 96 %) and sodium chloride (NaCl, 99 %) were purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 37 %) was supplied by Scharlab. Tetrachloroauric (III) acid trihydrate (HAuCl4•3H2O, 99.9 %) was supplied by Alfa-Aesar, silver nitrate (AgNO3, ≥ 99.9 %) by Stream Chemicals, and poly(dimethylsiloxane) (PDMS, Sylgard-184) by Dow-Corning. All chemicals were used without further purification.

Milli-Q grade water was used in synthesis.

Synthesis of Gold nanorods. Gold nanorods were prepared by the seed-mediated growth method as previously reported. [22] The standard procedure consisted in the preparation of a fresh dispersion of Au seed by quick addition of a freshly prepared NaBH4 (300 µL, 0.1 M) solution to an aqueous mixture of 4.7 mL of 0.1 M CTAB and 25 µL of 0.05 M HAuCl4 under vigorous stirring for 5 min. The dispersion was kept undisturbed at 27 o C for 1 h. Then, 625 µL of the seed dispersion was added to 250 mL of a growth solution containing 0.1 M CTAB, 0.5 mM HAuCl4, 0.12 mM AgNO3, 10 mM HCl, and 0.8 mM ascorbic acid and kept at 27 o C overnight.

Gold nanorods with a longitudinal surface plasmon resonance at 846 nm were obtained and purified by two rounds of centrifugation (8500 rpm, 25 min). The purified nanorods (Figure S17) were redispersed in 1 mM CTAB solution to a final concentration of 200 mM in terms of Au 0 .

Synthesis of Gold Octahedra. Gold octahedra were prepared as previously reported. [13a] This synthesis involved the use of the Au nanorods as seeds and their subsequent overgrowth. A growth solution was constituted by mixing 422 µL of 3-butenoic acid (11.77 M) S1). Finally, the NPs were washed by two rounds of centrifugation (3000 rpm, 30 min) and the pellet was redispersed in 1 mM CTAC to a final Au 0 concentration of 200 mM.

Synthesis of Gold Spheres. Gold nanospheres were prepared following a seeded-growth method previously reported by Rodríguez-Fernández et al. [23] First, 14 nm citrate-stabilized gold seeds were prepared following the protocol described by Turkevich et al. [24] followed by a centrifugation and redispersion cycle ([Au]= 2 mM in terms of Au 0 ). Subsequently, gold seeds were overgrown by adding 5 mL into a growth solution (250 mL) containing HAuCl4 1mM, CTAB 15 mM, and ascorbic acid 2 mM at 30 ºC and letting it react for 2h. The resulting nanoparticle dispersion is a mix of gold spheres, nanorods, and planar shapes. Gold spheres were purified by depletion forces. [25] The as-prepared nanoparticles were centrifuged (3500 rpm

x 30 min) and redispersed in 180 mM CTAC to obtain a final Au 0 concentration of 5 mM. The solution remained undisturbed for 6 h. After which the supernatant (containing gold spheres)

was separated and centrifuged to obtain a concentrated dispersion of purified gold nanospheres (Figure S18) containing an Au 0 concentration of 200 mM and 1mM CTAB.

Fabrication of the microfluidic chips. Microfluidic chips were prepared by standard soft lithography techniques. [26] The channels were 300 µm in width, 25 µm in height and 6 mm in length. A schematic description of this process is available in Scheme S1 in SI. 6 mL of a mixture of PDMS monomers and curing agent (10:1 w/w) was poured on the silicon wafer and spin-coated at 2500 rpm during 10 s with acceleration and deceleration of 500 rpm/s to obtain a thin PDMS film of ≈ 75 µm covering the SU-8 resin features. Then the film was cured at 60 °C for 2 h. At the same time, a 5 mm thick PDMS slab was prepared, cured for 2 h at 60 ºC and then cut in a rectangular piece of 7 x 3 cm 2 with a central hole of 5 x 1 cm 2 . The two PDMS parts were exposed to an oxygen plasma (8 sccm (standard cubic centimeters per minute) of O2 and 40 sccm of Ar, 65 W, and 20 s) after which they were sealed together. In order to enhance adhesion, the chip was heated at 100 ºC for 10 min. Finally, the chip was punched to make an inlet and bonded to another thin PDMS film (≈75 µm), prepared as previously described but without any template, to close the microfluidic channels.

Formation of Au supercrystals within the microfluidic chip. 20 µL of a highly concentrated dispersion of gold octahedra ([Au 0 ] ≈ 0.2 M) was injected inside the microfluidic chip. Positive pressure was then applied on the inlet to fill the channel, either with a microfluidic pump (250 mbar) for 30 min or manually with a syringe pump. The dispersion was allowed to dry by pervaporation in ambient conditions.

SAXS experiments. The supercrystal structures were probed by SAXS at the Laboratoire de Physique des Solides (LPS) and at the SOLEIL Synchrotron. Two-dimensional data reduction was done using the Nika software implemented in Igor Pro. [27] . SAXS data in Figure 4 were collected at LPS using a rotating anode (Cu Kα, λ = 0.154 nm) and the chip was oriented vertically in order to place the microchannel at normal incidence in respect of the beam. The beam size on the sample was about 0.5 × 0. The beam size on the sample was about 0.5 × 0.3 mm 2 . Exposure times were around 50 ms. Form factor analysis using SAXS on dilute suspensions (Figure S5) was done using the SasView software (www.sasview.org) with a dedicated plugin model for the octahedron shape.

The model description and code are available at http://marketplace.sasview.org/models/134/.

The two-dimensional SAXS images were analyzed using Crystal Maker software.

Nanoparticles Characterization. UV-Vis-NIR extinction spectra were acquired using a Cary 8454 spectrophotometer (Agilent) in quartz cuvettes (1 cm optical path length). Transmission electron microscopy (TEM) images were obtained with a JEOL JEM 1010 microscope operating at an acceleration voltage of 100 kV. Optical characterization of the supercrystals was performed with a BRUKER FTIR spectrometer (Vertex 70) attached to an optical microscope (Hyperion 2000) using a 4x objective (NA 0.1) and a spatial mask.

FIB-SEM tomography. To perform scanning electron microscopy (SEM) characterization, the supercrystal must be extracted from the channel. For this reason, the microfluidic chip was not subjected to the oxygen plasma to avoid irreversible bonding. Before SEM observation, a plasma treatment (H2 6.4 sccm, Ar 27.5 sccm, 50 W during 2 min, Gatan Model 955) was performed to remove organic molecules from the supercrystal surface. FIB-SEM tomography of the supercrystal was performed in a Helios Nanolab 450 FIB-SEM (Thermo Fisher Scientific). After defining the area of interest, a standard preparation protocol was followed: deposition of a ~1 µm Pt protective layer (starting with electron beam-induced deposition to prevent surface damage and followed by ion beam-induced deposition), trenches were milled around the examined volume and the cross-section was polished to reveal the structure and perform a final optimization of imaging conditions in the electron beam. Slicing was then performed with the ion beam at an accelerating voltage of 30 kV and a beam current of 24 pA.

After each FIB cut, an electron image was acquired using the high-resolution mode at 5kV and 25 pA. The resulting image has a field of view of 3.3x2.2 µm at 1536x1024 px resolution, which corresponds to a pixel size of 2.16x2.16 nm². A series of 110 slices were acquired with a target slice thickness of 8 nm. Further data processing, including alignment, filtration, and visualization were performed using the Aviso 8.1 software (Thermo Fisher).
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 1 Scheme 1: Schematic representation of the preparation process of the Au supercrystal by
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 1 Figure 1: In-situ space-resolved SAXS analysis of the gold octahedra supercrystal. (A)
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 2 Figure 2: Analysis of the supercrystal orientation. Azimuthal integration at q=0.0083 Å -1 of

Figure 3 :

 3 Figure 3: SEM characterization of the Au supercrystal. (A-B) SEM micrographs of the

Figure 4 :

 4 Figure 4: Time-resolved SAXS of the supercrystal formation. (A) Two-dimensional SAXS

  to 100 mL of an aqueous mixture containing 0.5 mM HAuCl4 and 10 mM CTAB at 60 o C. The solution changed from orange to colourless in 3 min, indicating the reduction of Au +3 species to Au + . Then, a certain volume of the purified gold nanorods (2.0 mM in terms of Au 0 ) was added as seed and the mixture was kept at 60 °C for 6 h. The volume of seed solution determines the final size of the gold octahedra (see Figure S1-4 and Table

  

  5 mm 2 . The scattered X-rays were collected on a

	Pilatus 200K detector (Dectris Ltd, Switzerland) with pixel size 172 µm. The sample -detector
	distance was 1.392 m. Exposure times were typically around 3.5 minutes. The SAXS data in
	Figures 1 and 2 were collected at the SWING beamline of the SOLEIL synchrotron (Saint-
	Aubin, France), at a beam energy of 12 keV and a sample-to-detector distance of 6.376 m. The
	scattered signal was recorded by an Eiger 4 M detector (Dectris Ltd, Switzerland) with pixel
	size 75 µm.
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