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Hypothesis: Polymer additives such as Polyvinylpyrrolidone (PVP) are ubiquitously used in wet chemical reduction methods to tune nanoparticle sizes and shapes. However, all polymers retain some traces of their synthetic history through end-groups and impurities. These impurities may thus impact redox and interfacial processes occurring during the formation of nanocolloids.

Experiments: We report a systematic comparison of four representative silver nanoparticle syntheses in the presence of either commercial PVP or its purified version, obtained through dialysis or filtration. We characterized the resulting nanoparticle dispersions through UV-visible spectroscopy, electron microscopy, X-ray scattering and Raman spectroscopy.

Findings: For all syntheses and methods, the simple removal of PVP molecular impurities drastically modifies nanoparticles size, shape and formation kinetic.

Impurities from additives thus play a pivotal role in nanoparticle syntheses and must be systematically evaluated for relevant mechanistic investigations and robust process engineering. Ag nanoparticles synthesized with commercial PVP Ag nanoparticles synthesized with purified PVP removing impurities

Introduction

Synthesising nanoparticles through wet chemical reduction is a two-step process consisting in the redox reaction of a precursor, such as metal ions, with a reducing agent, followed by its controlled precipitation. Such a control is usually achieved through the addition of minority species, which are interfacially-active, in order to tune nanoparticles' size, shape and metastability. Polyvinylpyrrolidone (PVP) is an emblematic additive that has been employed in numerous syntheses for both directing growth into anisotropic shapes [START_REF] Shervani | Morphology and size-controlled synthesis of silver nanoparticles in aqueous surfactant polymer solutions[END_REF][START_REF] Gómez | Influence of stabilizing agents on the nonlinear susceptibility of silver nanoparticles[END_REF][START_REF] Sun | Shape-Controlled Synthesis of Gold and Silver Nanoparticles[END_REF], through its preferential adsorption to certain crystalline facets [START_REF] Kallum | Polyvinylpyrrolidone (PVP) in nanoparticle synthesis[END_REF][START_REF] Al-Saidi | Adsorption of Polyvinylpyrrolidone on Ag Surfaces: Insight into a Structure-Directing Agent[END_REF][START_REF] Ledwith | A rapid, straight-forward method for controlling the morphology of stable silver nanoparticles[END_REF], and providing metastability, through hydrationbased steric repulsions [START_REF] Fennell | The Colloidal Domain: Where Physics[END_REF]. Additionally, PVP may also act as a reducing agent [START_REF] Kan | Optical studies of polyvinylpyrrolidone reduction effect on free and complex metal ions[END_REF][START_REF] Washio | Reduction by the End Groups of Poly(vinyl pyrrolidone): A New and Versatile Route to the Kinetically Controlled Synthesis of Ag Triangular Nanoplates[END_REF][START_REF] Hoppe | One-Step Synthesis of Gold and Silver Hydrosols Using Poly(N-vinyl-2-pyrrolidone) as a Reducing Agent[END_REF][START_REF] Xiong | Poly(vinyl pyrrolidone): A Dual Functional Reductant and Stabilizer for the Facile Synthesis of Noble Metal Nanoplates in Aqueous Solutions[END_REF] through its end-groups. Like all synthetic macromolecules, PVP results from the polymerization of a monomer, vinylpyrrolidone, following an initiation step, triggered in this case by hydrogen peroxide H 2 O 2 [START_REF] Haaf | Polymers of N -Vinylpyrrolidone: Synthesis, Characterization and Uses[END_REF]. While polymers are often only described in terms of macromolecular properties such as molar mass and structure, their synthetic history also reflects in their end-groups and the impurity content. For instance, commercial PVP typically contains peroxides impurities in typical amounts of 400 ppm [START_REF] Buhler | Kollidon: Polyvinylpyrrolidone Excipients for the Pharmaceutical Industry[END_REF][START_REF] Walter | Evaluation of hydroperoxides in common pharmaceutical excipients[END_REF], which may appear negligible but actually corresponds to substantial molar fractions (several percents). PVP macromolecules are usually also terminated by both hydroxyl and aldehyde end-groups [START_REF] Buhler | Kollidon: Polyvinylpyrrolidone Excipients for the Pharmaceutical Industry[END_REF], which underly its redox reactivity. To our knowledge, polymer impurities have not been considered as important factors in the vast nanoparticle literature involving PVP.

Here, we investigate the impact of PVP's molecular impurities on nanoparticles syntheses. We systematically performed syntheses using either commercial PVP, as received from the manufacturer, and purified PVP, using dialysis or centrifugal filtration. These two purification techniques only remove molecular impurities but do not impact PVP's structure and reactivity. Nanoparticle dispersions, or suspensions, were characterised using a broad array of techniques such as UV spectroscopy, Raman spectroscopy, small-Angle X-ray scattering and electron microscopy. We chose four representative categories of silver nanoparticles syntheses: (A) A simple synthesis using simply silver nitrate and PVP, which is performed in a continuous flow setup that ensures control and reproducibility, by discarding mixing artefacts; (B) a similar batch synthesis published by Xia et al. [START_REF] Xiong | Poly(vinyl pyrrolidone): A Dual Functional Reductant and Stabilizer for the Facile Synthesis of Noble Metal Nanoplates in Aqueous Solutions[END_REF] 

Materials and Methods

Materials

Silver nitrate (AgNO 3 , 99.9999%), PVP (MW supplier = 10 kg.mol -1 and 55 kg.mol -1 ), Ethylene glycol(C 2 H 6 O 2 , 99%) were purchased from Sigma-Aldrich. Sodium hydroxide solution(N aOH, extra pure, 50% w/v solution) was purchased from Acros organics. Centrifugal filtration cells (Amicon Ultra-15-Ultracel-3K, 3000 g.mol -1 cut-off mass) were purchased from MerckMillipore. Dialysis membranes (Spectra/por, 100-500 g.mol -1 cut-off mass) were purchased from Spectrum Chemical. All aqueous solutions were prepared using milli-Q water (obtained from a purelab option Q device) in new 16 mL glass vials with Butyl/PTFE caps.

PVP purification

PVP 10 kg.mol -1 was purified using a simple dialysis against milli-Q water. This process does not impact the polymer distribution (see chromatographic analysis below and Figure S1), providing the cut-off size is adequate, nor its physicochemical properties. A 77 mM aqueous PVP solution was prepared, then poured into a dialysis bag, with a cut-off size of 100-500 g.mol -1 .

The dialysis bag was then placed in a beaker filled with milli-Q water and left to equilibrate under moderate magnetic stirring for 2 weeks. This bath was renewed 10 times and we verified that we then attained the conductivity of pure water. The resulting solution was then dried to collect a purified PVP powder. PVP 55 kg.mol -1 was filtered using Amicon Ultra-15-Ultracel-3K Centrifugal Filter Unit purchased from Sigma-Aldrich. A 30 mM solution of 55 kg.mol -1 was poured into the cell then washed five times with MilliQ water using five centrifugation cycles at a speed of 6000 rpm.

The resulting solution was then dried to collect a purified PVP powder.

For PVP 55 kg.mol -1 , we verified that the same synthetic results could be achieved via PVP dialysis, but the centrifugal filtration method has the advantage of being much faster. However, it can not be conducted for PVP 10 kg.mol -1 , since adequate filters are not available.

Size exclusion chromatography

The chromatographic separation was performed using two Agilent PL aquagel-OH Mixed-M columns (8 µm, 7.5 mm inner diameter, MW Range : 1-500 kg.mol -1 ). The eluent was an aqueous solution of NaCl 200 mM / NaN 3 at 0.1 g.L -1 . We operated with a flow rate of 1 mL.min -1 and with 50 µL injections. We used a static light scattering detector with 18 angles (MALLS Wyatt Dawn Heleos, laser wavelength = 658 nm). The commercial PVP solution was prepared at 9.8 mg.mL -1 in 200 mM NaCl and the purified PVP solution was prepared at 10.3 mg.mL -1 in 200 mM NaCl. An absolute calibration curve was used to obtain molar masses.

PVP

Mn Mw D Non purified 3 833 g.mol -1 11 630 g.mol -1 3 Purified 3 909 g.mol -1 12 170 g.mol -1 3.1 

Small-Angle X-ray Scattering (SAXS)

SAXS experiments were performed on a Xeuss 2.0 laboratory instrument from XENOCS. Samples were injected in disposable quartz capillaries (1.5 mm inner diameter). Azimuthal averaging was performed after mask subtraction, yielding one-dimensional spectra after normalisation by transmissions. Using the known scattering spectrum of water, we could rescale intensities on an absolute scale. One-dimensional spectra were subtracted by the adequate reference spectrum (water or ethylene glycol in the same glass capillary). Note that this choice of the background subtraction only slightly impacts data in the high q-range. PVP is quite dilute and solvated so that its scattering contribution can be neglected compared to the one of silver nanoparticles.

The scattering curves of syntheses performed with PVP as the single reductant were modelled with spherical form factors, using Schultz size distributions. The other syntheses were modelled with fractal model or a simple Porod model for the polyol syntheses. This work benefited from the use of the SasView application, originally developed under NSF award DMR-0520547.

SasView contains code developed with funding from the European Unions Horizon 2020 research and innovation programme under the SINE2020 project, grant agreement No 654000.

Note that laboratory SAXS is an in-situ, non-destructive and inherently statistical method. By statistical, we mean that in the present syntheses each spectrum contains the contribution of around 10 13 nanoparticles, which can never be achieved with microscopy techniques. However, as an average method in the reciprocal space, SAXS is less efficient for identifying shapes.

Transmission Electron microscopy

All solutions were washed by centrifugation to remove the excess of PVP. The supernatant was removed and replaced with Milli-Q water. 10 µL of the washed solution was placed on a carboncoated copper grid and was then allowed to dry under ambient conditions. TEM imaging was performed using a JEOL JEM 1400 operated at 120 kV.

Size data was obtained by measuring approximatively 50 particles using ImageJ software. Representation of size distributions either lead to a single distribution or broader ones, which were then separated as two distributions.

Scanning Electron microscopy

The samples were prepared by deposing 10 µL of the silver nanoparticles solution on a silicon wafer that was then left to dry under ambient conditions. SEM imaging was performed using a JSM 7100F operated either at 15 kV or at 10 kV.

Raman Spectroscopy

Raman experiments were performed on a WITec alpha 300R confocal Raman microscope with a 532 nm laser wavelength. Samples were injected in capillaries with a rectangular cross-section from Vitrocom. Several measurements were taken to ensure robustness and we also verified the absence of sample damaging over time due to laser exposure.

Titration of the amount of reactive functions in PVP 10 kg.mol -1

A 1.5 mM silver nitrate solution was progressively added under magnetic stirring to a solution of 3.8 mM purified PVP. The solution was stirred for 10 min after each silver nitrate solution addition and the reduction reaction was monitored using UV-Visible spectroscopy. No further reaction was observed upon further addition of silver ions, at a PVP to AgNO 3 molar ratio of 2.64, which corresponds to 18.9 % of the total macromolecules end-groups. At least one of the two PVP macromolecules end-groups is a hydroxyl function, which does not reduce silver in our conditions. Depending on the exact balance of termination reactions during PVP synthesis [START_REF] Haaf | Polymers of N -Vinylpyrrolidone: Synthesis, Characterization and Uses[END_REF] and its subsequent storage, the other end-group may be a hydroxyl function, an aldehyde function or a carboxylic acid function. Since only aldehyde functions may reduce silver nitrate in our conditions, we can conclude from the titration that they represent 37.8 % of the second end-group. As PVP is acidic despite uncharged monomers and even after dialysis, it is likely that carboxylic acid functions are also likely candidates for the remaining percentage, together with hydroxyl functions.

Continuous flow syntheses using PVP as reducing agent

All syntheses have been carried out at room temperature (23 °C) using a continuous flow setup comprising a vortex rapid mixing unit of the Hartridge-Roughton type [START_REF] Hartridge | A method of measuring the velocity of very rapid chemical reactions[END_REF][START_REF] Liu | Mixing in a multi-inlet vortex mixer (mivm) for flash nano-precipitation[END_REF]. The micromixer was designed in PEEK and we used PEEK connectors and PTFE tubing. The mixer is composed of 4 inlets, two for an aqueous solution of silver nitrate at a 0.88 mM concentration (freshly prepared), one for an aqueous solution of PVP (7.7 mM, 15.3 mM) average molecular weight 10 kg.mol -1 ) and one for an aqueous solution of sodium hydroxide NaOH adjusted so that the final pH after mixing is 11.8. A summary of the reagent concentration after mixing is presented in Table 2. The first and the last 1 mL of the solution were not collected from the mixer exit.

Syntheses were reproduced six times and the resulting nanoparticle dispersions were compared by UV spectroscopy, all six curves were overlaid on top of another and were thus indistinguishable. Colloidal dispersions are metastable for at least a year. Still, all characterisations were performed in the day following the synthesis. 

AgN O 3 C f inal PVP C f inal NaOH C f inal 0.

Continuous flow syntheses using sodium borohydride as reducing agent in the presence of PVP

An initial 319 mM solution of sodium borohydride was prepared in a 50% w/v NaOH solution, which ensures its chemical stability for more than a year.

The synthesis was conducted using a continuous flow reactor as described above. One of the mixer inlet was used for an aqueous solution of silver nitrate at a concentration of 3.2 mM (freshly prepared), one for an aqueous solution of either purified or non purified PVP at a concentration of 2.66 mM (average molecular weight 10 kg.mol -1 ), one for a 3.2 mM aqueous solution of sodium borohydride freshly prepared from the initial solution and a final inlet for an aqueous solution of nitric acid of 1.53 mM concentration in order to obtain a final pH around 7.

The first and the last 1 mL of the solution were not collected from the mixer exit.

Syntheses were performed three times and the resulting nanoparticle dispersions were compared by UV spectroscopy, all three curves were overlaid on top of another and were thus indistinguishable. All the characterisations displayed were carried out two weeks after the synthesis, although differences between the purified and non-purified cases were observed as soon as the dispersions exited the mixer. The dispersion prepared with non-purified PVP was not metastable and slowly evolves to ultimately yield a macroscopic precipitate after a month.

Synthesis of silver nanoparticles using PVP as reducing agent at 60 °C

We followed the reported protocol from Xiong et al. [START_REF] Xiong | Poly(vinyl pyrrolidone): A Dual Functional Reductant and Stabilizer for the Facile Synthesis of Noble Metal Nanoplates in Aqueous Solutions[END_REF]. In a typical synthesis, a 930 mM PVP solution (in repeating units, MW supplier = 55 kg.mol -1 ) was prepared in 8.0 mL of Milli-Q water, heated to 60 °C in air, under magnetic stirring. Then, 3 mL of 188 mM aqueous AgNO 3 solution was quickly poured into the PVP solution. Solution vials were then capped and the reaction mixture was kept under heating at 60 °C in a water bath for 21 h. Note that we use the same mass concentration as in the literature and the same method to calculate the molar concentration, in order to remain consistent. However, this calculation involves the supplierreported mean molar mass, 55 kg.mol -1 , which likely differs from the number mean molar mass. Characterizations were performed within a few days and the dispersions were metastable for at least three months. Syntheses were performed twice and yielded similar results.

Synthesis of silver nanoparticles using ethylene glycol as a reducing agent and solvent in the presence of PVP

We followed the reported protocol from Sun and Xia (3). 5 mL of ethylene glycol was heated at 160 °C for 1 hour using an oil bath. Then, 3 mL of 250 mM ethylene glycol silver nitrate solution and 3 ml of 375 mM ethylene glycol PVP solution (in repeating units, MW supplier = 55 kg.mol -1 ) were simultaneously added to the heated ethylene glycol using a two-channel syringe pump at a rate of 0.375 mL/min.

The reaction mixture was kept under heating at 160 °C for 45 extra minutes. Note that we use the same mass concentration as in the literature and the same method to calculate the molar concentration, in order to remain consistent. However, this calculation involves the supplierreported mean molar mass, 55 kg.mol -1 , which likely differs from the number mean molar mass. Characterizations were performed within the day and the dispersions were prone to sedimentation after a few days. Syntheses were performed twice and yielded similar results.

Continuous flow syntheses using PVP as reducing agent with specific amounts of hydrogen peroxide

All syntheses have been carried out at room temperature (23 °C) using a continuous flow setup.

Two of the mixer inlets were used for an aqueous solution of silver nitrate at a 0.88 mM concentration (freshly prepared), one for an 7.7 mM aqueous solution PVP (average molecular weight 10 kg.mol -1 ) containing either 2.7% or 4% of hydrogen peroxide. The final inlet was used for a 16.7 mM aqueous solution of NaOH in order to adjust the final pH after mixing is 11.8.

The first and the last 1 mL of the solution were not collected from the mixer exit. Syntheses were reproduced once. Colloidal dispersions were metastable for at least a month. Syntheses

UV-Vis spectroscopy

UV-Vis spectra were recorded using a Cary 60 UV-Vis spectrophotometer. Samples were poured in 2 mm quartz cuvettes. The baseline was set using the relevant PVP solution for the continuous flow syntheses and milli-Q water for all the other syntheses. This choice does not impact much on the final transmittance curve as PVP mostly absorbs below 400 nm (see Figure S4). For the continuous flow synthesis, all of the measurements were conducted in the minute following the end of mixing.

Results and Discussion

Continuous flow synthesis using PVP as stabilizer and reductant

Since PVP macromolecules both reduce silver ions and provide metastability to the resulting silver nanoparticles, we first investigated the simplest synthesis possible using only an aqueous solution of silver nitrate to which PVP is added. At room temperature, PVP is able to reduce silver ions with a pH-dependent kinetic. Contrarily to some literature claims (9), PVP can not reduce silver ions through its hydroxyl end-groups, as we verified by attempting a reduction using ethanol in similar amounts or in large excess. Rather, PVP reduces silver ions through its aldehyde end-groups, in a typical Tollens-type reaction [START_REF] Tollens | Ueber ammon-alkalische silberlösung als reagens auf aldehyd[END_REF], which is promoted by basic pH.

This reducing mechanism is similar to both polyol and sugar-based syntheses, which all involve aldehydes as reducing moieties [START_REF] Skrabalak | On the polyol synthesis of silver nanostructures: Glycolaldehyde as a reducing agent[END_REF].

Controlling mixing is important to ensure reproducibility of the synthesis, as reactions times may become smaller than mixing times in standard laboratory setups. We have therefore designed a continuous flow setup comprising a vortex rapid mixing unit of the Hartridge-Roughton type [START_REF] Hartridge | A method of measuring the velocity of very rapid chemical reactions[END_REF][START_REF] Liu | Mixing in a multi-inlet vortex mixer (mivm) for flash nano-precipitation[END_REF], which ensures millisecond-mixing. Our mixer was comprised of four entries, two for an aqueous solution of silver nitrate at a 0.88 mM concentration, one for an aqueous solution of PVP 10 kg.mol -1 at 3.8 mM, and one for an aqueous solution of sodium hydroxide NaOH adjusted so that the final pH after mixing is 11.8. Each synthesis was performed at least six times at room temperature and the resulting nanoparticle aqueous dispersions yielded the same transmittance spectra, which were indistinguishable highlighting the high reproducibility of the synthesis. Through a titration with ascorbic acid as the reducing agent, and UV-visible spectroscopy monitoring, we verified that silver ions were fully reduced in these syntheses. We conducted a systematic comparison between syntheses prepared using either non-purified PVP, as received from the manufacturer, and purified PVP, which was extensively dialysed against milli-Q grade water with a cut-off range within 100-500 g.mol -1 . Dialysis is a mild technique that does not impact the chemical properties of PVP. By choosing an adequate cut-off size, dialysis does not impact the PVP size distribution, which we verified using size exclusion chromatography (see Figure S1). Figure 1(A) displays the UV-visible spectroscopy time-monitoring of silver nanoparticles formation. Both syntheses lead to the obtention of nanoparticles with plasmonic properties, as evidenced by the transmittance decrease over time and the final bright colour obtained. However, using purified PVP leads to a comparatively faster synthesis, which can be monitored by the time required to reach a stationary transmittance spectrum (15 minutes instead of 36 minutes). Furthermore, using purified PVP yields a golden liquid, whereas non-purified PVP leads to a dark brown liquid. This coincides with large differences in transmittance spectra, evidencing a change of nanoparticles plasmonic properties between the two syntheses. Using purified PVP, the transmission spectrum consists in a narrow peak centered at 404 nm, which corresponds to the dipolar resonance of small silver spheres, whereas using non-purified PVP, the transmission spectrum is broader with two peaks at 412 and 527 nm, which may be observed with larger silver spheres and/or anisotropic objects [START_REF] Kelly | The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment[END_REF].

To verify these structural differences we performed three types of structural characterisations. Figure 1(B) displays two transmission electron microscopy (TEM) pictures for each synthesis. TEM is not an inherently statistical method as it probes a very small number of particles of a dried colloidal dispersion (around 50 in this work), yet we observed important differences between the purified and non-purified cases, for both PVP concentrations. In the 3.8 mM case, the non-purified sample yields a highly polydisperse dispersion that can be described as two nanoparticle populations of respectively 14 nm and 56 nm in mean diameter, while the purified sample yields a much more uniform dispersion of smaller nanoparticles of 8.8 nm. To quantitatively verify these figures, we performed small-angle X-ray scattering (SAXS) experi- Multi-technique characterisation of silver nanoparticles dispersions synthesised in a continuous flow reactor at 23 °C, using a 3.8 mM final concentration of either commercial or purified PVP M supplier =10.000 g.mol -1 . A) Transmission spectra, subtracted by the one of a PVP solution, recorded every minute using UV-visible spectroscopy of aqueous nanoparticles dispersions in the presence of commercial or purified PVP. B) Transmission electron microscopy images of dried silver nanoparticles dispersions in the presence of commercial or purified PVP. C) Small-angle X-ray scattering (SAXS) spectra of aqueous nanoparticles dispersions synthesised using purified PVP (blue) or non-purified PVP (orange). D) The Raman spectrum of a aqueous nanoparticles dispersion synthesised with non-purified PVP is significantly enhanced (SERS) compared to Raman spectra of commercial, purified PVP, and nanoparticles dispersion synthesised with purified PVP (respectively orange, blue, dark blue; all overlaid). All these experiments evidence major differences between nanoparticles prepared with commercial or purified PVP. ments on aqueous nanoparticles dispersions. In contrast with TEM, this technique is in-situ and non-destructive and inherently statistical, as around 10 13 particles are probed in each spectrum here.

Figure 1(C) displays the radial averaging of the absolute scattering intensity over the scattering vector magnitude q. The two scattering curves strongly differ in both magnitude and shape evidencing statistical structural differences. For the non-purified case, the SAXS curve can be modelled with two polydisperse populations of spheres with mean diameters of respectively 12 and 62 nm. For the purified case, the SAXS curve can be modelled with a more uniform population of spherical particles with a mean diameter of 8.2 nm. There is thus a quantitative agreement with TEM measurements. However, SAXS is not a highly shape-sensitive technique and only strong shape differences such as between rods, sheets and spheres can be evidenced. The overall agreement with a spherical shape is also observed on the TEM images, however the latter suggest a certain level of surface roughness and anisotropy, notably for the non-purified PVP syntheses. To further investigate this point, we performed Surface Enhanced Raman Scattering (SERS) measurements using PVP as the probe molecule, using a 532 nm excitation wavelength. Figure 1(D) shows that only particles prepared with non-purified PVP yielded a SERS effect of the PVP signal, which can be ascribed so several factors. Firstly, the plasmonic extinction in the 532 nm vicinity is much larger for the non-purified case than the purified one as can be seen in 1(A), this likely results from the presence nanoparticles that can be larger and more anisotropic. Secondly, a certain surface roughness is observed on the TEM images which can lead to local enhancement of the electric field ("hot spots").

To conclude on this set of experiments, we have shown in a very well controlled reaction setup that a simple dialysis of PVP completely modified reaction kinetics and final structures of silver nanoparticles dispersions. 11), using either commercial or purified PVP M supplier =55.000 g.mol -1 . A) UV-vis spectra of aqueous nanoparticles dispersions synthesised using purified PVP (blue) and nonpurified PVP (orange). B) Small-angle X-ray scattering (SAXS) of aqueous nanoparticles dispersions synthesised using purified PVP (blue) and non purified PVP (orange). C) TEM images of dried nanoparticles dispersions synthesised using purified PVP (left) and non purified PVP (right).

Batch synthesis using PVP as stabilizer and reductant

To examine the generality of this observation, we then first exactly reproduced a synthesis from literature from Xiong et al. [START_REF] Xiong | Poly(vinyl pyrrolidone): A Dual Functional Reductant and Stabilizer for the Facile Synthesis of Noble Metal Nanoplates in Aqueous Solutions[END_REF] using a classical batch reaction setup, operating in different temperature and concentrations conditions but still using PVP as the sole reducing agent. We conducted this synthesis using either non-purified or purified PVP supplier =55.000 g.mol using as a faster technique that does not impact PVP size distribution, which yields similar results to dialysis. We also used a large array of characterization techniques as displayed in Figure 2. A visual inspection readily evidence large differences between the two syntheses with the obtention of a dark green aqueous dispersion using nonpurified PVP and a red brick color aqueous dispersion using purified PVP. This is quantified in the transmission spectra by two peaks at 420 and 820 nm in the non-purified case together with two shoulders, while only one peak at 420 nm, together with a shoulder, is observed in the purified case, as displayed in Figure 2(A). TEM measurements, displayed in Figure 2(C), also display significant differences between the two syntheses. For instance, well-defined triangular particles are only observed when using non-purified PVP. SAXS measurements displayed in Figure 2(B) show that both dispersions can be described with a model of two spherical populations of similar diameters. However, the overall scattering intensity is much higher over the q-range for the non-purified sample. Since silver ions are only partially reduced in these synthetic conditions, this difference likely results from a larger reduction of silver ions in the non-purified case.

Polyol semi-batch synthesis with PVP

While the two syntheses presented so far use only PVP as a reducer, most syntheses involve a stronger reducing agent. Typically, PVP is used in polyol syntheses in which an aldehydegenerating specie, such as ethylene glycol [START_REF] Smith | Ethylene glycol to acetaldehyde-dehydration or a concerted mechanism[END_REF], is the main reducing agent. We thus investigated whether purifying PVP in such syntheses would also yield differences or could be neglected.

We therefore performed emblematic synthesis by Sun and Xia (3), which is carried out at 160°C using ethylene glycol as reducing agent in the presence of PVP (M supplier =55.000 g.mol -1 ). Figure 3 (A) and (B) display respectively optical microscopy and Scanning Electron Microscopy (SEM) pictures of the two resulting nanoparticles ethylene glycol dispersions. Striking visual differences are observed, with the non-purified PVP yielding faceted nanoparticles in the hundreds of nanometers, while the purified PVP yielded mainly silver nanowires together with smaller faceted particles. In Figure 3 (D), both scattering intensities follow the Porod's law in q -4 , which means in this case that scattering objects are larger than 100 nm. The ) q (nm -1 ) q -4 q -4 non-purified purified purified non-purified Figure 3: Multi-technique characterisation of silver nanoparticles dispersions synthesised in a batch reactor at 160 °in ethylene glycol following the protocol from Sun and Xia (3), using either commercial or purified PVP M supplier =55.000 g.mol -1 . A) Optical microscopy images of nanoparticles dispersions synthesised using purified PVP (left) and non purified PVP (right). B) Scanning electron microscopy (SEM) images of dried nanoparticles dispersions synthesised using purified PVP (left) and non-purified PVP (right) C) UV-vis spectra of silver nanoparticles synthesised using purified PVP (blue) and non purified PVP (orange). D) Small-angle X-ray scattering (SAXS) of nanoparticles dispersions synthesised using purified PVP (blue) and non-purified PVP (orange) corresponding slope is directly proportional to the total interfacial area and we can thus conclude that the non-purified sample displays a much larger silver-water interfacial area, consis-tently with microscopy images. Following these observations, the visual aspects of both systems greatly differed with the non-purified sample as shown in Figure 3(C). Purified PVP yielded a grey iridescent suspension consistently with a weak plasmonic effect and flow alignment of nanowires. In contrast, non-purified PVP yielded a coloured dispersion with a significant plasmonic effect and some clear anisotropy as evidenced by the pre-peak shoulder. PVP purification thus also yields tremendous differences in a more complex case such as a polyol synthesis, in which PVP's reducing properties are often neglected in comparison to the aldehydes generated by thermal decomposition of ethylene glycol.

Continuous flow synthesis with NaBH 4 and PVP

We then performed a last synthesis using a strong reducing agent, NaBH 4 , in stoichiometric amounts (1-1) with Ag + ions, in the presence of PVP (M supplier =10.000 g.mol -1 ). We used our continuous flow setup to ensure reproducibility, and room temperature conditions. The reducing of PVP thus be completely in such conditions, sodium borohydride can reduce four moles of silver ions with a much larger reduction free energy. Yet, the use of purified or non-purified PVP leads again to highly different synthetic outcomes, as evidenced by visual inspection, UV spectroscopy, SAXS and TEM (Figure 4).

In contrast to the previous syntheses, we chose to display characterizations after two weeks, which emphasises the noticeable but weaker initial difference as the dispersion prepared with non-purified PVP displays a much lower metastability. The plasmonic spectrum of the purified PVP aqueous dispersion is consequently much narrower than with the non-purified PVP. Structurally, both samples corespond to complex and polydisperse objects, some of them possibly two-dimensional as can be seen on the TEM images. However, the SAXS analysis rather evidences that most nanoparticles are aggregated in solution into aggregates larger than the SAXS length-scale resolution. In the purified case, small objects of around 3 nm seem to be aggregated in linear aggregates, while the non-purified case does not evidence any length scale but only a multi-scale arrangement into a porous network with a fractal dimension of 2.5. The large dif-ference between TEM and SAXS characterisations likely originates from sample modification and poor statistics in the TEM sampling for such a complicated set of structures. Still, the key observation is that once again PVP purification drastically impact synthetic outcome in terms of structure and metastability. ) in the presence a 2.66 mM concentration of either commercial or purified PVP M supplier =10.000 g.mol -1 . A) Plasmonic spectra recorded every minute UV-visible spectroscopy aqueous dispersions presence commercial purified Small-angle scattering (SAXS) spectra of aqueous nanoparticles dispersions synthesised using purified PVP or images of of commercial or purified PVP. All these experiments major differences between nanoparticles prepared with commercial or purified PVP.

C) Transmission Electron microscopy (TEM)

Reactive impurities in PVP

All the previously reported experiment evidence the crucial impact of PVP impurities on nanoparticles syntheses, whether or not in the presence of another more numerous and/or stronger reducing agent. However, a mechanistic understanding would require to know precisely all impurities in presence and assess separately their role. Such an extensive analytical work is outside the scope of the current article and likely of limited interest as it will be highly batch-dependent.

Our results rather stress that an adequate purification of PVP removes these complications and should be systematically performed. This strategy should be in our opinion generally applied to all polymers used in nanosyntheses.

Nevertheless, we can shed a few elements about impurities, their nature and their role. First of all, commercial PVP typically involves the use of hydrogen peroxide as an initiator [START_REF] Haaf | Polymers of N -Vinylpyrrolidone: Synthesis, Characterization and Uses[END_REF]. As evidenced in the literature, PVP thus retains some peroxide traces either as hydrogen peroxide itself or organic peroxides in amounts of hundreds of ppm [START_REF] Buhler | Kollidon: Polyvinylpyrrolidone Excipients for the Pharmaceutical Industry[END_REF][START_REF] Walter | Evaluation of hydroperoxides in common pharmaceutical excipients[END_REF] or a few micromoles/g, which corresponds to a few molar percents of PVP macromolecules. To verify that such amounts of peroxides would indeed impact nanoparticles syntheses, we performed two separate experiments with the deliberate addition of H 2 O 2 to purified PVP at two concentrations in H 2 O 2 (2.7% and 4%). The results are displayed in Figure S3. We evidence that such amounts of H 2 O 2 indeed slow down the synthesis, with time ranges consistent with the non-purified case. SAXS spectra can be modelled with two populations of spherical objects, similarly to the non-purified case.

While the population of particles is of the non-purified case, the population of larger particles corresponds to smaller objects than the one of the non-purified case. This observation is consistent with the absence of a shoulder in the plasmonic spectrum in comparison to the non-purified case. Some structural differences are thus present, albeit the overall features are similar. Therefore, H 2 O 2 , in amounts expected in the commercial samples, indeed plays an important role in the synthesis, but it can not be the only impurity in presence. This is also consistent with the observation that in both polyol and NaBH 4 syntheses, H 2 O 2 should be in large default from a redox standpoint. It is thus likely that PVP contains other molecular impurities that selectively interact with crystallographic planes, with an amphiphilic character, such as organic peroxides or PVP oligomers.

Conclusion

Since all polymers contain traces of their synthetic history notably through their impurity content, we hypothesized that these impurities could interfere with the subtle balance of redox reactions and colloidal interactions at play during a nanosynthesis. We have thus studied the impact of purifying PVP in four silver nanoparticles syntheses, which represent the diversity of synthetic conditions used in the literature. We systematically observed drastic differences in formation kinetics, final shape and sizes for all syntheses, whether PVP was the sole reductant or was added together with a stronger and/or more abundant reductant. Amongst the expected impurities, we have shown that hydrogen peroxide only partly reproduces the effect of PVP impurities, which suggests a more diverse impurity profile. This puts into question the reproducibility of all nanoparticles syntheses conducted with PVP (1-6, 11), as the impurity profile is expected to differ from one batch to another, and as importantly previous mechanistic descriptions that neglected the role of impurities. Furthermore, this issue is likely not limited to this particular, albeit important, polymer but likely to others as polymers often retain initiator and monomer traces, which may be reactive and present in significant molar amounts despite negligible mass amounts. We thus suggest that an extensive evaluation of impurities impacts should be conducted in nanoparticles syntheses using polymers, for instance through protocols such as presented in this work.
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  using different conditions; (C) a polyol semi-batch synthesis of historical importance by Xia et al. (3); (D) a continuous flow synthesis using silver nitrate and a stoichiometric amount of NaBH 4 , in the presence of PVP.

Figure 1

 1 Figure 1 displays the multi-technique monitoring of two syntheses differing only in the use of either purified or non-purified PVP, at a final PVP concentration of 3.8 mM. Another comparison at a different PVP concentration was also performed and displayed in Figure S2, yielding similar results.

Figure 1 :

 1 Figure1: Multi-technique characterisation of silver nanoparticles dispersions synthesised in a continuous flow reactor at 23 °C, using a 3.8 mM final concentration of either commercial or purified PVP M supplier =10.000 g.mol -1 . A) Transmission spectra, subtracted by the one of a PVP solution, recorded every minute using UV-visible spectroscopy of aqueous nanoparticles dispersions in the presence of commercial or purified PVP. B) Transmission electron microscopy images of dried silver nanoparticles dispersions in the presence of commercial or purified PVP. C) Small-angle X-ray scattering (SAXS) spectra of aqueous nanoparticles dispersions synthesised using purified PVP (blue) or non-purified PVP (orange). D) The Raman spectrum of a aqueous nanoparticles dispersion synthesised with non-purified PVP is significantly enhanced (SERS) compared to Raman spectra of commercial, purified PVP, and nanoparticles dispersion synthesised with purified PVP (respectively orange, blue, dark blue; all overlaid). All these experiments evidence major differences between nanoparticles prepared with commercial or purified PVP.

1 )Figure 2 :

 12 Figure 2: Multi-technique characterisation of silver nanoparticles dispersions synthesised in a batch reactor at 60°C following the protocol from Xiong et al. (11), using either commercial or purified PVP M supplier =55.000 g.mol -1 . A) UV-vis spectra of aqueous nanoparticles dispersions synthesised using purified PVP (blue) and nonpurified PVP (orange). B) Small-angle X-ray scattering (SAXS) of aqueous nanoparticles dispersions synthesised using purified PVP (blue) and non purified PVP (orange). C) TEM images of dried nanoparticles dispersions synthesised using purified PVP (left) and non purified PVP (right).

Figure 4 :

 4 Figure4: Multi-technique characterisation of silver nanoparticles dispersions synthesised in a continuous flow reactor at 23 °C, using NaBH 4 as reducing agent in stoichiometric amounts with Ag + (1-1) in the presence a 2.66 mM concentration of either commercial or purified PVP M supplier =10.000 g.mol -1 . A) Plasmonic spectra recorded every minute UV-visible spectroscopy aqueous dispersions presence commercial purified Small-angle scattering (SAXS) spectra of aqueous nanoparticles dispersions synthesised using purified PVP or images of of commercial or purified PVP. All these experiments major differences between nanoparticles prepared with commercial or purified PVP.
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Table 1 :

 1 Mass

values for both purified and commercial PVP. Mn: Number average molecular weight. Mw: Weight average molecular weight, D: Dispersity (Mw/Mn)

Table 2 :

 2 Concentration summary of the different reagents
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