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Core phosphine-functionalized amphiphilic nanogels as catalytic nanoreactors for aqueous biphasic hydroformylation
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Amphiphilic phosphine-functionalized nanogel particles were synthesized by aqueous polymerizationinduced self-assembly insuring a well-defined architecture as well as a narrow size distribution (average diameter of ca. 90 nm in water). They were successfully applied as ligands for the biphasic hydroformylation of 1-octene catalyzed by rhodium, yielding TOFs in the 350-650 h À1 range and a linear to branched aldehyde ratio of 3.5. Embedding the phosphine ligands within a cross-linked structure did not strongly impede mass transfer toward the active centers, as proved by fast metal coordination and a catalytic activity tantamount to that of higher chain mobility micelles or core-cross-linked micelles that have phosphine moieties located on flexible linear arms. However, this extended cross-linking reduced particle swelling and transfer to the organic phase, affording a significantly lowered Rh loss. For all the architectures, a low functionalization degree was preferable to achieve high activity, the selectivity remaining essentially unchanged.

Introduction

Olefin hydroformylation is the World's largest industrial process making use of homogeneous catalysis, with an annual production volume in excess of 12 Mton [1][START_REF]Rhodium Catalyzed Hydroformylation[END_REF][START_REF] Wiese | Catalytic Carbonylation Reactions[END_REF][START_REF] Steinborn | Fundamentals of Organometallic Catalysis[END_REF]. This topic continues to stimulate intense research because of interest in developing an efficient transformation of the heavier a-olefins. Rhodium catalysts afford a much higher selectivity in favor of the greater added value linear product than the more commonly used cobalt carbonyl catalyst, but costs incurred in the recovery and recycling of the expensive metal make this process prohibitive. Rh-catalyzed hydroformylation is implemented on a large scale only for the lighter olefins (propene, butene) leading to sufficiently volatile aldehyde product amenable to cost-effective distillation [START_REF] Tudor | [END_REF]6].

An alternative approach is available through the aqueous biphasic Rhône-Poulenc/Ruhrchemie process where the rhodium catalyst is confined in the aqueous phase by binding to water-soluble triphenylphosphine trisulfonate (TPPTS) [7]. This approach allows inexpensive and efficient catalyst recovery by simple room temperature decantation. However, the reaction occurs at sufficient rate only for the lighter alkenes (once again, propene and butene) that have sufficient solubility in water where the reaction takes place [8]. For higher olefins with insufficient water solubility, mass transport severely limits the reaction rate, which can only slowly take place at the water/organic interface. Many stratagems have been explored to increase mass transport, homogenize the system or increase the interface area, such as the addition of organic cosolvents [9,10], cyclodextrins [11][12][13][14], polymer lattices [15,16] or other surfactants [16][17][18], the use of thermomorphic solvent systems [START_REF] Behr | Multiphase Homogeneous Catalysis[END_REF][START_REF] Tijani | [END_REF][21] or anchoring the metal catalyst to the hydrophobic part of surfactants that self-organize in micellar form [22][23][24][25][26].

We have recently introduced a new tool for application to the aqueous biphasic hydroformylation of higher olefins, consisting of the unimolecular equivalent of a self-assembled micelle [27][28][29]. This architecture was synthesized through a convergent approach using reversible addition-fragmentation chain transfer (RAFT)-mediated emulsion polymerization [30] in a three-step ''one pot" preparation [27]. For convenience, the molecular structure of the polymer is shown in Fig. 1. Such technique made use of the polymerization-induced self-assembly (PISA) phenomenon to produce diblock copolymer micelles of controlled size the core cross-linking of which could be quantitatively achieved in a final step. The advantage of these objects with respect to the corresponding micelles is to remove the excessive nanoreactor swelling and the micelle-free surfactant equilibrium, which are known to negatively affect the catalyst recovery process and the catalyst leaching. More specifically, the new tool is a core-shell polymeric nanoreactor where the amphiphilic diblock copolymer arms are all tied together by cross-linking at the hydrophobic chain ends. We have named this new type of polymer architecture a ''corecross-linked micelle" or CCM. The hydrophobic blocks are functionalized with triphenylphosphine (TPP) ligands via incorporation of 4-diphenylphosphinostyrene (DPPS) as a comonomer to insure the catalyst binding and confinement within the polymer core, whereas the hydrophilic shell insures the nanoreactor confinement in the aqueous phase. The first application of these nanoreactors, symbolized as TPP@CCM, to the aqueous biphasic hydroformylation of 1-octene has demonstrated high activity [27]. A follow-up study has highlighted the efficient recycling and the weak contribution of mass transport kinetics to the reaction rate [29]. However, ICP-MS analysis of the recovered organic phase showed a metal leaching of ca. 2 ppm. Most intriguing, dynamic light scattering studies suggested that this leaching is related to transfer of the entire polymer scaffold to the organic product phase as larger agglomerates (coupled particles).

The particle-particle coupling process was proposed to occur via interpenetration leading to core-core contact, allowing the cores to be cross-linked by the metal complex, see Fig. 2. This is possible because the standard hydroformylation conditions impose the presence of a large fraction of free TPP sites (P/Rh = 4 was used in most catalytic tests) [27][28][29]. Of interest for an understanding of the leaching mechanism, the combined DLS and ICP-MS studies indicated a direct correlation between the amount of lost metal and the extent of particle-particle coupling. We have therefore engineered a modified nanoreactor architecture, consisting of an entirely cross-linked phosphine-bearing hydrophobic core. This modification is expected to disfavor the reaction of a rhodium center with two phosphine ligands from different particles and should therefore lead to reduced interparticle coupling and metal leaching. The principle of stopping interpenetration by nanogel crosslinking was demonstrated by Hawker, Fréchet and coworkers who reported a successful one-pot tandem transformation with one acid-catalyzed and one base-catalyzed step, using a combination of acid-and base-functionalized nanogels [31]. In this contribution, we report the synthesis of a new nanogel (NG) nanoreactor and its application to 1-octene hydroformylation. As will be shown, the architecture modification indeed leads to a significant reduction of catalyst leaching.

Experimental section

General

All manipulations were performed under an inert atmosphere of dry argon by using Schlenk line techniques. Solvents were dried by standard procedures and distilled under argon prior to use. 4,4 0 -Azobis(4-cyanopentanoic acid) (ACPA, >98%, Fluka), methacrylic acid (MAA, 99.5%, Acros), poly(ethylene oxide) methyl ether methacrylate (PEOMA, M n = 950 g mol À1 , Aldrich), di(ethylene glycol) dimethacrylate (DEGDMA, 95%, Aldrich), 4diphenylphosphinostyrene (DPPS, 97%, Aldrich), 1,3,5-trioxane (Aldrich, >99%), acetylacetonatodicarbonyl rhodium(I), ([Rh(acac) (CO) 2 ], 99% Strem), n-decanal (>96%, Alfa Aesar) and 1-octene (99%, Acros) were used as received. Carbon monoxide and dihydrogen were obtained from Linde Gas (with purity P 99.995%). Styrene (S, 99%, Acros) was purified by passing through a column of active basic aluminum oxide to remove the stabilizer. The RAFT agent 4cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA) [32] was synthesized according to the published procedures. Latexes of core cross-linked nanoparticles functionalized by triphenylphosphine (TPP@CCM) were prepared as recently described [27]. The characteristics of the used latexes are summarized in Table 1. They were diluted in ultrapure water for the catalytic tests.

Characterization techniques 2.2.1. NMR

1 H NMR and 31 P NMR spectra were recorded in 5 mm diameter tubes at 297 K in D 2 O using a Bruker Avance 400 spectrometer. 1 H chemical shifts were determined using the residual peak of deuterated solvent as internal standard and are reported in ppm (d) relative to tetramethylsilane. 31 P chemical shifts are reported relative to external 85% H 3 PO 4 . For the CCM characterization, the chemical shift scale was calibrated on the basis of the solvent peak (d 2.50 for DMSO, 4.79 for D 2 O), and 1,3,5-trioxane was used as an integration reference (d 5.20).

SEC

Size exclusion chromatography measurements were carried out in THF (with butylhydroxytoluene (BHT) as a flow rate marker) at 20 °C with a flow rate of 1.0 mL min À1 . All polymers were analyzed at a concentration around 5 mg mL À1 after filtration through a 0.45 lm pore-size membrane. The separation was carried out on a precolumn and three columns in series (type Styragel HR1/ HR3/HR4) with coupled multi-angle diffusion light scattering (Mini Dawn TriStar Wyatt) and refractometer (Wyatt Optilab Rex) detectors. The average molar masses (number-average molar mass M n and weight-average molar mass M w ) and the molar mass dispersity (Ð = M w /M n ) were derived from the RI signal by a calibration curve based on poly(methyl methacrylate) standards.

DLS

The intensity-average diameters of the latex particles (D z ) and the polydispersity index (PDI) were measured at 25 °C on a Malvern Zetasizer NanoZS. After filtration through a 0.45 lm poresize membrane, deionized water or THF was used to dilute the latex sample. Solutions were analyzed without further filtration to ensure that undesired populations were not removed. Data were analyzed by the general-purpose non-negative least squares (NNLS) method. The typical accuracy for these measurements was 10-15%.

TEM

The morphological analysis of the copolymer nano-objects was performed with a Philips CM120 transmission electron microscope operating at 80 kV (Centre Technologique des Microstructures (CTl), plateforme de l'Université Claude Bernard Lyon 1, Villeurbanne, France) or a JEOL JEM 1011 transmission electron microscope equipped with 100 kV voltage acceleration and tungsten filament (Service Commun de Microscopie Electronique TEMSCAN, Centre de Microcaractérisation Raimond Castaing, Toulouse, France). Diluted latex samples were dropped on a formvar/ carbon-coated copper grid and dried under vacuum.

GC/FID

At the end of the hydroformylation tests, the concentrations of reactant and products were measured in the organic phase using a Thermo Fisher Trace GC 2000 chromatograph equipped with a flame ionization detector (FID) and using helium as carrier gas. Separation was performed on a CP-Wax 52 CB capillary column (25 m  0.25 mm; 0.2 lm film thickness). An internal calibration method was used by adding a precise quantity of anisole (99%, Fluka) to the sample before dilution with diethyl ether (P99.8%, Sigma-Aldrich). The response factors were determined by analysis of standard solutions of 1-octene and n-nonanal (97%, Alfa Aesar). The peak assignment was assisted by a separate GC-MS analysis on a Trace GC 2000 PolarisQ chromatograph.

ICP/MS

High resolution ICP/MS was used to quantify the rhodium catalyst leaching in the organic phase. Two different procedures were successively applied. In the first one, the recovered organic phase was diluted with ultrapure water using a 10 5 volumetric dilution factor, high enough to insure complete dissolution. To eliminate matrix effects, rhodium standards were prepared in the same way by starting with solutions of [Rh(acac)(CO) 2 ] in n-decanal. The resulting aqueous phase was analyzed on a Thermo Scientific Element XR instrument. In the second method (performed by Antellis, Toulouse), the organic samples were mineralized by microwave-assisted acid digestion (Milestone Ultrawave) and the resulting acid solutions were diluted 250-fold prior to analysis on a Thermo Electron Series X2 instrument. In both cases, the relative standard deviation on the measurements was less than 5% and the two techniques were found to match within a 25% deviation range.

Preparation of TPP

@NG-1 latex 2.3.1. Step 1: Preparation of the HOOCCH 2 CH 2 C(CN)(Me)-(MAA 15 -co- PEOMA 15 )

-SC(S)SPr macroRAFT agent in water

The procedure was the same as that described previously [27] for the synthesis of core-cross-linked micelles, using 0.02 g (0.0722 mmol) of CTPPA, 0.096 g (1.12 mmol) of MAA, 1.04 g b The existence of this polymer and its catalytic application have been previously mentioned [33].

( 

Preparation of TPP@NG-2 latex

Step 1 was carried out as described above for the synthesis of TPP@NG-1, during which time a mixture of S (2.196 g, 21 mmol), DPPS (0.596 g, 2.01 mmol), DEGDMA (0.176 g, 0.69 mmol), 50 lL of the ACPA stock solution (4 mg of ACPA, 0.014 mmol) and deionized water (3.8 g) was purged for 45 min with an argon stream at 0 °C. This biphasic solution was quickly injected into the reaction flask, after the completion of Step 1, under argon at 80 °C. After 3 h of stirring, the polymerization was quenched by immersion of the flask into iced water. The overall conversion of S and DEGDMA (99%) was determined by gravimetric analysis and that of DPPS (100%) was measured by 31 P NMR in THF-d 8. DLS: D h = 87nm (PDI = 0.14) in H 2 O, 130 nm (PDI = 0.05) in THF.

General procedure for the phosphine ligand complexation to [Rh (acac)(CO) 2 ]

The [Rh(acac)(CO)(TPP@NG)] latex (100% Rh loading to the phosphine functions) was prepared as described previously for the analogous [Rh(acac)(CO)(TPP@CCM)] [27] by adjusting the amount of precursor [Rh(acac)(CO) 2 ] complex to a slight excess (ca. 1.01 equiv) relative to the amount of phosphine functions as detailed in Table 1. 31 P{ 1 H} NMR (162 MHz, CDCl 3 , 298 K): d 47.6 (d, J = 175 Hz).

Biphasic hydroformylation catalysis

A Hastelloy C276 autoclave (290 mL) equipped with a gas inducing stirrer was used for the hydroformylation experiments. During their preparation, careful attention was paid to prevent phosphine oxidation, as detailed in the experimental procedure described below.

Preparation of the catalytic phase

The as-synthesized latex (cf. Table 1) was first sonicated during 5 min prior to sampling the required amount (0.65 mmol of P). This aliquot was diluted to 25 mL in a Schlenk flask containing deoxygenated ultrapure water (after three cycles of evacuation and nitrogen bubbling). Then the aqueous phase was stirred at 1200 rpm under nitrogen atmosphere for 15 min. Oxygen-free ndecanal (3 mL) was added to the aqueous phase to partly swell the latex particles and the colloidal suspension was further stirred at 1200 rpm during 15 min. At the same time, 0.16 mmol of [Rh (acac)(CO) 2 ] was dissolved into 3 mL of n-decanal under a nitrogen atmosphere and the solution was stirred 15 min at 500 rpm, then sonicated for 3 min to ensure complete dissolution. The orange catalytic solution was added to the aqueous phase by a syringe under nitrogen and the mixture was stirred at 1200 rpm for 3 min.

2.6.2. Preparation of the reactant phase 81.7 mmol of 1-octene was added into a Schlenk flask containing 56 mL of n-decanal. The solution was evacuated and placed under a nitrogen atmosphere. The molar fraction of 1-octene in the organic phase was 0.2 based on the whole organic phase i.e. n-decanal (including the fractions used to swell the objects and to dissolve the [Rh(acac)(CO) 2 ] precatalyst) and 1-octene.

Autoclave reaction

The aqueous and organic phases were successively introduced into the reactor. The autoclave was then rapidly closed and flushed three times with N 2 (15 bar). It was left under 15 bar of N 2 for 10 min to check for leaks, and finally purged 3-4 times with syngas (equimolar CO/H 2 mixture prepared in a separated high pressure ballast tank, see Fig. S1). The mixture was heated to 90 °C under 2 bar of syngas at 250 rpm, well below gas self-induction, to generate the active catalytic species while hindering the reaction. Once the set temperature was reached (after about half an hour), the stirring was stopped. A first sample was taken to measure the initial reactant conversion, which was always found less than 2%. The reactor was pressurized to 20 bar by a continuous feeding of syngas from the ballast tank through a gas pressure-reducing valve. Then, data acquisition was started and the stirring speed was set to the defined value (1200 rpm under standard operating conditions). Both temperature and pressure of the reactor and of the gas ballast were recorded on-line, in order to measure the instantaneous syngas consumption. After three hours of reaction, the stirring was stopped and a sample of the organic phase was withdrawn. The reactor was isolated from the ballast and the mixture was cooled under low stirring (250 rpm) until it reached 40 °C.

The stirring was stopped and the syngas replaced by nitrogen. The biphasic mixture was left to settle overnight under 5 bar of nitrogen before separation. The dynamics of the phase separation process was investigated separately, showing that the phase separation occurred in two successive stages: a first fast disengagement forming two distinct phases within 20 min, followed by a much slower evolution within 3 h. After 20 min, the mixture consisted of an opaque aqueous phase containing the majority of the polymer particles and a translucent organic phase. In the final mixture, the organic phase had become almost transparent with a substantial decrease of the turbidity and increase of the transmittance. The detailed results of these experiments are given in the Supporting Information. All organic phase samples were analyzed by gas chromatography to quantify the linear to branched aldehyde ratios (l/ b), as well as the isomerization and hydrogenation by-products. The recovered organic phase was also examined for rhodium content by ICP/MS.

Results and discussion

Synthesis and characterization of phosphine-functionalized nanogels, TPP@NG

The present study makes use of phosphine-functionalized corecross-linked amphiphilic polymeric nanoreactors of two different kinds: core-cross-linked micelles (CCM) and nanogels (NG), both of them made by the RAFT polymerization technique, using 4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA) as transfer agent and 4,4 0 -azobis(4-cyanopentanoic acid) (ACPA) as radical source and operating in water. The synthesis and characterization of the CCM have been previously reported [27][28][29]. The new NG polymers are quite similar in structure, size and composition to the CCM, but differ from the latter in one important point: while in the CCM the phosphine functions are located on flexible linear arms which are cross-linked only at the very central part of the hydrophobic core, the phosphine functions in the NG are located inside the cross-linked part, which extends to almost the entire hydrophobic core (see Fig. 3). The different architectures are achieved by a different monomer feeding sequence.

The first step for both CCM and NG syntheses is the aqueous polymerization of a 50:50 mixture of methacrylic acid (MAA) and poly(ethylene oxide) methyl ether methacrylate (PEOMA), using 15 equivalents of each monomer per molecule of transfer agent. The polymerization is well controlled leading to the formation of the water soluble HOOCCH 2 CH 2 C(CN)(Me)-[MAA 15 -co-PEOMA 15 ]-SC(S)SPr macroRAFT agent. For the synthesis of the TPP@CCM [27-29], the second step consists of the statistical copolymerization of styrene (S) and 4-diphenylphosphinostyrene (DPPS), which involves polymerization-induced self-assembly (PISA) to yield micelles (M), and is followed by final cross-linking via the controlled polymerization of a diethylene glycol dimethacrylate (DEGDMA) -styrene mixture [27,29]. For the synthesis of the new NG polymers, the functionalized monomer (DPPS), the DEGDMA cross-linker and the styrene ''diluent" monomer were added simultaneously in the last step. For the synthesis of TPP@NG-1, well dispersed nanoparticles with narrow sizedistribution were obtained after a first short chain extension of the macroRAFT agent by styrene (50 equivalents per chain) leading to PISA. It was found that this intermediate chain extension helped avoid macrogelation in the final step.

All particles used in the present study (see Table 1) have the same relative amounts of hydrophilic, hydrophobic and crosslinking monomer molecules per transfer agent: 30 hydrophilic ones (15 MAA + 15 PEOMA) in step 1, 300 hydrophobic ones (S + DPPS) in step 2, and 100 additional ones (90 S + 10 DEGDMA) in step 3. They differ only in the relative DPPS content in the hydrophobic core (15, 30 or 75 DPPS monomers per chain). The TPP@CCM-1 and TPP@NG-1 on one hand, and the TPP@CCM-2 and TPP@NG-2 on the other, have the same overall composition and differ only in the core architecture. For comparison purposes, we have also used the latex dispersion of the micelles resulting from step 2 with 30 DPPS monomers per chain, which will be referred to as TPP@M, see Table 1.

Transmission electron micrographs of the nanogels revealed that the particles have spherical shape, small and regular dimensions, and a relatively narrow size distributions, see Fig. 4. Diluted dispersions were analyzed by dynamic light scattering, see Fig. 5, affording the average size (D z ) and polydispersity index (PDI) reported in Table 1, which qualitatively agree with the dimensions visually observed by TEM. Note that all polymers have approximately the same size in water (D z of 70-100 nm), which increases significantly in THF where the core part becomes soluble (Table 1). The swelling factor, however, is significantly lower for the NG particles relative to the CCM, as expected from the different crosslinking mode.

The NMR properties of the NG are very similar to those previously established for the corresponding CCM. Only the main points are recalled here, with the relevant characterization spectra available in the Supporting Information. The large dimensions and insolubility of the particle core in water make this part of the polymer invisible by NMR. Thus, the 1 H NMR spectrum of TPP@NG in D 2 O reveals only the resonances of the PEO chains (Fig. S2), while the 31 P NMR spectra are silent. The outer shell backbone protons (MAA CH 3 , CH 2 and CH protons and PEOMA backbone CH 2 and CH protons) are also invisible, suggesting that they remain solidary with the hydrophobic core. All protons become visible, however, in THF-d 8 (Fig. S3) showing that the low cross-linking density confers sufficient mobility to the full macromolecule like for the corresponding more flexible CCM. The core phosphine functions become visible in the 31 P{ 1 H} NMR spectrum with a single resonance at d À8.3, which is identical to that obtained under the same conditions for TPP@CCM [27].

Addition of organic solvents (toluene, chloroform) that are immiscible with water but compatible with the particle hydrophobic core results in nanoparticle swelling: the resonances of the core proton and P nuclei become observable in the 1 H and 31 P NMR spectra (Figs. S4 andS5). Similar to the behavior previously reported for the CCM particles [27,28], the outer shell PEO resonances are split into two sets when the NG is swollen by toluene: a sharper one associated with the more mobile PEO chain in an aqueous environment and a broader one associated with less mobile chains folded back into the hydrophobic core. Line deconvolution of the stronger PEO methylene resonance (see Fig. S6) yields ratios for the water-solvated and toluene-solvated PEO chains of a 20.3:79.7 for TPP@NG-1, showing that toluene swelling compatibilizes the major fraction of the PEO chains in the NG particles with the hydrophobic core. A similar result was obtained for the related CCM particles (e.g. a 30.3:69.7 distribution for TPP@CCM-2 [27]). Rough integration of the free toluene aromatic and methyl resonances (accuracy is limited because of overlap with the broader polymer resonances) yields an estimate of 520-600 molecules of toluene per chain being incorporated in swollen TPP@NG-1 (cf. 770-950 for TPP@CCM-2 [27]). The two estimates in each case correspond to the integration of the aromatic and methyl proton resonances. Upon swelling with chloroform, on the other hand, the PEO chains remain essentially completely confined in the aqueous environment (Fig. S4). This behavior is, once again, identical to that of the CCM. Integration of the 1 H NMR resonance suggests incorporation of ca. 930 chloroform molecules per chain in the TPP@NG-1 core (cf. ca. 2000 for TPP@CCM-2). The relatively low cross-linking density does not introduce dramatic constraints to significantly alter the swelling capacity or the chain mobility and the partition of the shell PEO chains between the aqueous phase and the toluene-swollen core in the NG relative to the CCM. Fig. 4. TEM image of (A) TPP@NG-1 and (B) TPP@NG-2. Fig. 5. DLS analysis in water and THF of (A) TPP@NG-1 and (B) TPP@NG-2. Fig. 6. 31 P{ 1 H} NMR spectra of TPP@NG-1 in water after swelling with toluene, before and after loading (100%) with [Rh(acac)(CO) 2 ].

Metal coordination inside the nanoreactors

Treating the toluene-swollen NG particles with a toluene solution of [Rh(acac)(CO) 2 ] (1 equiv per P atom) results in rapid transfer of the metal complex to the macromolecule core and coordination to the phosphine functions by CO ligand substitution to form [Rh(acac)(CO)(TPP@NG)] (Eq. ( 1)), as signaled by the replacement of the NMR 31 P resonance of the free phosphine with that of the Rh-ligated phosphine at d 47.6 (d, J = 175 Hz), see Fig. 6 for TPP@NG-1 (the TPP@NG-2 shows identical behavior). This resonance corresponds closely in chemical shift and Rh coupling to that of the corresponding molecular compound [Rh(acac)(CO) (PPh 3 )] (d 48.6, J PRh = 179.7 Hz) [34]. It is also essentially identical to that previously reported for the [Rh(acac)(CO)]-loaded TTP@CCM [27]. By analogy with the behavior described for the CCM, loading with only ½ equivalents of metal complex, therefore leaving 50% of the phosphine functions non-coordinated, yields silent spectra because the rate of the self-exchange process (Eq. ( 2)) results in resonance coalescence at room temperature [27,28].

½RhðacacÞðCOÞ 2 þ TPP@NG ! ½RhðacacÞðCOÞðTPP@NGÞ þ CO ð1Þ ½RhðacacÞðCOÞðTPP@NGÞ þ TPP@NG ¢ TPP@NG þ ½RhðacacÞðCOÞðTPP@NGÞ ð2Þ 
3.3. Catalytic performance of TPP@NG in the hydroformylation of 1octene

The new TPP@NG latexes were tested for the biphasic Rhcatalyzed hydroformylation of 1-octene under the same operating conditions previously used [27,29] for the analogous TPP@CCM catalyst supports: molar ratio of 1-octene/Rh and P/Rh respectively set to 500 and 4, 20 bar of syngas pressure, 90 °C, 20 mol.% of 1octene in n-decanal, and volume ratio of organic mixture to aqueous latex suspension set to 3. The pH of the aqueous phase was not adjusted and its value, measured after the reaction, was about 4. Table 2 compares the TPP@NG performances with those of the related TPP@CCM in terms of activity, l/b selectivity and Rh leaching. In all the investigated cases, no hydrogenation and low isomerization (about 5%) were observed.

Thanks to the ballast pressure recording, the gas consumption could be calculated at any time of the reaction. For the calculation of the initial reaction rate, a compromise on the considered time interval had to be sought so as to keep a low 1-octene conversion (<20%) while minimizing the effect of pressure fluctuations on the linear regression. The sensibility study showed that a variation of 10% in the TOF value should not be considered as significant and the uncertainty on the l/b ratio was estimated as ca. ±5%. Therefore, the comparisons between the repeat experiments for TPP@NG-1 (entries 1b and 1c) and for TPP@CCM-2 (entries 4a and 4b) show good reproducibility.

Comparison of different nanoreactor architectures

Going from M to CCM (cross-linking the terminal parts of the hydrophobic segments) results in ca. 20% reduction of the initial turnover frequency (TOF) (cf. entries 4a/b and entry 6 of Table 2). Further mobility reduction in NG, given the catalytic site embedding inside the cross-linked network, results in reduced accessibility to the catalytic complexes and hence further TOF reduction, but only by about 20% regardless of the degree of functionalization. The TOF mean values at 1200 rpm are ca. 600 vs. 695 h À1 (TPP@NG-1, entries 1b/c, vs. TPP@CCM-1, entry 3) and 379 vs. 457 h À1 (TPP@NG-2, entry 2, vs. TPP@CCM-2, entries 4a/b). The l/b selectivity is of the same order of magnitude for the different architectures, but no clear trend can be identified. The most striking effect concerns the Rh leaching to the organic phase, with a continuous decrease following the scaffold stiffening, as will further be commented.

Effect of the degree of functionalization

For the TPP@CCM-supported catalyst [29], a phosphine content increase was found to substantially lower the initial reaction rate (Table 2, entries 3-5). This trend is confirmed in the case of TPP@NG: increasing the DPPS co-monomer in the hydrophobic core from 5% to 10% mol. reduces TOF by ca. 35% for both objects. A possible rationalization of this phenomenon lies in the steric hindrance caused by the higher phosphine density, although this phenomenon would be expected to be accentuated in the nanogel. On the other hand, a higher functionalization degree also means a higher density of Rh within the objects and possibly the formation of inactive dimeric Rh species [35].

Whereas the l/b ratio appears to improve upon increasing the phosphine content in TPP@CCM (entries 3, 4a/b and 5), it is not significantly affected by the same modification in TPP@NG (entries 1b/c and 2). At higher DPPS:S ratio, the ligand entrapping within b Initial reaction rate (with respect to non-swollen aqueous phase) and corresponding turnover Frequency calculated from syngas consumption. c Linear to branched aldehyde ratio determined from the GC/FID analysis of the final sample. d Rh concentration in the organic phase measured by ICP/MS (left: dilution method; right: mineralization method). e These results have also been previously mentioned in Ref. [33]. f,g Results recalled from Refs. [29,27], respectively. the cross-linked structure might hamper the formation of catalytic species with a higher number of coordinated phosphine, known to be more regioselective. For both objects, the functionalization degree has no appreciable effect on the Rh leaching.

Effect of stirring speed

Since the Rh leaching was found to increase with a more vigorous stirring for the CCM-supported catalyst [27,29] (1600 rpm vs. 1200 rpm, see entries 4a-d), the effect of this operating parameter was also examined for TPP@NG-1. Originally, the stirring speed was increased from 1200 to 1600 rpm as a typical test to examine the possible presence of external mass transfer (especially gas absorption) on the measured reaction rates. This range was extended to 1000 rpm for TPP@NG-1. The negligible variation of the measured TOF allows concluding on the absence of any significant mass transfer limitation on the reaction rate under the investigated conditions. On the other hand, increasing the stirring speed for the experiments with TPP@NG-1 (entries 1a-e) resulted not only in a lower Rh loss to the organic phase relative to the TPP@CCM samples, but also and most interestingly in similar levels of Rh loss for all experiments (nearly unchanged Rh content of about 1 ppm in all the organic phases recovered after the reaction tests performed between 1000 and 1600 rpm). Namely, the stirring speed has a much smaller effect, if any, on the Rh leaching for the TPP@NG system.

As stated in the introduction, the DLS analysis of the recovered organic phase for the TPP@CCM experiments has shown light scattering consistent with the presence of polymeric nanoreactors and a correlation between the Rh loss and the particle size, suggesting the intervention of particle-particle coupling as shown in Fig. 1 and a higher transfer of the coupled particles to the organic phase. The architecture change from CCM to NG should naturally lead to less favorable interparticle coupling because of the physical impediment by the core cross-linking. This is indeed consistent with the lower leaching measured for the experiments with the TPP@NG. It is also consistent with a smaller effect of the stirring rate on the leaching level, if we assume that indeed coupled particles are transferred preferentially to the organic phase. The DLS measurements on the recovered organic phases for entries 1a-e and 2 indeed showed the presence of particles, but the measurement was at the limit of the instrument sensitivity and did not afford reliable results to conclude on any effect of the stirring rate on the particle size. The residual leaching observed for the TPP@NGsupported catalyst may result from either residual transfer of the polymeric particles, even in the absence of interparticle coupling, or escape of part of the Rh catalyst from the polymer as a molecular species. Separately published coordination chemistry investigations with these nanoreactors and more specifically on the interparticle metal migration rate and mechanism strongly indicate that metal escape from the polymer core as a molecular species indeed occurs, although the extent of this loss could not be quantified [36]. The leaching mechanism and various strategies to further reduce it continue to be the object of our investigations.

Conclusion

Slight modification of the synthetic strategy of the earlier TPP@CCM macroligand has yielded a nanogel architecture offering a reduced catalyst leaching, without significant loss of activity or selectivity. Variation in the functionality degree of these objects was proven to mainly affect the TOF values. This paves the way toward further improvement of these nanoreactors owing to the flexibility of the PISA technique, which should allow anchoring bidentate ligands for a higher l/b regioselectivity or tuning the hydrophilic shell functionalities for a better confinement in the aqueous phase. Particle interpenetration, previously identified as a possible aggravating factor for the catalyst loss into the organic phase, appears confirmed by the reduced ability of the nanogel structure to lead to interparticle coupling. Further improvements could be achieved by modifying the nanoparticle shell or the aqueous phase properties so as to promote electrostatic repulsion between particles. This will be examined in the forthcoming work.

Fig. 1 .

 1 Fig. 1. Molecular structure of TPP@CCM.

Fig. 2 .

 2 Fig. 2. Particle-particle coupling resulting from interpenetration and Rh-TPP coordination.

  HOOCCH 2 CH 2 C(CN)(Me)-[MAA 15 -co-PEOMA 15 ]-b-[S 270 -co-(DPPS) 30 ]-SC(S)SPr; TPP@CCM: HOOCCH 2 CH 2 C(CN)(Me)-[MAA 15 -co-PEOMA 15 ]-b-[S (300-x) -co-(DPPS) x ]-b-[S 90 -co-DEGDMA 10 ]-SC(S)SPr; TPP@NG-1: HOOC-CH 2 CH 2 C(CN)(Me)-[MAA 15 -co-PEOMA 15 ]-b-S 50 -b-[S 325 -co-(DPPS) 15 -co-DEGDMA 10 ]. TPP@NG-2: HOOC-CH 2 -CH 2 C(CN)(Me)-[MAA 15 -co-PEOMA 15 ]-b-[S 360 -co-(DPPS) 30 -co-DEGDMA 10 ].

Fig. 3 .

 3 Fig. 3. Different architectures of the CCM and NG particles.

a

  Operating conditions: [Rh(acac)(CO) 2 ] = 6.5 Á 10 À3 kmol m À3 uaq , [1-octene] = 1.1 kmol m À3 uorg , P/Rh = 4, V uorg = 75 mL (1-octene + n-decanal), V uaq = 25 mL (latex + water), T = 363 K, P syngas = 20 bar (CO/H 2 = 1).

  

  

Table 1

 1 Polymer latexes used in this study. a

		x (DPPS)	D z (nm)/PDI		Solid content (%)	[DPPS] (mol L À1 )	Ref.
			H 2 O	THF			
	TPP@M	30	72/0.21	-	26.5	0.130	[26]
	TPP@CCM-1	15	100/0.28	160/0.07	25.5	0.059	[28]
	TPP@CCM-2	30	79/0.18	175/0.28	27.3	0.128	[26]
	TPP@CCM-3	75	73/0.09	235/0.20	27.4	0.286	[28]
	TPP@NG-1	15	90/0.20	150/0.10	20.5	0.054	This work
	TPP@NG-2	30	87/0.14	130/0.05	32.1	0.145	This work b

a TPP@M:

  1.10 mmol) of PEOMA and 50 lL of a stock solution containing 4 mg of ACPA (0.0143 mmol) in 4.93 mL of water. The molar mass was determined by size exclusion chromatography (SEC) in THF (experimental M n = 15,600 g mol À1 ; Ɖ = 1.15).

	2.3.2. Step 2: Preparation of nanogel
	During Step 1, a biphasic solution of S (0.39 g, 3.7 mmol) and
	the ACPA stock solution (50 lL containing 4 mg of ACPA,
	0.014 mmol) were purged for 45 min with an argon stream at
	0 °C. This solution was quickly injected into the reaction flask, after
	the completion of Step 1, under argon at 80 °C. After 3 h of stirring,
	the polymerization was quenched by immersion of the flask into
	iced water. Then S (3 g, 28.8 mmol), DPPS (0.39 g, 1.35 mmol),
	DEGDMA (0.21 g, 0.87 mmol) and 50 lL of the ACPA stock solution
	(4 mg of ACPA, 0.014 mmol) and 15 g of deionized water were
	added. The mixture was purged for 1 h with argon at 0 °C, and
	the flask was then placed in an oil bath thermostated at 80 °C. After
	3 h, a 0.5 mL sample was withdrawn for analysis and the polymer-
	ization was quenched by immersion of the flask in iced water. The
	overall conversion of S and DEGDMA (99%) was determined by 1 H
	NMR in THF-d 8 and that of DPPS (100%) was measured by 31 P NMR
	in THF-d 8 . DLS: D h = 90 nm (PDI = 0.2) in H 2 O, 150 nm (PDI = 0.10)
	in THF.

Table 2

 2 Results of the biphasic hydroformylation of 1-octene. a

	Entry	Investigated ligand	Stirring speed (rpm)	Initial rate (kmol m À3 uaq s À1 ) b	TOF max (h À1 ) b	l/b c	Rh leaching	
							(mg L À1 uorg ) d	
	1a	TPP@NG-1	1000	1.1 Á 10 À3	617	3.6	-	1.0
	1b		1200	1.1 Á 10 À3	567	3.6	-	1.2
	1c		1200	1.2 Á 10 À3	632	3.6	-	1.0
	1d		1400	9.9 Á 10 À4	525	3.5	-	0.4
	1e		1600	1.1 Á 10 À3	611	3.5	-	0.8
	2 e	TPP@NG-2	1200	7.0 Á 10 À4	378	3.6	0.6	0.8
	3 f	TPP@CCM-1	1200	1.3 Á 10 À3	695	3.3	1.8	-
	4a g	TPP@CCM-2	1200	8.0 Á 10 À4	441	5.0	2.0	1.8
	4b f		1200	8.5 Á 10 À4	473	4.4	2.5	-
	4c f		1400	1.0 Á 10 À3	557	3.4	6.5	-
	4d f		1600	1.0 Á 10 À3	579	3.5	11.6	-
	5 f	TPP@CCM-3	1200	3.5 Á 10 À4	191	4.7	1.4	-
	6 g	TPP@M	1200	1.0 Á 10 À3				
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