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This thesis focuses on the generation of metal nanoparticles embedded in ligand-
tunctionalized water-soluble core-shell polymers for application in aqueous biphasic
hydrogenation catalysis. Chapter I is a bibliographic survey on polymeric
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Abstract

Metallic nanoparticles (MNPs) garner substantial attention in the field of catalysis due to their
remarkable high surface-to-volume ratio that indudes a high number of potential active sites.
The confinement of MNPs significantly impacts their stability and catalytic performance.
Biphasic applications are particularly attractive as they facilitate catalyst recovery and
recycling by simple phase separation. Micellar catalysis, where the catalyst is tethered to the
hydrophobic core of a surfactant, that self-assemblesinto micellar nanoreactors is of particular
interest. Inspired by previous research work, this project focuses on the synthesis of
unimolecular nanosized polymeric reactors and the confinement of rhodium nanoparticles
(RhNPs) within their cores, for their application in aqueous biphasic hydrogenation. To
circumvent extraction of the NPs upon recycling, as previously encountered with
triphenylphosphine-functionalized polymer cores in the presence of O-based solvent, the use of
triphenylphosphine oxide (TPPO) as core-anchor was developed. The aim was to have core-
ligands which interact more strongly with the RhNPs surface, and thus provide a more efficient
confinement and resultant higher performance for hydrogenation catalysis. Experiments were
performed using core-crosslinked micelles with a polycationic (CCM-C) or polyanionic (CCM-
A) shell, where TPPO functions were grafted by copolymerization with styrene of 4-
styryldiphenylphosphine oxide (SDPPO), both synthesized by reversible addition-
fragmentation chain transfer (RAFT) polymerization. The in-situ generation of the RhNPs
using [Rh(COD)(u-Cl)]z as precursor proved unsuccessful, suggesting that Rh! binding by
TPPO to yield [RhCI(COD)(TPPO@CCMs)] was insufficiently strong to cleave the di-u-Cl-
bridge in the precurcor complex. However, two alternative approaches were successfully
developed for the generation of RINP-TPPO@CCMs, consisting of either an ex-situ synthesis
of RhNPs in the presence of stabilizers followed by their transfer to the CCM cores, and a one-
pot synthesis approach. The resulting RENP-TPPO@CCMs latexes showed a very high
catalytic activity for the aqueous biphasic hydrogenation of styrene, and they proved reusable
in multiple catalytic runs without any perceptible RhNPs loss during the intermediate product
extractions with diethyl ether. The RENP-TPPO@CCMs latexes were also proven efficient for

the hydrogenation of other alkenes, alkynes, and carbonyl substrates.
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Resumé

Metal nanopartikler (MINPs) har betydelig opmeerksomhed inden for katalyse pd grund af deres
bemeaerkelsesvaerdige hoje overflade-til-volumen-forhold, som giver potentielt mange katalytiske
aktive sites. MNPs’s stabilitet og katalytiske ydeevne oges markant ndr de indesluttes, og det
er attraktivt at anvende sddanne katalysatorer i bifasiske systemer, hvor katalysatorseparation
0g -genbrug kan foregi ved simpel faseadskillelse. Specielt katalyse med micelleere
nanoreaktorer hvor katalysatoren er bundet til den hydrofobe kerne af et overfladeaktivt stof er
interessant. Inspireret af tidligere forskning fokuserer dette projekt pi syntese af unimolekyleere
nano-polymer reaktorer med rhodium NPs indesluttet i kernerne, samt anvendelse af de
resulterende katalystorer til vandig bifasisk hydrogenering. For at undgd ekstration af RhNPs
fra katalysatorerne med oplosningsmidler indeholdende oxygenatomer under deres genbrug,
som ellers tidligere er fundet for polymerkerner funktionaliseret med triphenylposphin, blev
triphenylphosphinoxid (TPPO) udvilket som kerneanker. Formdlet var, at have ligander
bundet i kernen som effektiv forankrer RUNP via sterk interaktion med deres overflade, og
dermed opnd bedre katalysatorer til hydrogenering. Forseg blev udfort ved kernekrydsbundne
miceller syntetiseret med bdde polykationisk (CCM-C) og polyanionisk (CCM-A), hvor TPPO
er bundet gennem co-polymerisering med styren fra 4-styryldiphenylphosphinoxid (SDPPO)
via reversibel addition-fragmentations keedeoverforsel (RAFT). In-situ generering af RhNP
med kompleksforbindelsen [Rh(COD)(u-Cl)]: lykkedes dog ikke, hvilket antydede at bindingen
mellem Rh!og TPPO ikke var tilstraekkelig steerk til at danne [RhCI(COD)(TPPO@CCM)] ud
fra dimeren ved at bryde di-u-Cl-brobindingen. Imidlertid blev der udviklet to alternative
syntesemetoder til at fremstille RINP-TPPO@CCM 'er, som bestod af hhv. ex-situ syntese af
RhNP'er med stabilisatorer efterfulgt af overforsel til CCM-kernerne, samt en et-trins syntese
der kombinerer RENP syntese og overforsel. De fremstillede RhNP-TPPO@CCM-latexer
udviste meget hoj katalytisk aktivitet i vandig bifasisk hydrogenering af styren, og kunne
genanvendes i flere pd hinanden folgende reaktioner uden tab af RENP ved ekstration af de
dannede produkter med diethylether. RiINP-TPPO@CCM-latexerne var ogsd effektive til

hydrogenering af andre alkaner, alkener og carbonylforbindelser.
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Résumé

Les nanoparticules métalliques (MNPs) suscitent une attention considérable dans le domaine
de la nanocatalyse en raison de leur rapport surface/volume remarquablement élevé qui leur
confere un grand nombre de sites actifs potentiels. Le confinement des MNPs a un impact
significatif sur leur stabilité et leur performance catalytique. Leurs utilisations en conditions
biphasiques sont particulierement intéressantes car elles facilitent la récupération et le
recyclage du catalyseur par une simple séparation de phase. La catalyse micellaire, ou le
catalyseur est lié au noyau hydrophobe d un surfactant, qui s’auto-assemble en nanoréacteurs
micellaires, est d’un intérét particulier. Inspiré par de travaux antérieurs, ce projet se concentre
sur la synthése de réacteurs polymeériques nanométriques unimoléculaires et sur le confinement
de nanoparticules métalliques a l'intérieur de leurs noyaux, en vue de leur application dans
I'hydrogénation biphasique aqueuse. Pour résoudre le probleme d’extraction des MNPs
rencontré précédemment avec des polymeres fonctionnalisés dans leur cceeurs par la
triphénylphosphine en présence d'un solvant a base d'O, l'utilisation de ['oxyde de
triphénylphosphine (TPPO) a été développée. L’objectif était d’avoir des ligands de coeur
interagissant plus fortement avec la surface des nanoparticules de rhodium (RhNPs), pour
obtenir un confinement plus efficace des MNPs et, au-dela, une performance plus élevée en
catalyse d’hydrogénation. Des synthéses ont été réalisées avec des micelles réticulées a
enveloppe polycationique (CCM-C) ou polyanionique (CCM-A) ou les fonctions TPPO ont été
greffées par copolymérisation avec le styréne de 'oxyde de 4-styryldiphénylphosphine
(SDPPO), tous deux obtenues par polymeérisation par transfert de chaine par addition-
fragmentation réversible (RAFT). Sila génération in situ de RhNPs a partir de [Rh(COD)(u-
CDI2 a échoué, sans doute parce que la liaison du Rh!' par le TPPO pour obtenir
[RhCI(COD)(TPPO@CCMSs)] n'était pas assez forte pour rompre le pont di-u-Cl dans le
dimere [Rh(COD)(u-Cl]z, deux approches différentes aboutissant a la génération de RhNP-
TPPO@CCMs ont été développées avec succes. L'une en deux étapes, en une synthese ex-situ
des RhINPs en présence de ligands stabilisants, suivie de leur transfert au cceur des CCMs.
L’autre par une protocole en une seule étape. Les latex RINP-TPPO@CCMs résultants ont
montré une activité catalytique trés élevée pour 1'hydrogénation biphasique aqueuse du
styrene, se révélant réutilisables dans de multiples cycles catalytiques sans aucune perte visible
de RhNPs pendant les étapes intermédiaires d’extractions des produits avec le diéthylether. Les
latex RENP-TPPO@CCMs se sont également révélés efficaces pour I'hydrogénation d’autres

alcenes, alcynes et substrats carbonylés.
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DPx Degree of Polymerization
S singlet NMR resonance
d doublet NMR resonance
t t triplet NMR resonance
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m multiplet NMR resonance
b broad NMR resonance
b Dispersity

II. Abbreviations

4vP 4-Vinylpyridine

ACPA 4,4'-Azobis(4-Cyanopentanoic Acid)
acac Acetylacetonato

CCM Core-Crosslinked Micelle

CCM-A CCM With a Polyanionic Outer Shell
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CMC Critical Micelle Concentration
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dm Mean diameter

DLS Dynamic Light Scattering
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E.

GC
ICP-MS
macroRAFT
NMR
NPs
P(4VPMe'T)
P4VP
PAA
PEG
PEGMA
PEOMA
PISA
PMAA
ppm
PSt
RAFT
rpm
SDPP
SDPPO
SDPPS
SS-Na*
St

TEM
TOF
TON
TOP
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Energy Dispersive X-ray

Activation Energy

Gas Chromatography

Inductively Coupled Plasma Mass Spectrometry
Macromolecular RAFT Agent

Nuclear Magnetic Resonance

Nanoparticles
Poly(1-Methyl-4-Vinylpyridinium Iodide)
Poly(4-Vinylpyridine)

Polyacrylic Acid

Poly(Ethylene Glycol)

Poly(Ethylene Glycol) Methacrylate
Poly(Ethylene Oxide) Methyl Ether Methacrylate
Polymerization Induced Self-Assembly
Polymethacrylic Acid

part per million

Polystyrene

Reversible Addition-Fragmentation Chain-Transfer
revolutions per minute
(4-Styryl)diphenylphosphine
(4-Styryl)diphenylphosphine oxide
(4-Styryl)diphenylphosphine sulfide

Sodium 4-Vinylbenzenesulfonate

Styrene

Transmission Electron Microscopy

TurnOver Frequency

TurnOver Number

Tri-n-octylphosphine
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TPP Triphenylphosphine

TPPO Triphenylphosphine Oxide

TPPS Triphenylphosphine Sulfide

XPS X-ray Photoelectron Spectroscopy

XII



| Table of Contents |

Table of Contents

Chapter I: Bibliographic Survey

I.1. Introduction

I.2. Catalysis within confined spaces

1.3. Macromolecular nanoreactors

1.3.1. Polymer micelles

1.3.2. Polymersomes

1.3.3. Unimolecular nanoreactors

1.3.3.1. Shell cross-linked micelles

1.3.3.2. Core cross-linked micelles

1.3.3.2.1 Core cross-linked micelles with RiNP-TPP@CCM-C
I.4. Metal Nanoparticles

1.5. Synthesis of Metal Nanoparticles

1.6. Chemical synthesis of MNPs

1.6.1. Chemical redcution

1.6.2. Organometallic approach

I.7. Rhodium Nanoparticles in Catalysis

I.8. MNPs confined inside CCM-C for application in aqueous biphasic
hydrogenation catalysis

1.9. Summary

I.10. Scope of the PhD thesis work

1.10. References

Chapter II : Experimental section

I1.1. Material and Method

11.1.1. General Method

I1.1.2. Autoclave used at the Technical University of Denmark
11.1.3. Autoclave used at Laboratoire de Chimie de Coordination

I1.1.4. Autoclave used at Institut Francais du Pétrole, Energies Nouvelles

11.1.5. Set-up used in LCC vs DTU

I1.2. Characterization techniques

I1.2.1. Nuclear magnetic resonance (NMR) spectroscopy
11.2.2. Dynamic light scattering (DLS)

11.2.3. Transmission electron microscopy (TEM)

11.2.4. Gas chromatography (GC)

11.2.5. Inductive coupled plasma mass spectrometry (ICP-MS)
11.2.6. X-ray photoelectron spectroscopy (XPS)

11.2.7. Thermal gravimetric analysis (TGA)

I11.2.8. Fourier-transform infrared spectroscopy (FTIR)

I1.3. Synthesis of novel core-crosslinked micelles functionalized with
triphenylphosphine oxide.

I11.3.1. Synthesis of monomers

XIII



| Table of Contents |

11.3.1.1. (4-styryl)diphenylphosphine oxide (SDPPO).

11.3.1.2. (4-styryl)diphenylphosphine oxide (SDPPS).

11.3.2. Preparation of Ro-(4VPMe'I)140-b-Sts0-b-(Sto.9-co-SDPPQo.1)300-SC(S)SnPr (chain
extension with styrene and SDPPO, step 4).

11.3.3. Preparation of Ro-(4VPMe*I)140-b-Stso-b-(Sto.s-co-SDPPOo.1)300-b-(Sto.s-co-
DEGDMA0.1)150-SC(S)SnPr core-crosslinked micelles (CCM-C latex).

11.3.4. Preparation of Ro-(4VPMe*I)140-b-Sts0-b-(Sto.s-co-SDPPS0.1)300-SC(S)SnPr (chain
extension with styrene and SDPPO, step 4).

I11.3.5. Preparation of Ro-(4VPMe*T )140-b-Sts0-b-(Sto.9-co-SDPP So.1)300-b-(Sto.s-co-
DEGDMA0.1)150-SC(S)SnPr core-crosslinked micelles (CCM-C latex).

IL.4. Synthesis of RhNPs and the RhNP-TPPO@CCM-C latex

I1.4.1. Synthesis of RENPs stabilized by pyridine and TPP

11.4.2. Synthesis of RINP-TPPO@CCM-C latex

IL5. One-pot synthesis of RhNP-TPPO@CCM-C

I1.5.1. Synthesis without added base

11.5.2. Synthesis with added base

I11.5.3. Catalyst poisoning experiment

I1.6. Synthesis of cross-linked micelles with a polycationic shell and a
pyridine/triphenylphosphine-functionalized core

11.6.1. Preparation of Ro-(4VPMe*T )140-b-Sts0-b-(Sto.9-co-SDPPo.os-VPo.0s)300-SC(S)SnPr
(chain extension with styrene and SDPP and 4VP, step 4).

11.6.2. Preparation of Ro-(4VPMe*T )140-b-Stso-b-(Sto.9-co-SDP Po.os-V Po.os)300-b-(Sto.s-co-
DEGDMA0.1)150-SC(S)SnPr core-crosslinked micelles (CCM-C latex).

I1.7. Synthesis of cross-linked micelles with a polyanionic shell and a
triphenylphosphine oxide functionalized core.

I1.7.1. Synthesis of phosphine oxide-functionalized copolymer nanoreactors with an anionic
P(S5Na) shell.

11.7.2. Preparation of Ro-(S5Na*)140-b-Stso-b-(Stos-co-SDPPOo.1)300-SC(S)SnPr amphiphilic
block copolymers.

11.7.3. Preparation of CCM with a 90:10 St/ DEGDMA core: crosslinking of the Ro-(SS5
Na*)1a0-b-Sts0-b-(Sto.s-co-SDPPQo.1)300-SC(S)SnPr amphiphilic block copolymers.

I1.8. Synthesis of RhNPs-TPPO@CCM-A

11.8.1. In Ex-situ procedure

I11.8.2. One-pot synthesis of RINP-TPPO@CCM-A

I1.9. General procedure for metal NPs-catalyzed biphasic hydrogenation
11.9.1. Aqueous biphasic hydrogenation

11.9.2. Catalyst recycling experiments

11.9.3. Corrected TOF calculations for RhNPs

I1.10. Nickel nanoparticle synthesis

11.10.1. Synthesis of NiNPs conducted without H>

11.10.2. Synthesis of NiNPs conducted under H>

11.10.3. Synthesis of NiNPs conducted with H2using IFPEN reactors (30 mL)

X1V

86
87

87

88

88

88

89
89
89
90
90
90
90

91

91

91

92

92

92

92

93
93
93
94
95
95
95
96
96
96
96



| Table of Contents |

11.10.4. Hydrogenation of 3-hexyne using IFPEN reactors (30 mL)

11.10.5. Corrected TOF calculations for NiNPs

I1.11. References

Chapter III: Confinement of Rh nanoparticles in core-crosslinked micelles
functionalized with triphenylphosphine oxide for aqueous biphasic
hydrogenation catalysis

IIL.1. Introduction

IIL.2. Polymer synthesis and characterization

111.2.1. Attempts to oxidize TPP in the core of the CCM-C

11.2.1.1. Oxidation by Ss

111.2.1.2. Oxidation by air

111.2.2. Synthesis of TPPE@CCM-C (E = S, O) by copolymerization using oxidized
monomers

111.2.2.1. Characterization of TPPS@CCM-C

11.2.2.2. Characterization of TPPO@CCM-C

111.2.2.3. Choice of CCM-C for Rh nanoparticle confinement for catalytic hydrogenation
II1.3. Generation of Rhodium Nanoparticles

I111.3.1. Kinetic study on the decomposition of [Rh(COD)(u-CI)]:

I111.3.2. Generation of RuNPs in obtimized conditions

IIL.4. Transfer of the RhNPs to the CCM-C core

IIL5. Catalytic hydrogenation with RhNP-TPPO@CCM-C done at LCC
IIL.6. Catalytic studies of the hydrogenation of styrene (at DTU)

I11.6.1. Hydrogenation of styrene using the colloidal RENP suspension in toluene
111.6.2. Hydrogenation of styrene with RiNP-TPPO@CCM-C

II1.7. Summary and Outlook

II1.8. References

Chapter IV: Aqueous biphasic hydrogenation with one-pot-synthesized Rh
nanoparticles in polycationic-shell and triphenylphosphine oxide-functionalized
core-cross-linked micelles

IV.1. Introduction

IV.2. One-pot synthesis and characterization of RhNP-TPPO@CCM-C
IV.3. Aqueous biphasic hydrogenation with RhNP-TPPO@CCM-C

1V.3.1. Hydrogenation of styrene without base additive

1V.3.2. Hydrogenation of styrene with base additive

1V.3.3. Hydrogenation of styrene in the presence of Hg

1V.3.4. Hydrogenation of other substrates

IV.4. Summary and Outlook

IV.5. References

Chapter V : Synthesis and characterization of novel cross-linked micelles with
polycationic shell and pyridine/triphenylphosphine-functionalized core.
V.1. Introduction

V.2. Polymer synthesis and characterization

XV

97
98
98

100

100
101
101
103
103

103

105
107
108
109
110
111
113
114
118
119
120
129
129

135

135
136
141
141
146
148
149
151
152

156

156
156



| Table of Contents |

V.3. [Rh(COD)(u-Cl]: precatalyst coordination 160
V.4. Aqueous biphasic catalysis with Rh-VP-TPP@CCM-C 162
V.4.1. Aqueous biphasic hydrogenation with Rh' 162
V.4.1. Attempts to generate RiINP-VP-TPP@CCM-C 162
V.5. Summary and Outlook 163
V.6. References 163
Chapter VI: Rh nanoparticles confined in novel polyanionic core-crosslinked

micelles with triphenylphosphine oxide-functionalization: Synthesis, 165
characterization, and application in aqueous biphasic hydrogenation

VL1. Introduction 165
VI.2. Polymer synthesis and characterization 166
VI.3. Synthesis and characterization of RhNPs-TPPO@CCM-A 168
VI1.3.1. Ex-situ synthesis of RhNPs and transfer to TPPO@CCM-A 168
VI1.3.2. One-pot synthesis of RiNPs-TPPO@CCM-A 169
V1.3.2.1. Characterization of RRNPs-TPPO@CCM-A 170
VI.4. Hydrogenation catalysis with one-pot synthesized RhNPs-TPPO@CCM-A 173
VI1.4.1. Styrene hydrogenation 173
V1.4.2. Acetophenone hydrogenation 178
VL5. Summary and Outlook 180
VI.6. References 181

Chapter VII: Synthesis and characterization of nickel nanoparticles and their

e e . . 183
application in catalysis
VIL.1. Introduction 183
VIIL.2. NiNPs synthesis and characterization 185
VIIL.3. Semi-hydrogenation of 3-hexyne with NiNPs 191
VI.4. One-pot synthesis of NiNP-TPPO@CCM-A latex 193
VIL5. Summary and Outlook 194
VIL.6. References 195
Chapter VIII: Conclusion and Perspective 200
Appendix A 204
Appendix B 208
Appendix C 210
Appendix D 215
Appendix E 217

XVI



| Chapter I: Bibliographic Survey |

Chapter I: Bibliographic Survey

This chapter focuses on catalytic applications within confined spaces of polymeric
nanoreactors. It delves into the fundamental concepts of nanotechnologies and the
interests of metal nanoparticles (MNPs) in catalysis. The chapter begins by
introducing polymeric nanoreactors and highlighting their primary roles in catalysis.
The subsequent section is dedicated to core-crosslinked micelles (CCM), providing
insights into the latest developments in this field, including the first use of
MNP@CCM by our group. Then the significance of MNPs and the methods for their
chemical synthesis are described before commenting recent works on the utilization
of rhodium nanoparticles (RhNPs) in hydrogenation catalysis. The introductory
section of this chapter (Section I-III), is related to article No. 3 in the list of publications

mentioned earlier in this manuscript.
I.1. Introduction

Catalysis is a key technology for our society with extensive contributions in diverse
areas such as energy, chemicals and food production, cosmetics, health, efc. [1,2].
Heterogeneous catalysis, where the catalyst and the substrate are in two different
phases, provides easy catalyst separation and reuse, which often results in extended
catalyst lifetime and use of less solvents. These features have made heterogeneous
catalysts predominant in industry (about 80% of processes). However, heterogeneous
catalytic systems typically require harsher reaction conditions than homogeneous
analogs and this may lead to lower selectivities. Heterogeneous systems may also
suffer from mass transport limitations, which may decrease the catalytic activity. In
addition, the exploration of reaction kinetics and mechanistic understanding are often
more problematic for heterogeneous catalysts. Conversely, homogeneous catalytic
systems usually provide high activities and selectivities under milder reaction

conditions. They also allow easier mechanistic investigations. However, since the
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catalyst and the substrate coexist in the same physical phase (typically a liquid phase),
these systems inherently suffer from difficult catalyst separation and reuse. Hence,
down-stream separation procedures such as precipitation, extraction, or ultrafiltration
are typically required to recover the catalyst, which are operations requiring
additional equipment, undesirable large amounts of solvent, and extra costs (Table

L1).

Table I.1. Comparison between heterogeneous and homogeneous catalysis [1,2].

Heterogeneous Homogeneous
Catalyst form Solid, often metal or metal oxide Metal complex
Mode of use Fixed bed or slurry Dissolveiégitil;reaction
Solvent Usually not required Usually required
Selectivity Difficult to control High and easily tailored
Stability Stable to high temperature Decomposes at >100 °C
Recyclability Easy Can be very difficult
Cost Low High
Catalyst life Long, regeneration feasible Short, difficult regeneration
Diffusion limitations Susceptible, to b-e elimine-itfszd with Crfm Pe overcome b.y
proper reaction conditions optimization of stirring

Reaction kinetics and

. Complex, difficult to establish Relatively easy to establish
mechanisms

Special reaction Haber process Methanol carbonylation

To circumvent these issues, several strategies have been implemented for the recycling
of homogeneous catalysts in large-scale processes. These strategies include: (1)
employing specially designed membranes capable of selectively percolating catalyst-
supporting molecules (such as dendrimers or colloids) through micro-/ultra-
/nanofiltration or reverse osmosis processes [3,4], tailored to the size and geometry of
the catalyst; (2) utilizing biphasic catalysis, where the catalyst is immobilized in a
separate, immiscible liquid phase from that of the reaction products [3] (for instance,
the Rhone-Poulenc/Ruhrchemie hydroformylation of propene and butene involving
water as the immiscible phase [5]); and (3) employing catalyst confinement

techniques, where the catalyst support can be a solid phase with the molecular catalyst

2



| Chapter I: Bibliographic Survey |

either grafted onto the surface or enclosed within the pores of insoluble polymers
(such as resins), inorganic oxides (like silica and alumina), or carbon materials
(including carbon black, carbon nanotubes, and graphene), known as heterogenized
homogeneous catalysis, or a separate liquid phase, referred to as liquid/liquid biphasic
catalysis. The latter strategy is an effective and low-cost solution to preserve the
catalytic performance and facilitate catalyst recovery. Whatever the catalyst support,
solid or liquid, catalyst confinement approaches combine the benefits of homogeneous
and heterogeneous catalysis. This is also possible via micro-heterogenization using

colloidal assemblies [3], also referred to as nanoreactors.

As defined by the National Nanotechnology Initiative (NNI), nanotechnology is the
scientific field dedicated to the synthesis, engineering, and creation of materials and functional
systems at the nanometer scale, ranging from 1 to 100 nm [6]. The lower limit is constrained
by the size of individual atoms, as fundamental building blocks of materials [6]. On
the other hand, the upper limit (approximately 100 nm), represents a level at which
the specific phenomena exhibited by nanomaterials start to diminish. The prefix
"nano" finds its origin in the Greek word “vavoc” or the Latin word “nannus”, both
meaning "dwarf." It was officially adopted as an SI prefix, indicating 10~ of an SI base
unit, during the 11th “Conférence Générale des Poids et Mesures (CGPM)” in 1960 [7].
Polymeric nanoreactors that contain covalently linked ligands in their core
architecture offer an interesting approach for anchoring and protecting the catalyst
from the surrounding environment, while facilitating its recovery and recycling [4].
One of the prominent techniques for catalyst recovery and recycling is liquid/liquid
biphasic catalysis using two immiscible liquid phases, one containing the catalyst and
the other one containing the reaction products and any unreacted substrate [5,8,9]. In
this approach, the two phases can be separated by a simple decantation, thus
facilitating the reuse of the catalyst phase without the introduction of any thermal or
chemical stress. Four distinct operational modes for the catalyzed transformation may

be associated to the liquid/liquid biphasic approach (Figure 1.1), as exemplified in the
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case of the biphasic aqueous catalysis [5]: (i) homogeneous in the aqueous catalyst
phase, if the substrate is sufficiently water-soluble; (ii) homogeneous in the
substrate/product phase, if the catalyst is sufficiently soluble in the substrate phase or
can be transported there by a temperature stimulus (thermomorphic approach) [10-
12] or by a phase-transfer agent; (iii) interfacial when neither component is sufficiently
soluble in the other component phase and the transformation occurs exclusively at the
interface; (iv) homogeneous within nanoreactors, which are held as a stable dispersion

in a phase different from that of the substrates/products [13,14].

Figure I.1. Different implementations of liquid/liquid biphasic catalysis. (Adapted from [9]
and used with permission from John Wiley and Sons ©).

The latter approach, with the catalyst confinement within a small container, can allow
precise control over its interaction with the substrate. This can lead to different
reaction pathways compared to the free catalyst, resulting in significantly improved
selectivities compared to the non-confined analogs [15,16]. The catalyst host can either
be molecular or macromolecular, and the latter type of nanoreactors are described

herein.

A powerful toolbox is available to access a wide array of polymeric nanoreactors [9,10]
through controlled and living polymerization techniques [17] such as reversible
addition-fragmentation chain transfer (RAFT) polymerization (vide infra, section

1.3.3.2), ring-opening anionic, -cationic and -metathesis polymerization (AROP, CROP

4
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and ROMP), and atom transfer radical polymerization (ATRP). These polymerization
methods have successfully been used to synthesize various nanoreactor architectures
for application in catalysis, including self-assembled micelles, multifunctional
micelles [18], polymersomes [19-24], and star polymers [25]. In all cases, a common
aim is to embed and protect the catalyst while allowing the substrate to easily reach

the reactive site and the products to migrate back toward the bulk phase.

The following section provides an overview of the currently known polymer-based
nanoreactor systems used in biphasic catalysis, designed from macromolecular
building blocks. Special attention is given to CCMs obtained by RAFT polymerization.
The progress made on the synthesis of this particular type of unimolecular
nanoreactors and on their use in micellar-type aqueous biphasic catalysis will be

highlighted.
I.2. Catalysis within confined spaces

One of the captivating approaches in homogeneous biphasic catalysis is micellar
catalysis. Each micelle is an independent reaction locus and can thus be described as
a catalytic “nanoreactor” [4,15,16,18,20,26-31]. It is necessary to distinguish between
two fundamentally different implementations of micelles in catalysis [32]. In the
initially developed one, the catalyst is dissolved in the aqueous phase, or held close to
the micellar surface by Coulombic forces (if the catalyst has an opposite charge to that
of the micelle surface) or by covalent grafting. In this case, the catalytic reaction occurs
at the interface between the bulk aqueous phase and the nanoreactor core where the
hydrophobic substrate is located. The beneficial effect of the micelles is thus merely
the increase of the water/organic interface, thus improving mass transport kinetics in
an interfacial catalysis approach. This is what the “micellar catalysis” terminology has
typically been referring to, but a more appropriate description should be “micelle-
aided catalysis”. This topic has been extensively reviewed and will not be considered

here [1,33-38]. The second type of micellar catalysis, developed more recently, deals
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with systems where the catalyst is embedded, by interaction with core-anchored
ligands, in the hydrophobic core of the micelles. In this case, the catalytic reaction
occurs in the homogeneous environment of the hydrophobic micellar core, benefitting
from a high local concentration of both substrate and catalyst [15,32]. The kinetics of
the overall transformation can thus favorably compare with that of the analogous

homogeneous process.

The first report on micellar catalysis dates back to 1970 [39], when many developments
were conducted focusing on both preparation, characteristics as well as catalytical
applications [33,34,39-47]. O’Reilly et al. [48], Handa et al. [49], and Lee et al. [50]
focused for example on Suzuki-Myaura cross couplings, whereas Lipshutz and Ghorai
[51] developed a polyethylene-hydroquinone-sebacic acid (PQS) micellar catalyst

system for aldol reactions in water.

I.3. Macromolecular nanoreactors

For micelles generated by amphiphilic macromolecules, different morphologies can
be formed depending on the packing parameter p that was first defined by
Israelachvili [52] through Equation (1), where v is the volume, a is the optimal area

of the head group and [ is the length of the hydrophobic tail.

p=v/ag-l ()

Spherical micelles are obtained when p < 1/3 whereas worm-like micelles are formed
when 1/3 <p <1/2.If p = 1/2, vesicles are formed. Within each morphology group,
a smaller size leads to a higher interface area and thus improves the kinetics of mass
transport between the hydrophobic bulk phase and the nanoobject core. Another
factor that also plays a major role is the hydrophobicity of the local pocket [53]. Self-
assembled nanoreactors are non-covalent macromolecular entities assembled from
their initial building blocks [20,22-24,54]. This type of nanoreactors form good

compartmentalization of catalytic systems, providing advantages on the kinetics
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(faster reaction rate) and on thermodynamics (lowering the energy of the transitional
state). In an aqueous medium, the formation of amphiphilic micelles that tend to
assemble above the so-called “critical aggregation concentration” leads to complex
supramolecular architectures depending on the structure of the molecular
amphiphiles [55]. As a function of the parameter “p” defined above, three different

morphologies can be observed, combining the following terms of Gibbs free energy

[26]:

(i) a favorable entropic contribution resulting from the assembly of the
hydrophobic parts of the molecule,

(ii) a tendency of amphiphiles to minimize unfavorable lipophilic-water
interaction by closely packing and to spread apart as the result of electrostatic
repulsion between the hydrophilic head groups, defined as surface term,

(iii) a limitation to the possible geometry of aggregation, requiring that the
hydrophobic cores only assemble in water or polar solvent, defined as the

packing parameter explained previously.

Itisimportant to note that the described aggregates have dimensions in the nanometer
regime. Furthermore, the inclusion of catalytic sites in these molecular aggregates,
whether by polymerization or by the coordination of the pre-catalyst, results in the
formation of nanoreactors. In such nanoreactors, the reaction selectivity can be

modified by tuning the nature of the monomers in the core block.
1.3.1. Polymer micelles

Polymer micelles [56-59] (PMs) are normally described as aggregates formed by the
self-association of amphiphilic polymers owing to hydrophobic interactions between
polymer molecules, but interactions may also be electrostatic or via hydrogen bonds
or coordination bonds. The morphology of these block copolymer micelles resembles

that of molecular surfactant micelles and can be divided into various nanostructures,
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such as spherical or cylindrical micelles and vesicles, where the hydrophobic polymer
chains form the core and the hydrophilic polymer chains form the shell when
dispersed in aqueous media. The morphology of the PMs depends on the ratio
between the hydrophobic and hydrophilic chains, capable of accommodating the
catalyst [56]. PMs are efficient systems for the encapsulation of hydrophobic
compounds due to the hydrophobic nature of their core and the hydrophilic corona,
and these nanoreactors have many applications besides catalysis, especially in the
medical field for, e.g. drug delivery [60,61] and magnetic resonance imaging (MRI)
[62].

Chen and coworkers [63] have described the synthesis and application of thermo-
responsive polymer micelle-based nanoreactors containing polyoxometalates (POMs)
and poly(N-isopropylacrylamide)-b-poly(L-lysine) (PNIPAM-b-PLys-POM)
electrostatically linked via the POM and amino groups of poly(L-lysine) for catalytic
wet hydrogen peroxide oxidation (CWPO) of phenol. Similarly, Suzuki et al. [64]
performed Pd-catalyzed Mizoroki-Heck coupling of iodobenzene and n-butyl acrylate
in aqueous solution using thermo-responsive PMs based on poly(N-isopropyl-
acrylamide) (PNIPAAm), which is known as an efficient thermo-responsive polymer

due to its lower critical solution temperature (LCST) of 32 °C in water [65] (Figure 1.2).

Dissociation ———> Micelle formation substraics
25°C >50°C ( SO %
=>LCST Reaction takes place
Mee—— —_— in micelle core
3 —

mM——— < LCST
products

Thermo-responsive  Hydrophilic b {:}

£ hydrophilic NIPAAm segment "
= h I ment
= hydrophobic NIPAAm segment ydrophilc seg
Figure 1.2. Thermo-responsive micelles switched on/off by temperature. (Adapted from [65]
and used with permission from Elsevier ©).
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The thermo-responsive amphiphilic block copolymer NIPAAm 2 with a neutral
poly(ethylene glycol) (PEG) chain was prepared from 1 via ATRP (Scheme 1.1). The
resulting block copolymer had a narrow size distribution (15-20 nm at 25 °C) and was
water-soluble at room temperature but when heated up to 60 °C the polymer was
insoluble, and the solution became opaque. Characterization by dynamic light
scattering (DLS) demonstrated that the formation of the PMs by 2 was thermo-induced
and the switchable nature improved product extraction. The PMs also limited the use
of organic solvent for product separation from the aqueous reaction mixture, but 2
mol% of Pd was required to obtain good product yield in the palladium-catalyzed

Mizoroki-Heck cross-coupling [65].

o 2 eq. SOCl, OH 2 mmol
DMF (cat.)
)A\QVC CH,Cl, 60 mL )‘\(>V pyridine, 10 mmol )‘\(DV
rt, 3h CH,CI; 40 mL
10 mmol rt, 18h 1(64%)
1, 0.18 mmol —
CuCl, 0.72 mmol _>:o
MegTREN 0.72 mmol HN
DMF 2.5 mL/H,0 1.56 mL ;
rt, overnight 10 mmol

Scheme I.1. Preparation of NIPAAm-b-PEG 2 with PEGylated ATRP agent. (Adapted from
[65]).

In a follow-up work [65], NaCl was introduced to the block polymer containing
proline to lower the solubility of the organic solute in the aqueous phase and help
directing it to the core of the PMs. This “salting-out” protocol led to the design of a
new thermo-responsive block copolymer with an anionic sodium sulfate segment,
PNIPAAm-b-PSSNa 9, also prepared using RAFT polymerization. In the synthesis

protocol, N-isopropylacrylamide and sodium p-styrenesulfonate were polymerized in

9
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the presence of the RAFT agent 6 forming 7, followed by depolymerization of p-
styrenesulfonate by a radical desulfurization process that led to the removal of
trithiocarbonate moiety at the end of the polymer-chain to yield the anionic-type
copolymer (Scheme 1.2). A larger particle size was obtained with the anionic PMs
compared to the neutral one, likely due to electrostatic repulsion among the anionic
polymer chains. Further analysis also showed that the anionic copolymer exhibited its
LCST behavior at 40-55 °C. When the aqueous Pd-catalyzed Mirozoki-Heck coupling
of iodobenzene and n-butyl acrylate was performed with 9 using 0.5 mol% Pd, a better
yield (though moderate) was obtained compared to the previous reaction with the
neutral copolymer and 2 mol% Pd (Scheme 1.2), thus demonstrating how rational PM

design can improve catalytic performance.

@STSW 1.78 mmol

S SO,Na
:BZ 6 0.36 mmol 7.0.15 mmol
O ABNG.11mmol SYS\/\/ AIBN, 0.08 mmol S
HN _ = 30
)— DMA 6 mL NS Sg © vield 81% T DbMsoTmL vield 72%

60°C, 20 h My, = 3650 (NMR) 65 °C, 23h
= 7600 (NMR
10 mmol )\ )
7 SOzNa
8, 0.067 mmol [HNEL]* [PO,H,]
DMSO 6 mL 0.5 mmol
80°C, 3h V-501 (0.06)x2 mmol
then 70 °C, 21h
% yield 70%
= 6000 (NMR)
SO,Na

Anionic-type copolymer 9

Scheme 1.2. Preparation of PNIPAAm-b-PSSNa 9 by RAFT polymerization. (Adapted from
[65]).

The introduction of the catalyst in the core of the micellar nanoreactors can be realized
in different ways, either by polymerizing a pre-catalyst-functionalized monomer into
the hydrophobic compartment, followed by self-assembly, or by ligand exchange
between a molecular pre-catalyst, introduced by mass transport inside the already

assembled micelles, to a core-anchored ligand. An example of the former method [66]

10
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is the copolymerization of styrene and a functionalized styrene containing a 4-
(dimethylamino)pyridine (DMAP) organocatalyst, using the RAFT technique, to yield
a hydrophobic macroRAFT agent 2, which was then chain-extended with a
hydrophilic poly(N-isopropylacrylamide) (PNIPAM) block (Scheme I.3). The catalytic
activity of the compartmentalized organocatalyst in the core was found to be high,
improving in some reactions the DMAP-catalyzed acylation reaction of alcohols with
anhydrides, with rates up to 100 times compared to those for unsupported DMAP in
organic solvents (Table 1.2). Additionally, these catalytic nanoreactors were recycled

up to six times without losing catalytic activity.

\N/\/OH A

Scheme 1.3. Four-step synthesis of micelles (4) containing the DMAP functionality covalently
attached to the hydrophobic core. (Adapted from [66]).

11
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Table 1.2. Acylation reactions in the micelles 4. (Adapted from [66]).

R
OH O)\O
(0] (0] Aux. base
= MR R "
8 mol % DMAP 4
Entry R R’ Conversion (%) (15 min)  Conversion (%) (24 h)
1 CH:s CH:s 26 32
2 CH:CHs CH:s 28 29
3 CH:s CH:CH:CH:3 47 53
4v CH:s CH:CH:CHzs 65 66
5b CH:CHs CH:CH:CHz3 94 98

aAll reactions contained 8 mol % DMAP, [OH] = 0.02 M, 1.5 equiv of auxiliary base (TEA), 1 equiv of
alcohol, and 3 equiv of anhydride. Conversions determined by HPLC measurements with mesitylene
as the internal standard. ®PN,N-Diisopropylethylamine (DIPEA) was used as auxiliary base instead of
TEA.

Despite their successful applications, these and other micellar catalysts have one major
drawback: the equilibrium between micelles and free surfactant macromolecules. The
presence of the equilibrium can lead to undesired formation of stable emulsions, slow
micelle/product separation caused by excessive swelling, and catalyst loss through the
formation of Langmuir-Blodgett films at the liquid/liquid interface and/or inverse
micelles in the bulk organic phase [67]. Another major drawback related to thermo-
responsive PMs is their dynamic nature that renders them sensitive to their
environment. To circumvent these issues, the micelles can be turned into unimolecular
persistent objects by cross-linking, which can be accomplished by various strategies
as described below. These cross-linked PMs constitute an attractive alternative with

improved characteristics and catalytical behavior.
1.3.2. Polymersomes

The stability of micelle- and vesicle-based systems depends on the environment, such
as the temperature of the solution and the concentration of the surfactant. To obtain

better-defined and more stable systems, macromolecular polymers have been

12
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considered as alternative nanoreactors, with a higher kinetic stability compared to the
self-assembled molecular surfactant (vide supra). When vesicles are self-assembled
from macromolecular amphiphiles (or block copolymers), they usually are referred to
as polymersomes. Polymersomes [68-72] have increased rigidity and stability
compared to micelles and vesicles, and their structure can vary from simple coil-like
diblock copolymers to rod-like, rod-coil diblock or multiblock polymers with or
without additional cross-linker groups [73]. The variation in composition can be tuned
by varying the relative block lengths, which results in modified size, structure,

polarity, and permeability of the polymersomes.

Eisenberg and coworkers [74] were the first to generate a block copolymer system with
six different morphologies of "crew-cut" aggregates of polystyrene-b-poly(acrylic
acid) block copolymers. Shortly after, Meijer and coworkers [75] reported the
synthesis of polystyrene-poly(propylene)imine, thus starting a new research line
based on the relation between amphiphilic properties and molecular structure
towards the preparation of many other polymersomes by various approaches [76-78]
and with different application scope. For enzymatic ring-opening polymerization,
Nolte and coworkers [79] developed polystyrene-polyisocyanopeptide (PS-PIAT)
based polymersomes, while van Hest and coworkers [80] reported a polymersome-
stabilized Pickering emulsion at the water/oil interface that was later applied in
biphasic enzymatic catalysis. In addition, Lecommandoux, van Hest, and coworkers
[81] reported a cascade reaction in which small polymersomes were loaded into larger
ones, resulting in a multi-compartmentalized polymersome-in-polymersome system

(Figure 1.3).

13
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cytosolic enzymes
1. 2 3. 4.

@ \!
0@, [PS-L-PIAT mix | encapsulate in PB-b-PEO
e B —— 1 2=
enzymes .

artificial organelles

e}

reagents functional cell mimic

Figure 1.3. Multi-compartmentalized polymersome-in-polymersome system. (Adapted from
[81] and used with permission from John Wiley and Sons ©).

To demonstrate the functional and structural control of the system, they investigated
a model reaction with isolated enzymes in the different compartments. The first step
of the reaction was a Baeyer-Villiger oxidation of a substituted
hydroxyphenoxazinone ketone 1. The resulting ester 2 was then hydrolyzed with a
lipase (enzyme) to form the corresponding primary alcohol 3, which was subsequently
oxidized by alcohol dehydrogenase and a cofactor nicotinamide adenine dinucleotide
(NAD) to yield the corresponding aldehyde product 4. The final step of the catalytic
transformation was a spontaneous [-elimination leading to 7-hydroxy-3H-
phenoxazin-3-one-10-oxide 5 (Scheme 14). The concept of enzyme
compartmentalization in the cascade reaction spatially separated incompatible
enzymes to retain their functionality, thus resembling the intracellular organization of
eukaryotic cells. This concept allows to separate and conduct incompatible reactions
simultaneously in a confined environment with increased efficiency and is a very

powerful tool in materials chemistry.

(1)
9

ADH HO O O

L L
N

(5)

Scheme I.4. Enzymatic cascade reactions in multi-compartmentalized polymersomes.
(Adapted from [81]).

HO 0} 0} O
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Using the micellar or vesicular approaches, may lead to the formation of stable
emulsions due to the excessive swelling of the micellar core [82]. In addition,
parameters such as temperature, dilution, and others (e.g., the composition of the
mixed solvent) [83-86] determine the equilibrium between micelles/vesicles and free
amphiphilic arms. An alternative and promising method to overcome these
disadvantages is to cross-link all surfactant molecules to form unimolecular

nanoobjects [32,54,87].

1.3.3. Unimolecular nanoreactors

1.3.3.1. Shell cross-linked micelles

Wooley and coworkers [88] introduced a method to prepare functionalized micelles
from low polydispersity macromolecules with a defined structure and an
immobilized permeable cross-linked shell and labile core. Unlike dendrimers [89] the
resulting shell-cross-linked knedel-like (SCK) particles have greater peripheral
functions and nanometer-size diameters, and are therefore more considered a hybrid
between dendrimers, hollow spheres, latex particles, and block copolymer micelles
(Figure 1.4). The SCKs were prepared by a two-step synthesis procedure using a block
copolymer of polystyrene and poly(4-vinyl pyridine), PSt-b-PVP, prepared by anionic
polymerization. The PSt served as the hydrophobic block and the quaternized PVP
generated the hydrophilic block and introduced the cross-linkable group. Besides
micellar catalysis [88], the SCKs find many applications in other fields such as, e.g.
recording materials, hydraulic fluids, delivery processes, phase transfer reactions,

solvation, coatings, and fillers.
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(in2.5: 1, H,O: THF)

Figure I.4. Schematic representation of the basic approach for the formation of SCK’s.
Micellization of amphiphilic 2 is followed by cross-linking through the styrene side chains
located in the peripheral water to yield 1. (Adapted from [88] and used with permission from
American Chemical Society ©).

O'Reilly and coworkers [90] reported the co-polymerization of an amphiphilic
copolymer in which the hydrophobic domain was selectively functionalized with
terpyridine groups using nitroxide-mediated polymerization (NMP) techniques, that
has been extensively studied and optimized by Schubert and coworkers [91,92]
(Scheme 1.5). The resulting shell cross-linked micelles (SCMs) (Figure 1.5) were then
modified by metal ion complexation, notably Cu*, and used as catalysts for 1,3-dipolar
cycloaddition reactions (“click reactions”) of azido- and alkynyl-functionalized small

molecules [90].
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Scheme L.5. Synthesis of a tert-butyl acrylate block 6 using NMP, followed by chain extension
to block copolymer 7 that incorporates terpyridine functionality, and then formation of an
amphiphilic diblock copolymer 8 with terpyridine functionality embedded within the
hydrophobic segment. (Adapted from [90]).

Figure I.5. Representative transmission electron microscopy (TEM) images of SCM. (Adapted
from [90] and used with permission from American Chemical Society ©).

Weck and coworkers [93] have also reported the synthesis of various SCMs and their
catalytic applications [94]. Initially, they reported the synthesis of poly(norbornene)
block copolymer-based amphiphilic ABC triblock copolymers via ring-opening
metathesis polymerization (ROMP) [93]. The middle block (B block) was

functionalized with a photochemically active cinnamate group for crosslinking, and
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the terminal hydrophobic block (C block) contained a Co-salen ligand. The Co-salen
functionalized SCMs catalysts were then used for hydrolytic kinetic resolution (HKR)
of epichlorohydrin. They showed that the structure of the SCM catalysts was
stabilized by the cross-linked shell, which assisted recyclability of the catalysts. Then
they also prepared SCMs containing Co''-salen cores from amphiphilic poly(2-
oxazoline) triblock copolymers [94] and studied substrate selectivity in HKR with
various terminal epoxides. More recently, they also developed trifunctional SCMs for
enantioselective three-step domino catalysis [95], which were based on poly(2-
oxazoline) synthesized through living cationic ring-opening polymerization [96,97]
that permitted compartmentalization of three incompatible catalysts. The SCM
consisted of carboxylic acids in the hydrophilic outer shell, Rh-based N-tosylated 1,2-
diphenyl-1,2-ethylenediamine (Rh-TsDPEN) in the intermediate cross-linked shell,
and 4-dimethylaminopyridine (DMAP) in the hydrophobic core. The spatial
architecture of each catalyst was designed to selectively exploit the path of the
substrate during each step of the reaction; the first step involved ketal hydrolysis to
the corresponding prochiral ketone, the second step asymmetric transfer
hydrogenation (ATH) to yield an enantio-enriched secondary alcohol, and the final
step selective acylation to the desired ester product (Scheme 1.6). Higher conversions
were observed with more hydrophobic ketals and anhydrides, and the role of the
intermediate shell cross-linked layer in preventing deactivation of the DMAP catalyst

supported inside the micellar core was also shown.
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Scheme I.6. Synthesis of the trifunctional SCM nanoreactor COOH-Rh-DMAP. (Adapted

from [95]).

Optimally, SCMs act as nano-incubators for loaded catalysts and protect the catalyst

from passivation or deactivation. However, the cross-linked shell also introduces a

physical barrier between the hydrophobic core and the hydrophilic shell, which can

lower the mass transport of certain chemicals and limit SCMs applicability for certain

catalytical transformations.

1.3.3.2. Core cross-linked micelles

To circumvent the mass transport restrictions of SCMs, other polymeric structures

have been developed. The first structure, called Core-Crosslinked Micelle (CCM),

consists of ligand-functionalized amphiphilic diblock copolymers that are cross-

linked at the end of the hydrophobic chain. This provides star-block unimolecular

nano-objects where the ligands are located on flexible arms outside of the cross-linked
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area. The second structure, known as NanoGel (NG), features a fully cross-linked core,
with the catalyst binding sites being situated within the cross-linked core [82]. Various
strategies have been reported in the literature for the synthesis of CCMs, including
ATRP, as used by Sawamoto and Terashima [98]. They were the first to use NG-type
nanoreactors in catalysis, loaded with molecular Ru-based catalysts [32,99-102], and
RAFT-mediated polymerization-induced self-assembly (PISA) [103]. The latter
strategy is a particularly attractive approach as it allows to produce block copolymer
nano-objects with a full synthesis protocol under one-pot conditions. An extensive
examination of various synthetic approaches for CCMs falls outside the purview of
this PhD work, where the primary focus lies on the application of the RAFT
polymerization approach for the synthesis of CCMs. For a more comprehensive
understanding of alternative methods, readers are encouraged to explore the

literature references [104-109].

In RAFT-PISA, a water-soluble homopolymer (A) is prepared by homogeneous
polymerization of a water-soluble monomer and then chain-extended using a
hydrophobic monomer in water [103]. The polymerization starts slowly as a
suspension polymerization, with the monomer droplets providing the monomer
molecules to the growing water-soluble chains. Beyond a certain length of the second
block (B), self-assembly of the AB diblock copolymer occurs to yield micelles. Then,
the residual monomer is incorporated into the micellar cores and the process
continues rapidly as a dispersion polymerization. The morphology of the resulting
block copolymers varies in correspondence to the degree of polymerization (as
described previously) [53]. RAFT polymerization proceeds in the same way as
classical free-radical polymerization (i.e., initiation, propagation, and termination),
but with additional reversible addition-fragmentation steps, uses a large amount of
thiocarbonylthio compounds as controlling agents (CTAs), and a comparatively low
concentration of radical initiator. The CTAs react through a RAFT reaction with the

(macro)radicals formed in the presence of monomer by an exchange mechanism
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between the active species and the dormant chains by the formation of an intermediate

radical (Scheme 1.7).
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kpm j\ R M P i R Fragmentation 5 j\ .
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TERMINATION
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Scheme I.7. Schematic overview of RAFT polymerization. (Adapted from [53]).

Stenzel and coworkers [110] used RAFT polymerization technique to synthesize
poly(2-hydroxyethyl acrylate)-poly(n-butyl acrylate) block copolymers using either
poly(2-hydroxyethylacrylate) or poly(n-butyl acrylate) macromolecular RAFT
(macroRAFT) agents with narrow molecular weight distributions. These macroRAFT
agents were further extended by polymerization of a diacrylate monomer, yielding
core-crosslinked micelles. No catalytic applications were described for these CCMs.
Furthermore, three generations of CCMs with amphiphilic unimolecular polymer-
based nanoreactors [82] having neutral (CCM-N), cationic (CCM-C), and anionic
(CCM-A) shells, respectively, have been prepared by RAFT. Loaded with molecular
complexes, in particular with rhodium containing ones, they have been used for

aqueous biphasic hydrogenation and hydroformylation catalysis (Figure 1.6) [111].
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Figure I.6. Three generations of CCMs with triphenylphosphine (TPP) core and different outer
shells.

The first generation CCM-N [112] was designed with an uncharged water-soluble
shell by copolymerization of methacrylic acid (MAA) and poly(ethylene oxide) methyl
ether methacrylate (PEOMA) to generate a P(MAA-co-PEOMA) macroRAFT agent
(Scheme 1.8). Addition of styrene (St) and DPPS (diphenylphosphinostyrene) as core
ligands generated P(MAA-co-PEOMA)-b-P(St-co-DPPS)  amphiphilic  block
copolymers that self-assembled into well-defined micellar particles (d =72 nm), which
were crosslinked using diethylene glycol dimethacrylate (DEGDMA) forming CCM-
N (d = 79 nm). The average formula of the single polymer chains is Ro-(MAAos-co-
PEOM Aos5)30b-(St1-n-c0-DPPSn)s00-b-(Sto.o-co-DEGDMA01)100-SC(S)SPr, with the chain
ends (Ro= C(CHs)(CN)CH:2CH2COOH and SC(S)SPr) provided by the CTA. The
uniformity of the CCM-Ns was demonstrated by size exclusion chromatography
(SEC), TEM, and DLS analyses, which also evidenced the latex stability. Moreover,
nuclear magnetic resonance (NMR) spectroscopy and DLS confirmed the transport of
hydrophobic molecules across the hydrophilic shell into the polymer core to be fast

leading to increased particle size owing to the particle swelling (d = 117 nm).

22



| Chapter I: Bibliographic Survey |

i STEP
S S C,H
=§ CcTPPA ~—CaHs
o o — s R 0.5 bos0 Y
o o S

0 o ACPA

,'g H,0 HO o

O

\I STEP 2
STE

o
P2 Q/ St+SDPP
St + SDPP o STEP3
I St + DEGDMA

—0
B

0
CN A .
Ho\“/\><N=N7(\)LOH — 2R, = 2HOOC\/\|-
0 CN ~Ne CN

4,4'-azobis(4-cyanopentanoic acid)

CTPPA ﬂoocms\g/s\/\

Scheme I.8. General strategy of RAFT-mediated emulsion polymerization for the synthesis of
various types of core-shell nanoreactors. (Adapted from [112]).

As a proof-of-principle application, the CCM-Ns were loaded with [Rh(acac)(CO):]
(acac = acetylacetonate) and evaluated for aqueous biphasic hydroformylation of 1-
octene [113]. High activity, low isomerization, as well as good stability and
recyclability (Rh leaching of a few ppm), were found, but the system was moderately
mass-transfer limited at high rhodium concentrations and non-negligible leaching
appeared to result from particle aggregation. Subsequent follow-up studies addressed
the metal leaching mechanism [114], the metal migration and cross-exchange in
amphiphilic core-shell polymer latexes [115], and mass-transport limitations [116].
Later, Poli, Manoury, and coworkers [117] extended the family of ligand-
functionalized CCMs using the same synthesis protocol to include the bidentate
Nixantphos ligand in the CCM-N. After loading with [Rh(acac)(CO):] the system was
also applied to the aqueous biphasic hydroformylation of 1-octene, where only
moderate activity (mass-transfer limitation) but excellent regioselectivity was found

for the formation of #-nonanal.
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A convergent synthesis of polymeric nanoreactors containing polymerizable Rh'-
NHCR complexes [43] was then developed (Scheme 1.9). TEM images of the resulting
Rh-NHCR*@CCM nanoreactors with R = Me (5a) and R = Mes (5b) (Figure 1.7) revealed
formation of particles with a broad size distribution and non-spherical shape together
with spherical shape (diameter of 123 + 19 nm), respectively. Under optimized
reaction conditions, the 5b nanoreactors yielded good activity and excellent
recyclability for styrene hydrogenation with Rh-leaching < 0.6 ppm per reaction cycle
(measured by inductively coupled plasma mass spectrometry, ICP-MS) after some
initial decomposition of the Rh-complex by cleavage of the Rh-NHC bond in the initial
two runs (Table 1.3, entries 1 and 2). Despite the encouraging recyclability results,
mass-transfer limitations and impractical slow separation of the catalyst and reaction

mixture remained for this catalyst, like for the other CCM-N catalysts.

X
0. +2aor2b
)\Wé o step? & Su_Su_-CoHs
o) o s 5530 ) step 2 S~ CaHs
CTA o} o s > n a0 T
HO J ACPA, NaHCO; S
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Scheme 1.9. Synthesis of Rh-NHCR@CCMs 5a (R = N-mesitylimidazole (Me)) and 5b (R = N-
mesitylimidazole (Mes)) by RAFT-PISA polymerization. (Adapted from [43]).
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Figure 1.7. TEM images of Rh-NHCR@CCM; 5a (left) and 5b (right) (numbers as in Scheme
1.9). (Adapted from [43] and used with permission from Royal Society of Chemistry ©).

Table 1.3. Recycling study of Rh-NHC=@CCM 5b (number as in Figure 1.7) catalyst in styrene
hydrogenation. (Adapted from [43]).

Rh-NHC™**@CCM 5b

©& 20 bar Hy, 80°C ©/\
H,O/Toluene

1200 rpm

Molar St/Rh St Conversion®*  EB Selectivity = Rh leaching®
Entry Run

ratio (%) (%) (ppm)
1 1st >99.5 >99.5 0.87
2 2nd >99.5 >99.5 1.47
3 3rd 1000/1 >99.5 >99.5 0.24
4 4th >99.5 >99.5 0.34
5 5th >99.5 >99.5 0.21
6 Ist 73 >99.5 0.39
7 2nd 77 >99.5 0.61
8 3rd 10 000/1 >99.5 >99.5 0.54
9 4th >99.5 >99.5 0.31
10 5th 98 >99.5 0.13

Conditions: styrene (79.3 mg, 0.75 mmol), CCM 5b (85 mg, 7.9 x 10-7 mol of Rh for St/Rh: 1000/1 or 8.5
mg, 7.9 x 10-8 mol of Rh for St/Rh:10 000/1), decane (31.5 mg, 0.225 mmol), toluene (1 mL)/water (0.5
mL). 2 Measured by GC. ® Measured by ICP-MS. St: Styrene, EB: ethylbenzene.

To circumvent the mass-transfer and separation issues with CCM-N, a second
generation of CCM nanoreactors with an outer polycationic shell (CCM-C) based on
poly(1-methyl-4-vinylpyridinium) (CCM-Cs) was subsequently developed via RAFT
polymerization [118]. The macroRAFT agent was synthesized by RAFT
polymerization of 4-vinylpyridine (4VP) in aqueous ethanol, followed by a chain

extension with a PSt block and quaternization of the P4VP block. A core-anchored
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triphenylphosphine (TPP) ligand functionality, diluted in styrene was introduced by
chain extension in a fourth synthetic step and the CCM-C was finally formed in a fifth
step by core cross-linking by a DEGDMA)/St (10:90) mixture [119] (Scheme 1.10). All
obtained polymers (x =5, 10 or 20%) were shown by DLS and TEM analyses to have

spherical morphology, a narrow size distribution (d = 130-150 nm) and a positive zeta
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Scheme 1.10. Synthesis of CCM-C. (Adapted from [119]).
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After loading with [Rh(COD)(u-Cl)]2, the aqueous biphasic hydrogenation of 1-octene
and styrene revealed improved mass transport properties and superior performance
of the CCM-Cs, in terms of both catalytic activity, stability, and recovery, relative to
the neutral-shell analogs [119]. Importantly, also less catalyst leaching occurred due
to an enhanced ability of the polycationic shell to confine the nanoreactors in the
aqueous phase. Moreover, in substrate scope investigations where the catalytic
hydrogenation of acetophenone was attempted, the [RhCI(COD)(TPP@CCM-C)] latex
turned black, suggesting the reduction of the molecular Rh! complex to Rh metal. In
retrospect, this method has proven highly effective in generating RhNPs within the
core of CCMs (Figure 1.8), sparking further investigations into biphasic hydrogenation
involving RhNPs [120]. This objective was the focus of the current PhD project.
Specifically, addressing significant challenges encountered during the previous work,

which will be discussed in the concluding section of this chapter.

Figure I.8. TEM image of RhNPs generated in the core of CCM-C. (Adapted from [120] and
used with permission from Royal Society of Chemistry ©).

To address the substrate scope limitation of the CCM-C nanoreactors (vide infra section
1.8), a third generation of phosphine-functionalized CCM nanoreactors was developed
with a polyanionic poly(styrene sulfonate)-based shell [13]. The synthesis route was
identical to those used for the syntheses of CCM-N and CCM-C described above,
except for using the water-soluble sodium styrene sulfonate monomer in the first step

(Scheme 1.11, Figure 1.9) [13].
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Figure I.9. DLS (before and after swelling with toluene or chloroform) and TEM image of the
CCM-A. Color coding for the DLS size distributions: number (red), volume (green), and
intensity (blue). (Adapted from [13] and used with permission from Elsevier ©).

For application in aqueous biphasic styrene hydrogenation, the CCM-A nanoreactors
were loaded with [Rh(COD)(u-Cl)]z, as previously done for the CCM-N and CCM-C
counterparts (vide supra). However, the interaction between the Rh dimer complex and
the outer shell of the CCM-A limited the transfer of the metal complex to the core,
presumably via chelating Rhl-sulfonate complex formation. However, this bottleneck
could be circumvented by “dilution” of the shell with a neutral monomer (PEOMA),
forming a mixed polyanionic CCM with lower surface charge density, which allowed
Rh! complexation in the core. Nevertheless, these CCM nanoreactors had inferior
performance compared to equivalent nanoreactors with neutral and polycationic
shells, which seemed to stem from catalyst alterations induced by migration of the Rh
centers towards the shell sulfonate groups [13,111]. Thus, despite significant progress
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in the development of CCMs, further improvements are still needed to obtain efficient

and durable nanoreactor systems for aqueous biphasic hydrogenation catalysis.
1.3.3.2.1. Core cross-linked micelles with RiNP-TPP@CCM-C

In contrast to what was observed during styrene hydrogenation, an unexpected
change occurred in the catalytic mixture of Rh-TPP@CCM-C, when acetophenone was
used as substrate, namely a dark coloration (vide supra, section 1.3.3.2). This change
indicated that the molecular Rh precatalyst underwent reduction to its metallic form,
potentially leading to the formation of RhNPs. This suggested that in the presence of
a low concentration of phosphine ligands (initially using P/Rh ratios of 1/1 or 2/1),
styrene might hinder the reduction of the Rh! center. This protective effect can be
attributed to styrene m-acidity, unlike acetophenone. This finding triggered further
research aiming at expanding the scope of the CCMs to synthesize RhNPs embedded
within ligand-functionalized water-soluble core-shell polymers for applications in

aqueous biphasic hydrogenation.
I.4. Metal Nanoparticles

While metal nanoparticles (MNPs) and derived nanomaterials have been extensively
utilized due to their unique properties, various methods for their preparation have
been developed throughout history, notably during the 15" and 16" centuries [121].
However, the first scientifically documented synthesis of nanoparticles dates back to
1857 when M. Faraday [122] published his findings on the formation of a deep red
colloidal gold solution through the reduction of chloroaurate ([AuCls]) using white
phosphorus in CS.. Faraday's interest extended to the optical properties of the
resulting isolated colloids, noting color changes from deep red bluish to green under
pressure. In 1861, T. Graham [123] introduced the term "colloid" for the first time in
his discussions on liquid diffusion, derived from the French word "colle" meaning

"glue". The field of nanotechnology continued to evolve, drawing the attention of
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more researchers, and achieving significant milestones. For instance, in 1902 R.W.
Wood discovered Surface Plasmon Resonance (SPR) [124,125], and G. Mie's work in
1908 on the scattering and absorption of electromagnetic fields by nanospheres
explained how particle size affects color changes (notably observed in gold particles)
[126]. A breakthrough in the study of MNPs occurred in 1931 with the invention of
TEM by M. Knoll and E. Ruska, for which Ruska was awarded the Nobel Prize in 1986
[127]. A few years later in 1937, M. von Ardenne developed the scanning electron
microscope [128]. All these advancements set the stage for R. Feynman's 1959 address,
"There’s Plenty of Room at the Bottom," delivered at the American Physical Society
meeting at California Institute of Technology (CalTech) [129]. In this influential talk,
Feynman invited the research community to explore the manipulation of matter at the

atomic scale, a field later termed "nanotechnology" by N. Taniguchi in 1974 [6].

During the past 30 years, the scientific and engineering communities have witnessed
a surge in interest and investments in the realms of nanoscience and nanotechnology
[130]. One of the primary driving factors behind the advancement of this field is the
immense potential offered by MNPs, across various scientific domains, including
chemistry [131], physics, biology, medicine, electronics [132], and materials science.
The fascination with MNPs, also referred to as "nanoclusters" [133], largely stems from
their unique state of matter, which positions them at the interface between individual
atoms and bulk materials. These entities are larger than metal-based molecules yet
remain small enough to avoid classification as bulk metals. Consequently, they do not
conform to the strict rules of either absolute quantum chemistry or classical physics as
metal-complexes and metal bulks but exhibit unique properties that deviate

significantly from conventional expectations.

In chemistry, bulk materials are defined as the compounds that exist in their
macroscopic form, meaning they are present in quantities substantial enough to be
visible and manageable without the need for specialized equipment. These bulk
materials typically consist of a multitude of atoms, molecules, or ions arranged in a
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three-dimensional structure. On the other hand, as previously defined, MNPs and
nanomaterials fall within the size range of 1-100 nm. They are composed of a relatively
small number of metal atoms in comparison to bulk materials. Due to their nanoscale
dimensions and high surface area-to-volume ratio, the MNPs exhibit properties that
can significantly diverge from those of their bulk counterparts. It is worth noting that
MNPs and bulk metals represent two distinct forms of a metal, each manifesting
distinct properties, and behaviors because of differences in size and structure. As an
illustration, in 1987, Haruta demonstrated that gold, long regarded as chemically
inert, undergoes a significant transformation when reduced to the nanoscale (<5 nm)
[134]. At this size range, gold can serve as a highly efficient catalyst in the oxidation
of carbon monoxide. In particular, MNPs often display enhanced mechanical, optical,
electrical, and catalytic properties when contrasted with their bulk counterparts.
These enhancements primarily stem from quantum confinement effects, which can be
explained by the behavior of matter and energy at small scale. Conversely, bulk
materials have properties that align with classical physics and are not substantially
influenced by quantum effects at the nanoscale. As described by Schmid [135], the
quantum size effect can be illustrated in the following manner: when transitioning
from a three-dimensional electronic system (bulk materials) to a zero-dimensional
system (quantum dots), there is a gradual reduction in the density of available
electronic states. In practical terms, a NP typically encompasses hundreds or even
thousands of atoms. What is crucial to note is that electrons confined within such a
NP possess discrete energy levels, replacing the previously continuous density of

states existing in the bulk materials (Figure 1.10) [136-138].
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Figure 1.10. Comparative representation of the electronic states in bulk metals and MNPs.

Regarding their electrical and optical characteristics, colloidal solutions of MNPs,
particularly gold and silver, exhibit highly appealing properties. These properties
stem from their distinct interactions with light within the visible to near-infrared (NIR)
spectra, coupled with unexpected changes in conductivity behavior. Notably, these
properties prove to be significantly dependent on the shape and size of the NPs, unlike
their behavior in the bulk state. For example, gold spheres with diameters of 1 um, 1
cm, or 1 mm all appear shiny and exhibit the typical gold color associated with
metallic properties like malleability and conductivity when viewed at the macroscopic
level [139-141]. However, as these gold spheres reduce in size to the nanoscale, their
properties undergo remarkable transformations. At the nanoscale, the color of gold
particles becomes highly sensitive to their size. For instance, gold spheres with a
diameter of 13 nm, when suspended in a solution (forming a colloidal solution),
exhibit a distinct red color. As the size decreases to less than 10 nm, gold loses its

metallic properties and can no longer conduct electricity (Figure 1.11) [141].
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Figure I.11. Different colors for colloidal solutions of AuNPs depending on their size in
nanometers (nm). (Adapted from [139-141]).

At the fundamental scientific level, the appeal of MNPs primarily arises from their
distinctive electronic characteristics, which are brought about by their nanoscale
dimensions [142]. Consequently, the investigation of size-dependent phenomena,
where finite size effects become prominent, is a matter of great significance. The
interest of MNPs with precisely controlled characteristics lies in their ability to unlock
a wide range of applications, enabling tailored solutions in areas ranging from
medicine and electronics to energy and the environment. This level of control inspired

researchers and engineers to develop synthesis methods to have well-defined MNPs.
1.5. Synthesis of Metal Nanoparticles

In the literature, various techniques for producing MNPs have been documented over
time, from historical methods to contemporary ones. To be deemed effective, a
synthesis method must meet several criteria, including the precise control of size,
shape, and crystal structure, as well as maintaining stable chemical and physical
properties[133]. It should also manage the rate of aggregation, minimize impurities,
and allow for scalability and reproducibility at minimal costs. According to Horikoshi
and Serpone [143], the MNP synthesis techniques can be categorized into two main

groups (Figure 1.12) [138,144].
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Figure 1.12. Synthesis of MNPs via top-down and bottom-up approaches. Top Down =
physical, Bottom Up = chemical.

The first group corresponds to the "breakdown" or "top-down" methods, wherein
external forces are applied to solid materials, causing them to fragment into smaller
particles. These methods typically involve dry or wet physical grinding techniques,
subjecting bulk matter to shocks, compression, or friction. However, a drawback is the
difficulty in achieving highly dispersed particles due to simultaneous condensation
during the pulverization (grinding) step. Wet grinding can partially mitigate this issue
by reducing condensation [145]. The second group assembles the "build-up" or
"bottom-up" methods, which generate MNPs starting from gas or liquid atoms
through atomic transformation or molecular condensation. The bottom-up approach
is broadly categorized into gaseous- and liquid-phase methods. Gaseous-phase
methods, while minimizing the presence of organic impurities compared to liquid-
phase ones, require complex vacuum equipment, which comes with disadvantages
including high costs and low productivity. Liquid-phase methods are the primary
routes for NP synthesis, offering a wide range of options. For instance, the chemical
reduction method is a commonly used solution synthesis method. Its principal
advantage lies in the ability to produce particles of varying sizes and shapes, such as
nanorods, nanowires, nanoprisms, nanoplates, and hollow NPs[136]. This method
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allows for the fine-tuning of NP morphology and size by adjusting different variables,
including the metal source, reducing agent [146,147], stabilizer [142], solvent [148],

reaction time, and temperature [149].
1.6. Chemical synthesis of MNPs

Nucleation, namely the formation of the initial nuclei, stands as the pivotal phase in
the synthesis of MNPs. In homogeneous nucleation, metal atoms or ions in the
solution collide and aggregate to form small clusters of atoms referred to as nuclei.
This typically occurs in a supersaturated solution where the concentration of metal
ions exceeds their solubility limit. Nucleation is followed by the growth of NPs, which
can be attributed to the attachment of monomers, metal ions, or atoms, to the nuclei
present in solution. This attachment can be controlled through various chemical and
physical parameters, or by Ostwald Ripening where larger NPs grow at the expense
of smaller ones [150-155]. Ostwald Ripening happens because smaller NPs have a
higher surface energy, and atoms from these smaller particles dissolve and redeposit
onto larger ones, causing them to grow (Figure 1.13). Factors influencing nucleation

and growth steps in the synthesis of MNPs are the following:

1. Precursor Concentration [156]: The concentration of metal ions or atoms in the
solution plays a crucial role. Higher concentrations can lead to more nucleation

events, while lower concentrations may result in slower or no nucleation.

2. Temperature [151]: Temperature affects both nucleation and growth. Higher
temperatures often accelerate these processes by providing more kinetic energy

for atoms to collide and attach to nuclei.

3. Reducing Agents [157]: In some synthesis methods, reducing agents are used
to convert metal ions into atoms, facilitating nucleation and growth. The choice
of reducing agent can impact the rate of both steps and consequently the size

of the NPs.
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4. Stabilizing Agents [154]: Stabilizing agents (polymers, ligands, ionic liquids,
etc.) are generally required to control particle size and prevent agglomeration

by creating a protective layer around the NPs.

5. pH [150]: The pH of the solution can influence the surface charge of NPs and

affect their stability and growth.

6. Reaction Time [155]: The duration of the reaction determines the extent of
nucleation and growth. Longer reaction times may lead to larger NPs, due to

Ostwald ripening phenomenon.
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dispersion growth growth and precipitation
stabilizer No stabilizer, uncontrolled agglomeration

|
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Electrostatic
stabilization Discrete, separated Agglomerates / aggregates

nanoparticles

Figure 1.13. Schematic presentation of (metal) NPs growth and stabilization. (Adapted from
[153]).

1.6.1. Chemical Reduction

The chemical reduction of transition metal salts in the presence of stabilizing agents

to produce zero-valent metal colloids in either aqueous or organic environments was

initially documented in 1857 by Faraday [122]. This approach has since evolved into

one of the most commonly used and potent synthetic methods in this field. The first

reliable and standardized procedures for generating metal colloids, such as 20 nm

gold colloids through the reduction of [AuCls] using sodium citrate, were established
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by Turkevich [158]. Additionally, he proposed a mechanism outlining the gradual
formation of nanoclusters involving nucleation, growth, and agglomeration, a concept
that remains fundamentally valid. Over time, this model has been further refined
using data from modern analytical techniques and the latest findings in

thermodynamics and kinetics, as described in Figure 1.14 [157].
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Figure 1.14. Synthesis of MNPs by chemical reduction. (Adapted from [157]).

In the early stages of nucleation, the metal salt undergoes reduction, producing zero-
valent metal atoms. These atoms can interact within the solution, colliding with
additional metal ions, metal atoms, or clusters to form irreversible "seeds" that serve
as the foundation for stable metal nuclei. The size of initial "seeds" and nuclei can be
considerably less than 1 nm, contingent upon factors such as the strength of metal-
metal bonds and the disparity between the redox potentials of the metal salt and the
applied reducing agent. To maintain stability and prevent agglomeration of growing
NPs, the addition of protective agents is essential. Indeed, in solution the MNPs are
close enough to each other to be affected by van der Waals forces. If there isn’t
anything to oppose these forces, then the NPs will aggregate which will lead to a
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change of size and properties, for example, in activity by lowering the active surface

area. There are two primary modes of stabilization:

1. Electrostatic Stabilization [157]: relying on Coulombic repulsion forces
between particles, resulting from the electrical double layer formed by ions
adsorbed at the particle surface. For instance, sodium citrate can create
electrostatic stabilization. An example is the preparation of gold sols
through the reduction of [AuCl:]- in the presence of sodium citrate.

2. Steric Stabilization[157]: achieved by employing sterically bulky organic
molecules that act as protective shields on the metal surface. This prevents
nanometallic cores from aggregating by keeping them separated. Various
protective agents are reported in the literature, including polymers, block
copolymers, P-, N- and S-donor molecules (e.g., phosphines, amines,
thioethers), solvents like THF, THF/MeOH, and propylene carbonate, long-
chain alcohols, surfactants, and organometallic compounds. Typically,
lipophilic protective agents yield metal colloids able to afford stable
dispersions in organic media, referred to as "organosols", while hydrophilic

agents result in colloidal dispersions stable in water, known as "hydrosols."

The chemical reduction of transition metal salts stands as one of the most widely used
techniques for producing MNPs in solution, primarily for applications in catalysis, but
not only. This reduction process can be controlled by using diverse reducing agents,
including alcohols [157], polyol [159], dihydrogen [157], sodium borohydrate
[160,161], and more. Furthermore, zero-valent MNPs can also be produced by treating
metal-organic complexes, typically in a hydrogen (Hz) atmosphere or by employing

sodium borohydride (NaBHa).

The aqueous reduction of metal salts is a well-known technique due to several
advantages: (i) the commercial availability of the required chemicals, (ii) ease of

handling as the process is relatively straightforward, (iii) cost-effectiveness, since it is
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an affordable method for obtaining MNPs, (iv) versatile stabilizing agents such as
polymers, ammonium salts, long-chain alkanethiols, amines, fatty acids, etc., can be
employed to tailor the properties of the resulting NPs and lastly, (v) diverse reduction
paths including the use of hydrides, hydrogen, as well as physical methods such as
UV-Vis or gamma radiation [160,162].

1.6.2. Organometallic approach

The physical and chemical characteristics of MNPs are influenced by various factors,
including particle size and size distribution, crystalline structure, particle shape,
surface properties, their organization into nanomaterials, and their dispersibility
[142]. These factors, in turn, rely on effective control and reproducibility in the
synthesis process and particle stability. Traditionally, polymers have been the most
commonly used tools to stabilize NPs. However, they may not be suitable for specific
chemical or physical applications. Consequently, there has been significant works in
the use of ligands able to coordinate to the particle surface. Thus, development of
efficient methods that allow controlling the characteristics of MNPs in a reproducible
manner is a fundamental objective. The use of organometallic chemistry techniques
was found to be an efficient means for the formation of well-controlled nanostructures
[142,153]. The synthesis of MNPs by the organometallic approach is based on using
an organometallic or metal-organic complex as the source of metal in combination
with a suitable stabilizing agent among various functional organic molecules [163],

surfactants [164], polymers, dendrimers [40], ionic liquids [165], etc.

The choice of organometallic precursors is governed by their ability to be decomposed
under mild reaction conditions. Their decomposition is generally performed using a
gas that can be either Hz or CO to give the naked zero-valent metal atoms (Figure 1.15).
The choice of the stabilizer is fundamental as it will influence the growth, stability,
and surface chemistry of the nanostructures, in addition to its potential role for any

target application.
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Figure I.15. Schematic representation of the organometallic approach for the synthesis of
MNPs.

H2 can decompose complexes by reduction of their ligands or reducing the metal
precursors when they are not in the zero-valent oxidation state. CO can displace
ligands present in the coordination sphere of the metal center by simple substitution
(leading to an unstable intermediate). Whatever the gas used for the decomposition,
it leads to the release of naked and free metal atoms in solution. These atoms will tend
to associate together to form the seeds, that are the center of growth of the particles.
The stabilizers will interact chemically with the surface of the growing particles or
make a steric barrier around them, thus controlling their size by preventing them from

excessive agglomeration.

Olefinic and allylic complexes stand out as the most appealing category of metal
precursors. This is because the unsaturated ligands undergo a transformation into
alkanes that do not interfere with the surface of the NPs when subjected to mild
reaction conditions under H: pressure. For instance, compounds like [Rh(r*CsHs)s]
[163,166] (n*CsHs = allyl ligand), [Ni(COD):] [167] (COD = 1,5-cyclooctadiene),
[Ru(COD)(COT)] (COT = 1,3,5,7-cyclooctatetraene) [168,169], [Re2(CsHs)4] [170], and
others, readily decompose when exposed to a low H: pressure (1-3 bar), making them
excellent sources for MNPs. Additionally, metal complexes that contain ligands that
can lead to potential stabilizing molecules for the particles are also of interest.
Examples of such complexes include [Rh(acac)(CsHi2)] or [Ni(acac)2] [171] (acac =

acetylacetonato) which release acacH. While carbonyl complexes have been successful
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used for synthesizing MNPs, notable examples being Co2(CO)s, Rhe(CO)1s, and
Irs(CO)12 [172,173], there is a significant drawback. These complexes require high
temperatures for decomposition, and the release of CO molecules known to
coordinate to the surface of MNPs can obstruct active sites, which can be particularly

negative for catalytic applications.

The advantages of the organometallic approach can be succinctly outlined by (i) the
variety of usable complexes, including carbonyl or olefinic complexes of transition
metals and amido complexes featuring zero-valent metals or metals in a low oxidation
state [174,175], (ii) the use of diverse reactions pathways, since organometallic
reactions cover a spectrum of chemical processes, such as the cleavage of carbon-metal
or nitrogen-metal bonds, ligand hydrogenation, ligand displacement, and nitrogen-
metal hydrogenolysis, (iii) operations under mild conditions of temperature (often at
or around room temperature), and pressure (1-3 bar) thus reducing energy
requirements and facilitating implementation, and (iv) precise control over both the
composition of the metal cores and of the stabilizing layer, most often consisting of

organic molecules surrounding the MNPs.
I.7. Rhodium Nanoparticles in Catalysis

Nanocatalysis [176,177] has emerged as an attractive field between homogeneous and
heterogeneous catalysis as it offers unique solutions to meet the requirements for
catalyst enhancement. The aim is to develop well-defined catalysts that consist of
MNPs combining the advantageous characteristics of both homogeneous and
heterogeneous catalysts, such as high efficiency, selectivity, stability, and ease of
recovery/recycling [149,178-180]. Despite being one of the rarest and most expensive
metals, Rh stands out among other noble metals for its exceptional and frequently
unparalleled catalytic = properties, particularly in  hydrogenation and
hydroformylation reactions, also at the nanoscale regime [181]. Various methods have

been developed to synthesize small-sized RhINPs [181,182]. The most widely known
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method involves reducing the metal salt RhCls-3H2O [161,164] but the organometallic
approach based on the use of Rh complexes such as [Rh(*-CsHs)s] [166,183] has also
proved useful to generate well-controlled RhNPs. As mentioned above, RhNPs are
widely recognized for their exceptional catalytic activity in hydrogenation reactions,
on a broad range of reactants and functional groups. RhNPs systems are often
stabilized by surfactants, polymers, and macromolecules, but also by ligands,
predominantly P- and N-based ligands. Selected studies relevant to this PhD work

will be hereafter described.

Delmas and coworkers [156] investigated the impact of various factors on the stability
of polymer stabilized RhNPs. The RhNPs synthesis was achieved by the chemical
reduction of RhCls-3H:O in the presence of polyvinylpyrrolidone (PVP), resulting in 2
nm-sized particles. The obtained colloids exhibited impressive catalytic performance
in the hydrogenation of 1-octene (50 °C, 3 bar Hz, 2750 rpm), and could be reused
multiple times without any loss in activity, surpassing the performance of
conventional Rh complexes in biphasic liquid-liquid conditions. TEM analyses of the
spent PVP-RhNPs revealed no change in the NP size and indicated the presence of
both rhodium oxide and metallic Rh. The kinetics of 1-octene hydrogenation have
been investigated considering its parallel isomerization reaction [156]. Various
parameters have been studied, including 1-octene concentration, catalyst
concentration, hydrogen pressure, and temperatures (29.8 °C — 49.8 °C). The reaction
rate was found to be first-order with respect to the rhodium concentration, to the
hydrogen pressure, and to the 1-octene concentration. The activation energies were
found remarkably low, especially for the primary 1-octene hydrogenation reaction
(14.1 kJ/mol). This suggests the presence of significant diffusional limitations within
the polymer layer surrounding the colloidal particles. Indeed, the apparent activation
energy is determined by turnover frequency (TOF) which is a measure of the rate at
which a reaction proceeds, typically expressed as the amount of substrate transformed

per active catalyst surface per unit of time (e.g., per hour) [184,185]. In chemical
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reactions, the rate can be influenced by both the intrinsic kinetics of the reaction and
the mass transport of reactants and products to and from the catalytic sites [186,187].
When diffusional limitations are present, even if the reactant molecules possess the
required energy to overcome the activation energy barrier, the rate of reaction may be
determined by the number of reactants accessing the catalytic sites. Mass transfer
coefficients play a vital role in this context. A low mass transfer coefficient signifies a
slow transfer rate of reactants between the bulk fluid and the catalyst surface, which
can lead to diffusion limitations. The combination of low mass transfer and diffusional
limitations can result in very slow reaction rates, which in turn lead to low TOFs and

are indicative of a low apparent activation energy and vice-versa [187].

Choukroun, Chaudret, Philippot, and coworkers [188] reported the synthesis of PVP-
RhNPs using the organometallic dimer complex [RhCl(Cz2Ha4)]2 as precursor in THF.
They explored the hydrogenation of various substrates, including benzene,
phenylacetylene, norbornene, quinoline, and adiponitrile. The PVP-RhNPs catalyst
was used in both heterogeneous and dispersed forms under biphasic conditions
(liquid/liquid), where the catalyst was dispersed in water. In both cases, the catalytic
reaction exhibited kinetics characterized by zero-order with respect to the substrate
and first-order with respect to Hz and the Rh concentration. Interestingly, the highest
hydrogenation rate was observed when benzene was employed under biphasic
conditions. The Rh-PVP catalyst demonstrated also remarkable efficiency in the
hydrogenation of norbornene, quinoline, and adiponitrile, leading to the formation of

norbornane, tetrahydroquinoline, and 6-aminocapronitrile, respectively.

Gomez, Masdeu-Bulto, and coworkers [189] reported the synthesis of RhNPs using
[Rh(u-OMe)(COD)]: as precursor and fluorinated phosphine ligands in THF (Scheme
[.12), and the use of the resulting nanocatalysts in the hydrogenation of arene

derivatives in both organic solvent (THF) and supercritical carbon dioxide (sCO).
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Scheme I.12. Synthesis of RhNPs stabilized by phosphine ¢ and fluorinated phosphine ligands
a-b. (Adapted from [188]).

Both TPP (c) as well as the fluorinated ligand (a) were effective in stabilizing the
RhNPs. The less-hindered fluorinated ligand (a) yielded the smallest NPs with an
average mean diameter of 1.7 + 0.4 nm (2.5 £ 0.9 nm for Rh-c), when (b) yielded large
NPs. When the RhNPs systems were used for hydrogenation reactions of substrates,
such as styrene, p-methylanisole, and (2-methylallyloxy)benzene, the reaction rates
were slower in sCO:2 compared to THF, possibly due to different solubilities of the
RhNPs in sCO2 vs THF. Also, the predominant product formed in the hydrogenation
of styrene in THF with Rh-a or Rh-c catalysts was ethylcyclohexane (selectivity >99%),
whereas the selectivity shifted towards the olefinic group with ethylbenzene (EB) as
the primary product using sCO:. This observation suggested a robust interaction
between the phenyl groups of the substrates and the NPs surface, however, the RhNPs

were also agglomerated after the hydrogenation in sCO..

Janiak and coworkers [190] reported the synthesis of RhNPs in the ionic liquid (IL) 1-
butyl-3-methylimidazolium tetrafluororborate ([BMIm][BF4]) using [Rhe(CO)i] as
precursor applying various preparation methods (microwave (MWI), photolytic, or
thermal decomposition). They obtained RhNPs of different sizes depending on the
synthesis pathway. For instance, RhNPs of 1.7 + 0.3 nm were formed under MWI
conditions, compared to 1.9 + 0.3 nm with photocatalytic decomposition and 3.5 + 0.8

nm for thermal decomposition (Scheme 1.13).
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Scheme 1.13. Microwave, photocatalytic and thermal decomposition of [Rhe(CO)1¢] in the IL
[BMIm][BF4] to RhNPs. (Adapted from [190]).

The dispersions of the RhNPs in [BMIm][BF] resulting from the syntheses were used
directly in the liquid-liquid biphasic hydrogenation of cyclohexene to cyclohexane (10
bar Hz, 90 °C), where the systems proved highly active (TOFs of 695-810 h') and easily
recyclable. Notably, an activity increase was observed from the second catalytic run
which was attributed to an induction period, and a gradual rise in the activity after

each catalyst recycle was explained by a surface restructuring.

Vallribera and coworkers [191] reported the hydrogenation of aromatic compounds
catalyzed by RhNPs generated from rhodium bis(imino)pyridine complexes prepared
from [Rh(u-Cl)(n*-C2Ha)2]> dimer (Scheme 1.14). The synthesis of the RhNPs (1 bar Ho,
2-propanol solvent, 60 °C, with K‘BuO) led to 1.5 + 0.2 nm sized NPs which were found
active in the hydrogenation of benzene, toluene, p-xylene, styrene, R-methylstyrene,
biphenyl, aniline, phenol, and pyridine, under mild conditions (1 bar Hz, 60 °C).
Remarkably, when deposited onto alumina these RhNPs maintained their catalytic
activity without substantial alteration with Hg? poisoning indicating a heterogeneous-
type catalysis. The ability of Hg’to poison metal-particle heterogenous catalysts, by
forming an amalgam with the metal or adhering to its surface, has been widely used
to distinguish homogeneous versus heterogeneous catalysis. This experimental
procedure consists of adding Hg® to the reaction solution. The inhibition of the
catalytic activity by Hg? is evidence of a heterogeneous catalyst; if Hg? does not
suppress catalysis (negative result) the presence of a homogeneous catalyst is

suggested [192].
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Scheme I.14. Preparation of the bis(imino)pyridine complexes from [Rh(u-Cl)(1?>-C2Ha)2]2 in
the presence of 2,6-bis{1-(phenyl)iminoethyl}pyridine pincer type ligands. (Adapted from
[191]).

Moores and coworkers [165] described the synthesis of RhNPs stabilized by
phosphine-functionalized imidazolium ionic liquids (FILs), [BDMI][NTf:] ([BDMI] =
1-alkyl-2,3-dimethylimidazolium, NTf. = bis(trifluoromethanesulfonyl)imide) using
[Rh(m3-CsHs)s] complex as precursor [164]. The precursor decomposed under 4 bar H

into Rh and volatile propane, thus leaving no impurity at the NP surface (Figure 1.16).

- %@N\/H\/Ppm
NTf, n

Figure 1.16. Phosphine-functionalized [BDMI][NTf:] ILs (n = 1 and 9) used as stabilizers for
the generation of RhNPs. (Adapted from [165]).

The IL-stabilized RhINPs were applied in the hydrogenation of toluene, styrene, and
xylenes under mild conditions (40 bar Hz, 75 °C, 3 h). The results for toluene
hydrogenation to methylcyclohexane indicated that the FILs enhanced the catalytic
activity, allowed recycling of the RhNPs, and prolonged the lifetime of the RhNPs
catalysts compared to those stabilized by an unfunctionalized IL or a TPP ligand. A
comparative analysis of the size and dispersion of the RhNPs before and after catalysis
(Table 1.4) provided an explanation of the observed differences, as TEM analysis of the
RhNPs synthesized without IL stabilizers tended to aggregate. An induction time was
also observed in the hydrogenation of styrene and p-xylene, which may be explained
by a restructuring of the NP surface under catalytic conditions that led to higher TOFs
in the consecutive runs. Despite this, the IL-RhNPs systems proved recyclable up to

six runs with these substrates.
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Table 1.4. TEM characterization of RhNPs before catalysis and after catalyst recycling in
toluene hydrogenation?. (Adapted from [165]).

Ent Stabilizer RQNP size (nm)
z
Y Before catalysis After Run 1 After Run 10
1 None Clusters 23+0.8 Aggregates
2 IL(n=1)° 24+0.6 23+0.5 15+04
3 IL (n=9)° 20+0.5 1.7+03 1.9+05
4 PP 1.5+£0.4 Clusters Aggregates

a Catalysis conditions: Rh precursor (0.05 mmol), ligand (0.05 mmol), IL (1 mL), toluene (5.0 mmol, 100
equiv.), 40 bar Hz 75 °C, 3 h. ? Phosphine-functionalized 1-alkyl-2,3-dimethylimidazolium
bis(trifluoromethanesulfonyl)imide) ILs with n =1 and 9, see Figure 1.16.

Rossi and coworkers [193] described the synthesis of RhNPs using RhCls-3H20 as Rh
source and 1-octadecanethiol (ODT; covalently coordinated ligand; a),
tetraoctylammonium bromide (TOAB; electrostatic stabilization; b) or polyvinyl
alcohol (PVA; steric stabilization; c) as stabilizers (Figure 1.17). Their study focused on
evaluating the influence of the three RhNPs systems, each characterized by distinct

mechanisms for NP stabilization, in hydrogenation catalysis.

b 4

Ve

Figure 1.17. Stabilization of RhNPs using a covalent linkage (ODT ligand), b electrostatic
interaction (TOAB surfactant), and c steric stabilization (PVA polymer). (Adapted from [193]).

First, they observed a significant impact of the stabilizer on the RhNPs size (Figure
1.18), obtaining an average diameter of 4.0 + 1.0 nm when using ODT as stabilizer vs
2.3 + 0.4 nm in the case of TAOB and 4.2 + 1.2 nm with PVA. The RhNPs were then
tested in the hydrogenation of cyclohexene either as soluble systems or after

deposition onto a functionalized silica-coated magnetite NP support (FFSi).
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Figure 1.18. TEM images of A) Rh-ODT a, B) Rh-TOAB b, and C) Rh-PVA ¢ NPs and their
corresponding size distribution histograms. ODT: covalently coordinated ligand, TOAB:
tetraoctylammonium bromide, PVA: polyvinyl alcohol. (Adapted from [193] and used with
permission from Springer Nature ©).
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Table 1.5. Hydrogenation of cyclohexene using soluble RhNPs. (Adapted from [193]).
Entry  Catalyst TON? Activation Time (h)»  Time (h)c TOF (cTOF) (h)¢

1 Rh-ODT 35600 48 >24 248 (795)

2 Rh-TOAB 35600 0.14 0.65 127300 (242940)
3  Rh-TOAB 71200 0.16 0.78 384170 (733150)
4  Rh-TOAB 142400 0.21 1.26 431970 (824370)
5  Rh-TOAB 284800 0.1 1.22 684240 (1305800)
6  Rh-TOAB 569600 0.30 1.00 185900 (354770)
7 Rh-PVA 35600 0.11 1.67 30960 (99230)
8 Rh-PVA 71200 0.12 1.8 55670 (178430)
9 Rh-PVA 142400 0.18 2 103990 (333300)
10  Rh-PVA 284800 0.36 3.6 120650 (386700)
11  Rh-PVA 569600 0.46 7.4 162680 (521410)

Reaction conditions (solventless): Cyclohexene (14.6 mmol), catalyst (0.052-0.4 umol of Rh), 75 °C, 6
atm of Hz 2 Turnover number expressed as moles of the substrate transformed per moles of catalyst. b
Time interval without consumption of hydrogen. ¢ Time interval required for each cycle reaction
completion estimated by H> consumption curves (99 % conversion as determined by GC). ¢ Initial
turnover frequency expressed as moles of the substrate transformed per moles of catalyst per h and in
parentheses TOF is corrected per moles of surface Rh atoms.

The Rh—ODT NPs gave almost no catalytic activity, while the Rh—PVA NPs as well as
the Rh—-TOAB NPs exhibited distinct and similar activities both in solution (as part of
aqueous biphasic catalysis), and when immobilized onto functionalized silica with
amine groups (FFSiNH-) that were prepared by adding the pre-formed colloidal NPs
to the FFSiNH: support. Furthermore, the RhNPs stability was found dependent on
the stabilizer used for the synthesis as well as the functionalization of the support
before RhNPs immobilization. Through optimization of the catalyst synthesis and
reaction conditions, they achieved remarkable TOFs, reaching as high as ~700000 h-!

while maintaining the stability and recyclability of the RhNPs catalyst (Table 1.5).

Quaternary ammonium salts have also proven effective capping agents to efficiently
stabilize transition metal nanospecies in various biphasic catalytic reactions. Roucoux
and Denicourt-Nowicki [194] studied the -catalytic performance of colloidal
suspensions of RhNPs stabilized by hydroxycetylammonium surfactants and their
chiral counterparts, generated by chemical reduction of RhCls with sodium

borohydride (Figure 1.19). The nature of the surfactant (length of the alkyl chain) was
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shown to influence the NP size and morphology. These RhNPs, acted as micellar
nanoreactors, demonstrating their significance as catalysts in the pure biphasic

hydrogenation of diverse lipophilic aromatic derivatives.

\ ~_OH Polar head, HEA = HydroxyEthylAmmonium

Lipophilic chain \/\M/\/g\

10

Figure 1.19. Quaternary ammonium surfactants used to stabilize RhNPs for application in
biphasic hydrogenation of arene derivatives. HEA16Cl (16 designating the number of carbons
in the lipophilic chain). (Adapted from [194]).

Catalytic studies performed under mild conditions (1 bar H, room temperature)
achieving notably high TOF values. Moreover, the ability to easily adjust the
associated counter-ion or the polar head of the surfactant allowed for fine-tuning of
particle size, morphology, aqueous suspension stability, and catalytic properties. As a
result, these nanoreactors, formed by confining metallic nanospecies within surfactant
micelles, exhibited remarkable catalytic activity in the reduction of aromatic
compounds (Table 1.6). They also offered the advantage of easy recyclability in

biphasic setups.

Table I.6. Biphasic hydrogenation of arene derivatives with HEA16Cl-capped Rh? colloids.
(Adapted from [194]).

Entry Substrate Product Yield® (%) T(llr:; ¢ 1;1(1) ll;c

1 Toluene Methylcyclohexane (100) 3.6 83
2 Anisole Methoxycyclohexane (70)/cyclohexanone (30) 4 75
3 Ethylbenzoate = Ethylcyclohexanoate (100) 4.7 64
4 Aniline Cyclohexylamine (100) 10 30
5 o-Xylene 1,2-Dimethylcyclohexane (cis/trans: 91/9) 5.3 57
6  m-Xylene 1,3-Dimethylcyclohexane (cis/trans: 80/20) 6.8 44
7  p-Xylene 1,4-Dimethylcyclohexane (cis/trans: 65/35) 4.1 73
8 Chlorobenzene  Cyclohexane (100) 1.7 -

9 2-Chloroanisole Methoxycyclohexane (53)/cyclohexanone (47) 11 34

aReaction conditions: Rh (3.8x10-5 mol), [Substrate]/[Metal]/[Surfactant] = 100/1/2, H20, 1 bar Ha, 20 °C.
b Determined by gas chromatography. Turnover frequency determined by number of moles of
consumed H: per mole of introduced Rh per hour.
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Godard and coworkers [195], studied the catalytic performance of phosphine- and
phosphite-stabilized RhNPs in hydrogenation reaction. The RhNPs were synthesized
by the organometallic approach starting from [Rh(?-(CsHs)s)] precursor and using

TTP 1 and triphenylphosphite 2 as model ligands, in various P/Rh ratios (Figure 1.20).

© o
@rpo 5%3@

Figure 1.20. The TPP 1 and triphenylphosphite 2 ligands used for the synthesis of RhNPs.
(Adapted from [195]).

Regardless of the P/Rh ratio, crystalline NPs were formed that consistently displayed
a size of ca. 2 nm, a spherical shape, and a face-centered cubic (fcc) structure. In the
hydrogenation of styrene (40 bar Hz, 80 °C), complete conversion of styrene was
observed in all cases (Table 1.7). However, the selectivity towards either EB or the fully
hydrogenated product, ethylcyclohexane, was found to be significantly affected by
the ligand coverage. TPP-stabilized RhNPs (Rh1 systems), quantitively led to the fully
hydrogenated product (methylcyclohexane), whatever the P/Rh ratio used for the
synthesis (Entries 1-3).

Table 1.7. Catalytic hydrogenation of styrene using phosphine- and phosphite-stabilized Rh-
NPs?. (Adapted from [195]).

e 1o
Entry  NPs dnm(nm)  Conversion (%)" EthylbenzesneelbeCt“];ltt}ify(lf;chohexaneb

1 Rh1-0.2 1.47+0.28 100 - 100

2 Rh1-0.4 1.52+0.21 100 - 100

3 Rh1-0.6 1.46+0.25 100 - 100

4 Rh2-0.1 1.57+0.23 100 26 73

5 Rh2-0.2 1.55+0.31 100 87 13

6 Rh2-04 1.52+0.23 100 97 3

7 Rh2-0.6 1.65+0.30 100 100 0

aGeneral conditions: 1.24 mmol of substrate, 2 mol% of RhNPs, 10 ml of heptane, 80 °C, 40 bar Hz, 16
h. ® Determined by GC.
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Conversely, triphenylphosphine-stabilized RhNPs (Rh2 systems) showed a steadily
increase of selectivity from 26 to 100% for EB as the ligand coverage on the catalyst

increased between P/Rh = 0.2 and P/Rh = 0.6 (Entries 4-7).

A study involving CO adsorption on the surface of the NPs and IR spectroscopy
evidenced that less Rh sites were available to form Rh(CO): species at high phosphite
coverage due to the coordination of ligands. In contrast, a low ligand coverage led to
more Rh(CO): species as the result of more accessible Rh sites for CO coordination.
These results allowed to correlate between the quantity of active sites for the
hydrogenation catalysis with the ligand coverage. The authors concluded that at high
ligand coverage, the sites responsible for the hydrogenation of arenes were blocked
by the stabilizer, allowing only hydrogenation of the vinyl unit of the substrate, and

providing a high selectivity for EB.

Philippot, Rossi, and coworkers [196] reported a comparative analysis of the surface
reactivity of RhINPs stabilized by a polymer vs phosphine/diphosphine ligands as
components of supported catalysts in the hydrogenation of cyclohexene under
solventless conditions (the substrate acted as dispersion medium for the RhNPs).
Well-defined and very small RhNPs were synthesized through the organometallic
synthesis, using [Rh(n3-CsHs)s] as the metal source, PVP as stabilizer and TPP as a
monophopshine and 1,4-bis(diphenyl)phosphinobutane (dppb) as diphosphine.
These NPs had mean sizes of 2.2, 1.3, and 1.7 nm, respectively (Figure 1.21).
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Figure 1.21. TEM images and size distribution histograms of a) PVP- b) TPP- and c) dppb-
stabilized RhNPs. (Adapted from [196] and used with permission from Royal Society of
Chemistry ©).

Among the stabilizers tested, the PVP-stabilized RhNPs exhibited the highest catalytic
activity (Table 1.8). This can be attributed to the more accessible metallic surface, as
PVP interaction with Rh surface atoms is weaker compared to that in phosphine-
stabilized NPs, where phosphines strongly coordinate with NPs surfaces.
Interestingly, no significant difference was observed between the two phosphines,
indicating that they both interacted or blocked the surface Rh atoms to a similar extent.
However, electronic, or facet-directed effects induced by the phosphine ligands could
not be ruled out. To further explore the catalytic potential of these RhNPs, they were
deposited onto an amino-functionalized silica-coated magnetite (FFSiNH2) support

(also used previously, see above) by impregnation leading to supported Rh
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nanocatalysts with uniform particle dispersion throughout the support. These
nanocatalysts demonstrated improved catalytic performance in cyclohexene
hydrogenation under similar reaction conditions as colloidal particles. Once again, the
RhPVP-stabilized NPs proved to be the most active catalyst, and no discernible
difference was observed between TPP and dppb ligands after immobilization. This
suggested that the phosphine ligands continued to strongly coordinate with the metal

surface after particle immobilization, affecting catalysis.

Table I.8. Hydrogenation of cyclohexene?®. (Adapted from [196]).

Catalyst Induction time? (h) Times« (h) TOF! (cTOF) (h?)
RhPVP 0.25 2.50 3500 (6730)
RhPVP@FFSiNH 0.05 0.58 105700 (203270)
RhTPP 0.07 1.67 3800(5000)
RhTPP@FFSiNH: 0.15 1.50 23650 (31120)
Rhdppb 0.05 2.14 2800(4516)
Rhdppb@FFSiNH: 0.23 1.80 24850 (40080)

aReaction conditions (solventless): cyclohexene (29.2 mmol, 2.4 g), Rh catalyst (7.3 pmol), mol substrate
per mol catalyst = 4000, fcyclohexene (14.6 mmol, 1.2 g), Rh catalyst (0.4 pmol), mol substrate per mol
catalyst = 36500, 75 °C, 6 bar Hz. » Time interval without consumption of dihydrogen. < Time interval
required for each cycle reaction completion estimated by Hz consumption curves (>99% conversion as
determined by GC). ¢ Turnover frequency (TOF) expressed as moles of the substrate transformed per
mole of catalyst per h at <20% conversion. In parenthesis, TOF corrected per mol of surface Rh atoms.

Additionally, the authors took advantage of the magnetic properties of the support to
facilitate the catalyst reuse in successive hydrogenation cycles. In the case of
RhPVP@FFSiNH>, a more active surface was obtained after successive reactions, likely
due to progressive elimination of PVP from the RhNPs as the result of washing
treatment. The immobilization of PVP-stabilized RhNPs thus appeared as an excellent
strategy to retain and even enhance the catalytic performance of the NPs, as the
polymer could be removed without compromising stability. The results obtained with
Rh-dppb@FFSiNH: and RhPPhs@FFSiNH: nanocatalysts confirmed the catalytic
performance observed with colloidal RhNPs, suggesting that phosphine ligands
remained strongly coordinated to the metal surface and were not displaced during
immobilization or recycling experiments, thus leading to lower performance than

PVP-systems. This study highlighted the interest in the organometallic approach for
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preparing very small and stable RhNPs with different surface properties that can be
deposited onto a support to improve stability and facilitate recycling. If the use of
phosphines as stabilizing ligands resulted in the formation of smaller NPs, it also led
to less active nanocatalysts. This relies on the strong coordination of the ligand at the
Rh surface blocking some surface atoms, thus limiting the surface reactivity even after

several catalytic recycles for supported nanocatalysts.

All the preceding research studies emphasize the need to design nanocatalysts with a
right balance between a small NP size (to have a high number of potential active sites)
and an accessible surface (to allow the reactivity), while being sufficiently stable to
allow good recyclability. In the next section, previous results in the use of polymeric
micelles as nanoreactors to confine RhNPs for hydrogenation catalysis will be

described.

I.8. MNPs confined inside CCM-C for application in aqueous biphasic
hydrogenation catalysis

As discussed earlier in this chapter (section 1.3.3.2.1), an unexpected darkening of the
color occurred in the reaction mixture when acetophenone was hydrogenated using a
[RhCl(COD)(TPP@CCM-C)] latex catalyst. Such color change typically designates the
formation of MNPs, and a further study was performed involving the generation of

RhNPs in TPP@CCM-C for application in hydrogenation catalysis [120].

The RhNP-TPP@CCM-C system was initially tested in aqueous biphasic
hydrogenation of acetophenone, but only low conversions were obtained unless high
temperature (90 °C) was used. The slow reaction rate was attributed to a poor mass
transport of the acetophenone into the CCM-C core, owing to a possible electrostatic
interaction between its carbonyl group and the cationic pyridinium functions present
in the polymer shell [120]. Conversely, RhNP-TPP@CCM-C showed excellent
performance in the hydrogenation of 1-octene and styrene, with full conversion and

tull selectivity towards the hydrogenation of the olefinic group. Notably, the catalytic
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activity was superior to that of Rh! molecular system. RhNP-TPP@CCM-C proved also
recyclable for styrene hydrogenation in four runs without loss of activity and with the
RhNPs remaining well-dispersed, when toluene was used for product
recovery/catalyst recycling. However, when using diethyl ether as extraction solvent
a dramatic loss of activity was observed. This phenomenon was attributed to an
extraction of the RhNPs from the CCM-C core driven by diethyl ether, an oxygen-
based solvent (Figure 1.22).
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Figure 1.22. Recycling tests in the hydrogenation of styrene with RhNP-TPP@cCCM using
diethyl ether (left) and toluene (right) as extraction solvent (25 °C, 0.5 h, styrene/Rh =2000/1)
(top). TEM images of the recovered catalyst latexes after the final run (bottom). (Adapted from
[120] and used with permission from Royal Society of Chemistry ©).

L.9. Summary

Nanostructured materials with high specific surface area offer many advantages in
catalysis. In this chapter, major developments in the synthesis and catalytic
applications of self-assembled nanoreactors made from amphiphilic macromolecules
such as polymer micelles, polymersomes and unimolecular nanoreactors were first
highlighted. The approaches using macromolecular nanoreactors as potential catalyst
supports, hold many advantages owing to the diverse synthesis strategies for the

generation and tuning of the nanoreactors, which could be of interest for industrial
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applications. In particular, unimolecular nanoreactors have been the topic of extensive
recent research. The perspectives of these systems are numerous, owing to their
modularity and simple syntheses, notably by the RAFT-PISA protocol, which
provides access to ligand-functionalized CCM nanoreactors. In such nanoreactors, the
chemical nature and the degree of polymerization of the core and the shell, the type
and density of the core-anchored ligands, as well as the nature of the coordinated
metal pre-catalyst can all be readily varied. This makes the unimolecular nanoreactors
highly adaptable and applicable to aqueous biphasic catalysis, thus providing new

avenues of research with several potential applications.

In the second part of this chapter, the interests of nanosized catalysts, and in particular
of RhNPs in hydrogenation catalysis have been presented. This section finished by
describing work, where the formation of RhNPs was observed when working with a
molecular Rh-complex@CCM-C system, that were active in the hydrogenation of

acetophenone and styrene.
I1.10. Scope of the PhD thesis work

The above-described discovery of the formation of catalytically active RhNPs in the
TPP@CCM-C system forms the foundation of the research work conducted in this PhD
thesis work. The overarching research aim of the work was to develop novel solutions
to improve the confinement of MNPs, mainly RhNPs, in the CCM-C, to have
performant, stable, and recyclable catalytic systems for aqueous biphasic liquid-liquid

hydrogenation catalysis as application focus.

To achieve this goal, synthesis tools from CCM polymer chemistry and organometallic
nanochemistry were combined and multiple approaches to achieve the sub-objectives
outlined below were explored. The primary research outcomes are presented in the
following chapters. Novel polymer syntheses incorporating TPPO ligands and

polycationic or polyanionic shells were developed to enhance the confinement of
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RhNPs and to address substrate limitations, respectively, with the aim of refining their
activity, selectivity, and scope. Additionally, CCMs functionalized with different
ligands, namely 4-vinylpyridine (VP) and (4-Styryl)diphenylphosphine (SDPP), were
developed to further investigate their potential applications in aqueous biphasic
hydrogenation and to assess the influence of the support material on catalytic
performance. Figure 1.23 provides a comprehensive overview of this PhD study's

scope.

Size structural cooperative
properties multifunctionality

-> multi-task catalyst

Figure 1.23. Scope of the PhD study.
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Chapter II: Experimental section

I1.1. Material and Method

I1.1.1. General Method

All manipulations were carried out using Schlenk-line techniques under an inert
atmosphere of dry argon. Toluene (99%, Sigma-Aldrich; dried on SPS), diethyl ether
(>99%, Sigma Aldrich), mercury (Hg, 99.9999 Suprapur®, Sigma-Aldrich; Note: Hg
should be handled with wutmost care using proper safety precautions),
phenylacetylene (98%, Sigma-Aldrich), cis-stilbene (96%, Sigma-Aldrich), 5-nonanone
(98%, Sigma-Aldrich), 3-hexyne (>99%, Sigma Aldrich), trans-2-hexen-1-al ( 98%,
Sigma-Aldrich), 2-cyclohexan-1-one (295%, Sigma-Aldrich), 4-
Styryl)diphenylphosphine (SDPP, 97%, Aldrich), 4,4’-azobis(4-cyanopentanoic acid)
(ACPA, >98%, Fluka), diethylene glycol dimethacrylate (DEGDMA, 95%, Sigma-
Aldrich) and hydrogen (99.999%, Air Liquid), sodium 4-vinylbenzenesulfonate (SS-
Na*, >90%, Aldrich), tri-n-octylphosphine (TOP, >97%, Sigma Aldrich), deuterated
chloroform (CDCls , 99.8 atom %D, Sgima-Aldrich), deuterated dimethyl sulfoxide
(DMSO-ds, 99.9 atom %D, Sigma-Aldrich), deuterated water (D20, 99.8 atom %D,
Sigma-Aldrich), N,N-dimethylformamide (DMF anhydrous, 99.8%, Sigma-Aldrich),
hydrogen peroxide (H20:, 34.5-36.5% Sigma-Aldrich) , sodium bicarbonate (NaHCOs,
>99.7% Sigma-Aldrich), sodium chloride (NaCl, 299.0% Sigma-Aldrich), triethylamine
(NEts, 299.5%, Sigma-Aldrich), iodomethane (Mel, 299.0%, Sigma-Aldrich) , pyridine
(299.0%, Sigma-Aldrich), triphenylphosphine (TPP, 99%, Sigma-Aldrich),
triphenylphosphine  oxdie =~ (TPPO  99%,  Sigma-Aldrich),  Chloro(1,5-
cyclooctadiene)rhodium(I) dimer ([Rh(COD)(u-Cl)]2, >98%, Sigma-Aldrich), Bis(1,5-
cyclooctadiene)nickel(0) (INi(COD)2], >98%, Sigma-Aldrich), Nickel(II)
acetylacetonate ([Ni(acac)2] ], >98%, Sigma-Aldrich), were used as received. 4-Vinyl

pyridine (4VP, 95%, Sigma), styrene (St, 99%, Acros), and oleylamine (>97%, Sigma
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Aldrich) were distilled under reduced pressure prior to use. The RAFT agent 4-cyano-
4-thiothiopropylsulfanyl pentanoic acid (CTPPA) or Re-SC(S)SnPr (Ro =
C(CHs)(CN)CH2CH2COOH) [1] and 1-methyl-4-vinylpyridinium iodide (4VPMe'T)
were prepared according to previously described methods [2]. The Ro-(4VPMe*I -)140-
SC(S)SnPr and Ro-(SS"Na*)10-b-Sts0-SC(5)SnPr macroRAFT agent were synthesized as
described in a recent contribution [3]. The deionized water used for the syntheses and
for the dynamic light scattering (DLS) analyses was obtained from a Purelab Classic

UV system (Elga Lab-Water).
11.1.2. Autoclaves used at the Technical University of Denmark

The autoclaves used for the syntheses of RhNPs and for the catalytic hydrogenations
have a volume of 15 mL and were homebuilt. A typical reaction procedure was

performed 40 x 20 mm vial, and a magnetic crossbar (Figure I1.1)

Figure II.1. Autoclaves used in the syntheses of RhNPs and the catalytical studies at DTU.
11.1.3. Autoclaves used at Laboratoire de Chimie de Coordination

The 4650 Series Reactors have a capacity of 100 ml (Figure IL.2). Typical reaction
procedure was performed in a 45 x 15mm vial and the stirring was ensured by a

standard cylindrical magnetic stir bar.
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AUTOCLAVE REACTOR

OIL BATH

Figure IL.2. Autoclaves used in the syntheses of RhNPs and the catalytical studies at LCC.
11.1.4. Autoclaves used at Institut Francais du Pétrole, Energies Nouvelles

The autoclaves used for the syntheses of NiNPs and for the catalytic hydrogenations
have a volume of 30 mL provided by IFPEN. A typical reaction procedure was

performed directly in the reactors with mechanical stirring (Figure IL.3).

T239_Overview_R1 1239

-y |

Figure IL.3. Autoclaves used in the syntheses of NiNPs and the catalytical studies at IFPEN.

11.1.5. Set-up used in LCC vs DTU

The first catalytic studies, conducted at LCC, made use of a 100 mL autoclave, the
reaction vessel was a 45 x 15mm vial and the stirring was ensured by a standard

cylindrical magnetic stir bar. At DTU, on the other hand, the equipment consisted of
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a 15 mL autoclave, a 40 x 20 mm vial, and a magnetic cross bar. These differences

alerted us to the possible existence of different diffusion conditions (Figure I1.4).

Set-up at LCC Set-up at DTU

Figure I1.4. Set-up used for MNPs synthesis and catalysis, in LCC (left) vs DTU (right)

II.2. Characterization techniques

11.2.1. Nuclear magnetic resonance (NMR) spectroscopy

Liquid NMR spectra were recorded in 5 mm diameter tubes at 300 K on Bruker Avance
IIT 300 or 400 MHz spectrometers. The 'H and *C chemical shifts were determined
using the residual peak of the deuterated solvent as internal standard and are reported
in ppm () relative to tetramethylsilane. Peaks are labeled as singlet (s), doublet (d),
triplet (t), quadruplet (q), multiplet (m) and broad (br). For the synthesis of the
macroRAFT agent, the monomer conversion was monitored by 'H NMR in DMSO-ds
at room temperature by the relative integration of the protons of the internal reference
(1,3,5-trioxane, 6 5.20) and the vinylic protons. All the polymerization steps were

followed to completion (full consumption of monomers) by 'H NMR.
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11.2.2. Dynamic light scattering (DLS)

The z-average diameters of the polymer particles (Dz) and the polydispersity index
(PDI) were obtained with a Malvern Zetasizer NanoZS equipped with a He-Ne laser
(A =633 nm), operating at 300 K. Samples were analyzed after dilution (with deionized
water), either unfiltered or after filtration through a 0.45 um pore-size membrane. The
procedure without filtration allowed verification of the presence of agglomerates.
Each value was the average of five measurements. In each figure, the curves labeled
N, V and I represent the instrumental responses in number, volume, and intensity,

respectively.

Dynamic light scattering (DLS) (Figure I1.5) technique relies on the interaction of light
with particles in motion. At any given moment, the suspended particles occupy
specific positions within the area where the scattering occurs. These particles scatter
light towards a detector, but the phases of the scattered light waves differ due to
variations in the phases of incident light they encounter at their respective positions,

as well as differences in the distances between particles and the detector [4,5].

Sample
Chamber
Laser beam
Detector
Correlator Quantum
Photometer

and Computer

Figure IL5. Schematic diagram of a DLS spectrometer.
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11.2.3. Transmission electron microscopy (TEM)

Morphological analyses of copolymer nanoobjects and RhINPs were carried out with
a JEOL JEM 1400 transmission electron microscope working at 120 kV (Centre de
Microcaractérisation Raimond Castaing, UAR 3623, Toulouse, France). Diluted
aqueous samples were dropped on a formvar/carbon-coated copper grid and dried

under vacuum for 24 h before measurements.

Transmission Electron Microscopy (TEM) is an extremely useful method for studying
nanomaterials. It allows us to directly see these materials and obtain accurate
measurements of particle or grain size, size distribution, and the overall shape.. This
microscopic technique functions by directing a stream of electrons through a thin
specimen, engaging with the specimen as it traverses through it. The interaction of
these electrons with the specimen generates an image, which is subsequently
magnified and directed onto an imaging apparatus, a layer of photographic film, or
captured by a sensor like a camera. Notably, TEM surpasses traditional light-based
imaging methods by delivering significantly greater resolution, exceeding them by a
factor of approximately 1000. However, it's worth noting that TEM does possess some
limitations, including the production of monochromatic (black and white) images, the
requirement for substantial financial investment, sensitivity to magnetic particles, and
potential issues related to structural rearrangement and particle agglomeration.
Despite these constraints, TEM remains the primary choice for determining the size

and size distribution of nanoparticle samples in most cases [6].

Energy-dispersive X-ray spectroscopy (EDS, also known as EDX or XEDS) systems are
commonly incorporated within electron microscopy apparatus. This analytical
method is employed to perform elemental analysis or chemical profiling of a
specimen. EDS effectively segregates the distinct X-rays associated with various
elements found in the specimen, which are emitted when the electron beam interacts

with the sample and subsequently transforms them into an energy spectrum. Through
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this process, it becomes feasible to ascertain the presence and quantity of specific

elements within a given sample, both qualitatively and quantitatively.
11.2.4. Gas chromatography (GC)

Quantitative determination of products and residual substrates in organic phases after
catalysis was conducted with an Agilent 6890N gas chromatograph equipped with an
HP-5MS capillary column (30 m x 250 pum x 0.25 pm) and a flame ionization detector
(FID), using helium as carrier gas. The peak assignment was assisted by separate GC
mass spectrometry (GC-MS) analyses (Agilent 6850-5975C). Conversion and
selectivity were assessed by constructing calibration curves using commercially
available expected reaction products. The mass balance was calculated using the
substrate consumption and product yield using mainly decane as an internal

standard.
11.2.5. Inductively coupled plasma mass spectrometry (ICP-MS)

Rh metal leaching into the organic phase after catalysis was quantified by high-
resolution ICP-MS using an XR Thermo Scientific Element. For the sample
preparation, the recovered organic phase was diluted in water using a 104 volumetric
dilution factor, high enough to ensure complete dissolution. In practice, a 100 mL
volumetric flask was filled 2/3 with Milli-Q water, then 10 ul of the organic product
phase was introduced using a precision pipette. The borders were rinsed and the flask
was introduced into an ultrasound bath for 15 min. The dilution was then completed
with Milli-Q water to the 100 mL mark, followed by further sonication for 45 min.
Standards were prepared using [Rh(COD)(u-Cl)]: dissolved in toluene, attaining Rh
concentrations in aqueous solution in the 1-100 ppt range. The relative standard

deviation on the measurements used for the calibration was 3% [7].
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11.2.6. X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed using a Thermo Scientific system at room temperature
using AlKa radiation (1484.6 eV) and a spot size of 400 um. A flood gun was used to
reduce sample charging effects and the obtained spectra were further corrected by
setting the C 1s binding energy at 284.8 eV. Data processing was done using the

Avantage 4.87 software.

XPS is an analytical technique used to study the surface properties of materials
(Figure IL.6). It provides information about the elemental composition, chemical state,

and electronic state of the outermost atomic layers of a material [8].

Electron Analyser
Electron v

X-ray source
\ Collector Lenses
\ /&
Cathode hu - G

Electron multiplier
detector

9y

*  Electron take-off angle

Sample Grounded

Readout

Figure II.6. Schematic diagram of an XPS spectrometer.
11.2.7. Thermal gravimetric analysis (TGA)

Thermal gravimetric analyses were carried out on a Mettler Toledo TGA/DSC 3+
instrument under a Nz flow. Samples were placed into an alumina crucible and then
heated from 27 °C to 800 °C at a heating rate of 10 °C/min. They were used to
investigate the polymer and the catalyst stability, by studying the decomposition

temperature of both.
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11.2.8. Fourier-transform infrared spectroscopy (FTIR)

The FTIR spectra of freeze-dried samples were measured using a PerkinElmer
Spectrum 100 FT-IR spectrometer equipped with diamond attenuated total reflectance
(ATR) mode. Each measurement consisted of an average of two scans (600—4000 cm™)

with background correction.

IL.3. Synthesis of novel core-crosslinked micelles functionalized with

triphenylphosphine oxide.
11.3.1. Synthesis of monomers

11.3.1.1. (4-styryl)diphenylphosphine oxide (SDPPO).

To a round bottom flask containing SDPP (2.65 g, 0.07 mmol) and H20: (2.4 mL, 0.07
mol, 1 equivalent) was added 20 mL of CH:Cl.. The reaction was kept stirring
overnight at room temperature. The resulting product was recrystallized from
dichloromethane/pentane yielding a dispersed white solid (y = 86%) [9]. The 'H, B3C,
and 3'P NMR spectra (CDCls) perfectly match with those already reported for this

compound [9] (See Appendix Al-4).

1H NMR: (3, ppm, CDCLs): 7.73-7.62 (m, 6H, Ph); 7.60-7.52 (m, 2H, Ph); 7.52-7.45 (m,
6H, Ph); 4.49 (m, 1H, subst. Cp); 6.76 (dd, Jun= 17.6 Hz, Jun=10.9 Hz, 1H, CH vinyle);
5.87 (d, Jum=17.6 Hz, 1H, CH vinyle); 5.40 (d, Jun= 10.9 Hz, 1H, CH vinyle);

SIP{*H]} NMR: (8, ppm, CDCl): 28.91;

BC{*H]} NMR: (3, ppm, CDCls): 141.01 (d, Jer= 2.9 Hz , quat Ph C-vinyl); 135.93 (d,
Jer=1.7Hz, CH vinyl); 132.58 (d, Jce=104Hz , quat Ph); 132.41 (d, Jcr=10.2Hz, CH Ph);
132.08 (d, Jer=9.9Hz, CH Ph); 131.95 (d, Jer= 2.8Hz, CH Ph); 131.57 (d, Jer= 101 Hz,
quat Ph); 128.52 (d, Jer=12.1 Hz, CH Ph); 128.22 (d, Jer= 12.4 Hz, CH Ph); 116.57 (s,
CHz vinyl).
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11.3.1.2. (4-styryl)diphenylphosphine sulfide (SDPPS).

To a round bottom flask containing SDPP (2.65 g, 0.07 mmol) and Ss (89.6 g, 0.35 mmol,
5 equivalents) was added 20 mL of CHsCl. The reaction was kept stirring overnight at
40 °C. The resulting product was recrystallized from dichloromethane/pentane
yielding a dispersed white solid (y = 73%). The 'H, *C, and 3'P NMR spectra (CDCls)
perfectly match with those already reported for this compound[9] (See Appendix A5-
7).

H NMR: (§, ppm, CDCl): 7.73-7.62 (m, 6H, Ph); 7.60-7.52 (m, 2H, Ph); 7.52-7.45 (m,
6H, Ph); 4.49 (m, 1H, subst. Cp); 6.76 (dd, Jur=17.6 Hz, Juu=10.9 Hz, 1H, CH vinyle);
5.85 (d, Jun=17.6 Hz, 1H, CH vinyle); 5.40 (d, Juu=10.9 Hz, 1H, CH vinyle);

SP{1H]} NMR: (3, ppm, CDCLs): 42.9;

BC{H]} NMR: (8, ppm, CDCL): 141.01 (d, Jer=2.9 Hz , quat Ph C-vinyl); 135.93 (d, Je»
= 1.7Hz, CH vinyl); 132.58 (d, Jcr=104 Hz , quat Ph); 132.41 (d, Jer= 10.2 Hz, CH Ph);
132.08 (d, Jer= 9.9 Hz, CH Ph); 131.95 (d, Jer = 2.8 Hz, CH Ph); 131.57 (d, Jer=101 Hz,
quat Ph); 128.52 (d, Jer=12.1 Hz, CH Ph); 128.22 (d, Jer=12.4 Hz, CH Ph); 116.57 (s, CHz

vinyl).

11.3.2.  Preparation of  Ro-(4VPMe*I")140-b-Sts0-b-(Sto.9-co-SDPPOo.1)300-
SC(S)SnPr (chain extension with styrene and SDPPO, step 4).

The first three steps of the polymer synthesis were carried out as described in the

previous work done in our group by Dr. Hui Wang [1].

A portion of the [Ro-(4VPMe*T)140-b-Sts0-SC(S)SnPr]-14DMF polymer resulting from the
three-step synthesis above (1 g, 24.3 umol) was dissolved in 19 mL of degassed water
to afford a pale yellow opalescent dispersion. To this mixture was added 1,3,5-trioxane
(26.3 mg, 0.29 mmol), degassed styrene (0.75 mL, 0.68 g, 6.55 mmol, 270 equiv. per
chain) and SDPPO (0.22 g, 0.73 mmol, 30 equiv. per chain). Then a degassed
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ACPA/NaHCO:s (14 mg/14 mg) stock solution (0.7 mL, 14.01 mg ACPA, 5 umol) was
added and the resulting reaction mixture was stirred at 80 °C for 8.5 h, yielding a white
opalescent stable dispersion. The resulting polymer, Ro-(4VPMeT )140-b-Sts0-b-(Sto.s-co-
SDPPO0.1)300-SC(S)SnPr, has a theoretical molar mass of 78337 g mol'.

11.3.3. Preparation of Ro-(4VPMe*I)1a0-b-Sts0-b-(Sto.s-co-SDPPOo.1)300-b-(Sto.o-
co-DEGDM Ao0.1)150-SC(S)SnPr core-crosslinked micelles (CCM-C latex).

To a Schlenk tube containing the entire aqueous suspension of the Ro-(4VPMe*I")140-b-
Stso-b-(Sto.s-co-SDPPQOo.1)300-SC(S)SnPr polymer prepared in step 4 were successively
added degassed styrene (0.35 g, 3.36 mmol, 138 equiv. per chain), DEGDMA (0.09 g,
0.36 mmol, 15 equiv. per chain), and a degassed ACPA/NaHCO:s stock solution (0.7
mL, 14.01 mg ACPA, 5 umol). The resulting reaction mixture was stirred at 80 °C for
8.5 h, resulting in the complete conversion of both monomers (followed by 'H NMR
in DMSO-ds on periodically withdrawn aliquots of the reaction mixture). The final
polymer latex has a theoretical molar mass (per RAFT CTA) of 96835 g mol"! with a

polymer content of 12.3 wt.%.

11.3.4. Preparation  of  Ro-(4VPMe*TI )140-b-Sts0-b-(Sto.s-co-SDPP So.1)300-
SC(5)SnPr (chain extension with styrene and SDPPS, step 4).

(The polymerization procedure of SDPPS is the same as the one described below,

however by using SDPPS monomer instead of SDPPO).

[Ro-(4VPMe'T)140-b-Sts0-SC(S)SnPr]-14DMF (1 g, 24.3 umol), degassed water 19 mL,
1,3,5-trioxane (27 mg, 0.29 mmol), degassed styrene (0.75 mL, 0.68 g, 6.55 mmol, 270
equiv. per chain) and SDPPS (0.24 g, 0.75 mmol, 30 equiv. per chain). Degassed
ACPA/NaHCOs (14 mg/14 mg) stock solution (0.7 mL, 14.01 mg ACPA, 5 umol). T=80
°C for 8.5 h.
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11.3.5. Preparation of Ro-(4VPMeT)140-b-Sts0-b-(Sto.s-co-SDPP So.1)300-b-(Sto.o-
co-DEGDM Ao0.1)150-SC(S)SnPr core-crosslinked micelles (CCM-C latex).

Ro-(4VPMe T )140-b-Stso-b-(Sto.s-co-SDPPS0.1)300-SC(S)SnPr polymer as prepared in step 4,
degassed styrene (0.39 g, 3.37 mmol, 138 equiv. per chain), DEGDMA (0.09 g, 0.36
mmol, 15 equiv. per chain), and a degassed ACPA/NaHCO:s stock solution (0.7 mL,
14.01 mg ACPA, 5 umol). T =80 °C for 8.5 h.

I1.4. Synthesis of RhNPs and the RhNP-TPPO@CCM-C latex

11.4.1. Synthesis of RhNPs stabilized by pyridine and TPP

[Rh(COD)(u-CD)J2 (5.45 mg, 11.6 pumol), TPP (5.8 mg, 22.1 umol, 1 equiv. per Rh),
pyridine (2 uL, 1.75 mg, 22.1 umol, 1 equiv. per Rh), and 0.5 mL of toluene were mixed
by magnetic stirring for 5 min in a Schlenk tube and then transferred to a glass vial (40
x 20 mm), which was placed into an autoclave. The autoclave was then charged with
20 bar of Hz and placed in an aluminum heating block at 60 °C. After stirring (1200
rpm) for 20 h, the autoclave was carefully depressurized and the vial containing a

black colloidal suspension of RhNPs in toluene was removed under argon.

11.4.2. Synthesis of RINP-TPPO@CCM-C latex

The prepared CCM-C latex (1 mL, 51.14 umol of P=O ligands) was mixed with water
(3 mL) and toluene (4 mL) in a Schlenk tube, and magnetically stirred for 5 min to
induce the CCM core swelling. Then, 0.5 mL of the separately prepared colloidal
suspension of RhNPs (11.6 umol, P=O: Rh ratio of 4:1) in toluene was added and the
mixture was vigorously stirred (1200 rpm) at room temperature for 5 min, whereafter
the aqueous phase became greyish and the toluene phase completely colorless
(stirring was stopped at regular intervals to assess the reaction progress with phase-
separation occurring within < 1 min). The resulting RhNP-TPPO@CCM-C latex had a

volume of 5.5 mL.
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I1.5. One-pot synthesis of RhNP-TPPO@CCM-C

11.5.1. Synthesis without added base

The TPPO@CCM-C latex [10] (1 mL, 51.1 umol of TPPO ligands) was dispersed in
water (4 mL). Then toluene was added (4 mL) and the suspension was vigorously
stirred for 15 min to swell the CCM-C cores. Afterward, a toluene solution (3.2 mL) of
[Rh(COD)(u-Cl)]2 (3.6 mg, 7.43 umol) was added, and the mixture was magnetically
stirred (1200 rpm) for 5 min before transferring to a glass vial (40 x 20 mm), which was
placed into an autoclave. The autoclave was then charged with 20 bar of H2 and
positioned in an aluminum heating block at 60 °C. After stirring for another 20 h, the
autoclave was carefully depressurized and the colorless transparent toluene (top
phase) was removed from the vial by decantation. The remaining aqueous black latex

was used for catalysis.
11.5.2. Synthesis with added base

An identical procedure to that of the previous section was carried out with the
addition, after the CCM-C core swelling, of [Rh(COD)(u-Cl)]z (3.6 mg, 7.43 umol) and
either pyridine (2.9 mg, 37 umol) or triethylamine (3.71 mg, 37 umol). The resulting

latexes were washed with diethyl ether (3 x 1 mL) before catalysis.
11.5.3. Catalyst poisoning experiment

Mercury (Hg) was added to a reaction vial containing the RhNP-TPPO@CCM-C latex
(1 mL, 10.1 pmol of TPPO ligands, 1.8 umol of Rh) in large excess (Hg/Rh = 500/1) and
stirred (1200 rpm) at 25 °C for 5 h. Afterward, the vial was charged with styrene (St/Rh

= 5000/1) under argon and placed in the autoclave. Then, the autoclave was charged

90



| Chapter II: Experimental section |

with 20 bar of Hz positioned in an aluminum heating block at 25 °C, regulated with a
digital thermostat, and stirred (1200 rpm, crossbar) for 0.25 h. After the set time, the
product recovery and analysis were carried out according to the same protocol

described above for the hydrogenation experiments.

II.6. Synthesis of cross-linked micelles with a polycationic shell and a

pyridine/triphenylphosphine-functionalized core

11.6.1. Preparation of Ro-(4VPMe*T)i40-b-Sts0-b-(Sto9-co-SDPPo.os-VPo.os)300-
SC(S)SnPr (chain extension with styrene and SDPP and 4VP, step 4).

A portion of the [Ro-(4VPMe'T )140-b-St50-SC(S)SnPr]- 14DMF polymer resulting from the
three-step syntheses described above (Section 11.3.2) (1 g, 24.3 umol) was dissolved in
10 mL of degassed water to afford a pale yellow opalescent dispersion. To this mixture
was added 1,3,5-trioxane (46.3 mg, 0.61 mmol), degassed styrene (0.7 mL, 0.63 g, 6.09
mmol, 270 equiv. per chain), SDPP (0.11 g, 0.39 mmol, 15 equiv. per chain) and 4VP
(0.05 mL, 0.05 mg, 0.4 mmol, 15 equivalents). Then a degassed ACPA/NaHCO:s (14
mg/14 mg) stock solution (0.7 mL, 14.01 mg ACPA, 5 umol) was added and the
resulting reaction mixture was stirred at 80 °C for 8.5 h, yielding a white opalescent
stable dispersion. The resulting polymer, Ro-(4VPMe*T)i0-b-Sts0-b-(Sto.s-co-SDPPo.os-
VP0.05)300-SC(S)SnPr, has a theoretical molar mass of 73783 g.mol".

11.6.2. Preparation of Ro-(4VPMe*I )140-b-Sts0-b-(Sto.9-co-SDPPo.os-VPo.05)300-b-
(Sto.9-co-DEGDMAo0.1)150-SC(S)SnPr core-crosslinked micelles (CCM-C latex).

To a Schlenk tube containing the entire aqueous suspension of the, Ro-(4VPMe'T )140-b-
Stso-b-(Stos-co-SDPPo.05-VPo.05)300-SC(S)SnPr  polymer prepared in step 4 were
successively added degassed styrene (0.37 g, 3.43 mmol, 138 equiv. per chain),
DEGDMA (0.08 g, 0.36 mmol, 15 equiv. per chain), and a degassed ACPA/NaHCO:s

stock solution (0.7 mL, 14.01 mg ACPA, 5 umol). The resulting reaction mixture was
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stirred at 80 °C for 8.5 h, resulting in the complete conversion of both monomers
(followed by 'H NMR in DMSO-ds on periodically withdrawn aliquots of the reaction
mixture). The final polymer latex has a theoretical molar mass (per RAFT CTA) of

91477 g mol! with a polymer content of 16.63 wt.%.

I1.7. Synthesis of cross-linked micelles with a polyanionic shell and a

triphenylphosphine oxide functionalized core.

11.7.1. Synthesis of phosphine oxide-functionalized copolymer nanoreactors with

an anionic P(SS Na*) shell.

The synthesis of the latexes followed the same procedure, as their phosphine-
functionalized nanoreactors analogs also optimized by Dr. Hui Wang and reported in

the literature [3,11].

11.7.2. Preparation of Ro-(S5 Na'*)140-b-Sts0-b-(Sto.s-co-SDPPOo.1)300-SC(S)SnPr

amphiphilic block copolymers.

To the pale-yellow latex of the Ro-(55-Na*)140-b-Sts0-SC(S)SnPr macroRAFT agent (0.04
mmol of polymer, corresponding to 0.56 mmol of SS-Na* units, 3 mL of water) in a
Schlenk tube under Argon were added degassed styrene (1.24 mL, 1.12 g, 10.75 mmol;
270 equiv. per chain) and SDPPO (0.344 g, 1.20 mmol; 30 equiv. per chain) and trioxane
(ca. 90 mg) as an internal standard. A portion of a degassed ACPA/NaHCOs stock
solution (0.11 mL, 2.2 mg ACPA, 7.96 umol) was then added and the resulting reaction
mixture was stirred at 80 °C for 4.5 h, yielding a white opalescent stable dispersion.
The resulting polymer has a theoretical molar mass of 66869 g mol!. The weight

percent polymer in the latex is 19.4%.
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11.7.3. Preparation of CCM with a 90:10 St/ DEGDMA core: crosslinking of the
Ro-(55 Na*)140-b-Sts0-b-(Sto.9-co-SDPPOo.1)300-SC(S)SnPr  amphiphilic  block

copolymers.

To the total volume of the Ro-(SS-Na*)140-b-Sts0-b-(Sto.9-co-SDPP0.1)300-SC(S)SnPr latex
obtained as described above (0.04 mmol of polymer) were successively added
DEGDMA (0.133 mL, 144.3 mg, 0.6 mmol; 15 equiv. per chain), styrene (0.62 mL, 561.6
mg, 5.4 mmol; 135 equiv. per chain) and the degassed ACPA/NaHCO:s stock solution
(0.11mL, 2.2 mg ACPA, 7.96 umol). The resulting reaction mixtures were stirred at 80
°C for 4 h resulting in complete comonomer consumption (‘H NMR monitoring in
DMSO-ds) to yield the CCM Ro-(S5-Na*)140-b-(Sto.9-co-SDPPOo.1)s00-b-(DEGDMAo.1-co-
St0.9)150-SC(S)SnPr. The resulting polymer has a theoretical molar mass of 86254 g mol
1. Polymer content: 14.4%, [TPPO] = 65.3 pumol mL.

I1.8. Synthesis of RhNPs-TPPO@CCM-A

11.8.1. In Ex-situ procedure

1 mL of the prepared CCM latex (containing 9.3 pumol of P=0 ligands) was mixed with
3 mL of H20 and 4 mL of toluene in a Schlenk tube, and magnetically stirred for 5 min
to induce the CCM core swelling. Then, 0.5 mL of a separately prepared colloidal
suspension of RhNPs (2.3 pumol, P=O: Rh ratio of 4:1) in toluene (see section 11.3.4.1)
was added and the mixture vigorously stirred (1200 rpm) at room temperature for 5
min, whereafter the aqueous phase became greyish and the toluene phase completely
colorless (stirring was stopped at regular intervals to assess the reaction progress with

phase-separation occurring < 1 min). The resulting latex had a volume of 5.5 mL.

11.8.2. One-pot synthesis of RINP-TPPO@CCM-A

The TPPO@CCM-A latex dispersed in water (6 mL, 71.3 pumol of P=O ligands) was
core swollen by toluene (8 mL) for 15 min. Afterward, a toluene solution (3.2 mL) of
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[Rh(COD)(u-Cl)J2 (6.2 mg, 12.2 umol) was added and the mixture was magnetically
stirred (1200 rpm) for 5 min and transferred to a glass vial (40 x 20 mm), which was
placed into an autoclave. The autoclave was then charged with 20 bars of Hz and
positioned in an aluminum heating block at 60 °C. After stirring (1200 rpm) for 20 h,
the autoclave was carefully depressurized and the vial containing the catalyst as a
black latex (bottom phase) and a colorless transparent toluene (top phase) was used

for catalysis after separation.

II.9. General procedure for metal NPs-catalyzed biphasic

hydrogenation

11.9.1. Aqueous biphasic hydrogenation

To a glass vial containing the RANP@CCM-C latex (0.5 mL, 4.9 umol of P=O ligands,
1.05 pmol of Rh) were added the desired amounts of styrene (see Results and
Discussion) and decane (internal standard; substrate/internal standard molar ratio ca.
4). The vial was then placed inside a custom-made autoclave, charged with 20 bar of
H: and placed in an aluminum heating block (Figure I1.7) at the desired temperature
with magnetic stirring (1200 rpm) for a chosen reaction time. After the set time the
stirring was stopped, the autoclave was slowly vented, the vial was removed (under
argon) and the reaction mixture was allowed to phase separate. After completing
phase separation, the latex was extracted with diethyl ether or toluene (3 x 0.3 mL),
applying 5 min of stirring (1200 rpm) followed by 5 min for phase separation without
stirring for each extraction (these operations were carried out in air). Lastly, the
combined organic phase was analyzed by GC and the catalyst activity was calculated

as turnover frequency (TOF) and corrected TOF (cTOF, see section I1.7.3 below).
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.— Autoclave position

Figure I1.7. Aluminium heating block used at DTU
11.9.2. Catalyst recycling experiments

After the product separation and extraction, the vial containing the RANP@CMM latex
from the hydrogenation experiment was charged directly with fresh substrate (same
amount as in the initial run), followed by a new catalytic run and then by the product
separation procedure according to the above-described protocol. All catalytic results

were generally reproduced within £5 %.
11.9.3. Corrected TOF calculations for RhNPs

“Indeed, the catalytic activity, for a valid comparison, must be referred to the number of
exposed surface atoms of a specified kind. Thus a convenient way to express catalytic activity
is by means of a turnover number equal to the number of reactant molecules converted per

minute per catalytic site for given reaction conditions.”[12]

The catalyst activity is expressed as turnover frequency (TOF) and calculated as moles
of substrate converted per moles of Rh in the catalyst per hour (assuming all Rh atoms
are active). The corrected TOF (cTOF) is based on the surface Rh atoms, as calculated

from Eq. 1-5.

The moles of surface Rh atoms (#rnsurficc) Were obtained considering spherical NPs
having a closed packed structure (fcc), the radius of the sphere being the average

measured from the TEM images, and a Rh atom diameter (Dzx) of 0.27 nm.
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N _ Nensheu  (Neaic X Vnsheu)/Vencett _ Vanshett _ Ventotal = Venec )
Rh,surface — - - -
Nrh,total (Ncalc X VRh,total)/ Vencen  Vrntotal VRh,total
_ 4 53 2
Veh,total = §7TRRhNP (2)
_4 3 3
Ven,core = 20 (Rrrnp — Drn) (3)
3

NRh,surface = 0.74 x NRhtotal (4)

Ngsubstrate converted
cTOF = )

nRh,surface X time

I1.10. Nickel nanoparticle synthesis

11.10.1. Synthesis of NiNPs conducted without H>

0.48 mmol of oleylamine (0.13 mg, 0.15 mL, 22 equiv.) was introduced into a round-
bottom Schlenk flask, followed by a degassing process under vacuum conditions for
15 minutes. Ni(acac): (6 mg, 21.8 umol, 1 equiv. ) or Ni(COD)2 (6 mg, 23.4 umol, 1 g, 1
equiv.) and tri-n-octylphosphine (TOP, 8.08 mg, 234 umol, 1 equiv.) were
subsequently added, under a nitrogen atmosphere, to the flask containing the
oleylamine. The resulting mixture was degassed again and placed under a nitrogen

atmosphere. Following this, the mixture was heated to 215 °C using a heating mantle.

11.10.2. Synthesis of NiNPs conducted under H>

[Ni(COD):] (6 mg, 2.18 mmol, 1 equiv.) or [Ni(acac)z] (6 mg, 2.34 mmol, 1 equiv.), TPP
(56.72mg, 2.18 mmol, 1 equiv.) and pyridine (4 uL, 3.92 mg, 4.96 mmol, 22 equiv.), were
mixed by magnetic stirring for 5 min in a Schlenk tube and then transferred to a glass
vial (40 x 20 mm), which was placed into an autoclave. The autoclave was then
charged with 20 bar of Hz and placed in an aluminum heating block at 110 °C. After

stirring (1200 rpm) for 20 h, the autoclave was carefully depressurized and the vial
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containing a black colloidal suspension of NiNPs in pyridine was removed under

argon.

11.10.3. Synthesis of NiNPs conducted with H2using IFPEN reactors (30 mL)

[Ni(COD):] (3 mg, 1.09 mmol, 1 equiv.) or [Ni(acac)2] (3 mg, 1.17 mmol, 1 equiv.), TPP
(2.86 mg, 1.09 mmol, 1 equiv. ) and pyridine (10.6 mL, 10.4 g, 0.13 mol, 121 equiv.)
were mixed by magnetic stirring for 5 min in a Schlenk tube and then transferred to
the reactor of 30 mL. The mixture was heated up to 110 °C under mechanical stirring
at 1200 rpm, then charged with 20 bar of Hz, for 20 h. After the set reaction time, the
reactor was automatically cooled down, then depressurized, then filled with N, and
the suspension was withdrawn from the reactor with a sterilized needle. The syringe
containing the black colloidal suspension of NiNPs in pyridine was then added to a

Schlenk flask under Ar, and placed in a glovebox.
11.10.4. Hydrogenation of 3-hexyne using IFPEN reactors (30 mL)

The desired volume (See Chapter VII, Results and Discussion) of the suspension was
withdrawn and added to a Schlenk flask. The desired amount of 3-hexyne in
cyclohexane was added, an aliquot was withdrawn from the reaction mixture, dioxane
was added as an external standard and the mixture was analyzed by 'H NMR in
CDCl. (to). The mixture was then transferred to the reactor under Ar. The mixture was
heated up to 60 °C under mechanical stirring (1200 rpm), then charged with 20 bar of
Hoz. After the set reaction time (See Chapter VII — Results and Discussion), the reactor
was cooled down, depressurized, and then filled with N2, and the suspension was
withdrawn from the reactor with a sterilized needle. An aliquot was withdrawn from

the reaction mixture, dioxane was added as an external standard and the mixture was

analyzed by 'H NMR in CDClIs (ts).
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11.10.5. Corrected TOF calculations for NiNPs

The catalyst activity is expressed as turnover frequency (TOF) and calculated as moles
of substrate converted per moles of Ni in the catalyst per hour (assuming all Ni atoms
are active). The corrected TOF (cTOF) is based on the surface Ni atoms, as calculated

from Eq. 1-5 (Section 11.9.3.).

The moles of surface Ni atoms (nnisufice) Were obtained considering spherical NPs
having a closed packed structure (fcc), the radius of the sphere being the average

measured from the TEM images, and a Ni atom diameter (Dni) of 0.248 nm
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Chapter III: Confinement of Rh nanoparticles in core-
crosslinked micelles functionalized with triphenylphosphine
oxide for aqueous biphasic hydrogenation catalysis

II1.1. Introduction

In previous work within the LCC team Ligands, Complex Architectures and Catalysis
(LAC.) triphenylphosphine was covalently bound to the core of core-crosslinked
micelles (TPP@CCM) and then used as a stabilizer for Rh! or Rh° to yield catalytic
nanoreactors, namely RhNP-TPP@CCMs, based on both CCM-N and CCM-C [1-3].
The RhINPs were formed in situ after loading the CCMs with the [Rh(COD)(u-Cl)]2
molecular precursors, followed by reduction of the resulting core-anchored
[RhCl(COD)(TPP@CCM)] with Hz. The obtained RhNP-TPP@CCM were then applied
for the aqueous biphasic hydrogenation of model substrates such as 1-octene, styrene,
and acetophenone. Despite very good catalytic performances, two unexpected issues
arose. When using the TPP@CCM-N nanoreactors, migration of the RhNPs towards
the outer shell was observed under catalytic conditions, likely due to a competition
between the shell PEO chains and the core TPP ligands for the interaction with the
RhNPs surface. Conversely, the RhNPs remained well-confined in the TPP@CCM-C
nanoreactors and could be efficiently recycled in catalytic hydrogenation, provided
toluene was used as extraction solvent at the end of each reaction run. When using
diethyl ether as an extraction solvent, on the other hand, the RhNPs were also
extracted from the core of the TPP@CCM-C nanoreactors during the work-up
procedure for the catalyst recovery and recycling. This result suggested that the
oxygen-containing diethyl ether, like the PEO in the CCM-N shell, has a greater
affinity for binding to the RhNPs surface than TPP, whereas the opposite is true in the

coordination chemistry of Rh'. Based on this hypothesis, it was decided to develop
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new L@CCM nanoreactors with oxidized triphenylphosphine (TPPE, with E =S, O) as

specific ligands for the RhNP anchoring in the CCM core.

The present chapter describes the syntheses and characterization of novel
TPPE@CCM-C polymer latexes. Special attention is given to TPPO@CCM-C, to its
loading with preformed RhNPs, and to the application of the resulting RhNP-
TPPO@CCM-C nanoreactors in the catalytic hydrogenation of model substrates under
aqueous biphasic conditions. Note that this chapter is related to article No. 2 in the list

of publications, reported earlier, and has been accepted in Materials Today Chemistry.
II1.2. Polymer synthesis and characterization

Two strategies were envisaged for the preparation of the CCM with oxidized
phosphines. One is to oxidize the core-anchored TPP functions in the pre-synthesized
TPP@CCM (section II1.2.1.). The other one is to use the oxidized monomers in the

polymer synthesis (section I11.2.2.).

111.2.1. Attempts to oxidize TPP in the core of the CCM-C

Within the first approach, a polymer with composition Ro-(4VPMe*I -)140-b-Stso-b-(Sto.-
c0-SDPPo.1)300-b-(Sto.o-co-DEGDM A0.1)140-SC(S)SPr (CCM-C 10%), made according to the
published procedure [2], was treated for oxidation in two different ways: either with
Ss for the generation of core-anchored TPP sulfide (TPPS) functions (section II1.2.1.1.),
or with air in the presence of [Rh(COD)(u-Cl)]2 (in catalytic amounts) for the

generation of core-anchored TPP oxide (TPPO) functions (section I111.2.1.2.).
111.2.1.1. Oxidation by Ss

A preliminary investigation using the molecular TPP ligand was first carried out for
the optimization of the conditions needed for the oxidation within the CCM-C cores.

For that, 10 equivalents of Ss were added at room temperature to a solution of TPP in
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toluene-ds. After 0.5 h, the 3P NMR spectrum showed only one peak at d = 42 ppm,
indicating the total conversion of TPP to TPPS [4]. Thus, similar conditions were
applied to the oxidation of TPP@CCM-C latex (using toluene as a solvent at 40 °C and
stoichiometric ratio of Ss). The 3P NMR spectrum in toluene-ds, recorded after stirring
overnight, revealed only one peak at 0 =42 ppm, indicating the quantitative oxidation
of TPP to generate a TPPS@CCM-C latex. However, an unexpected problem occurred
during the loading of the nanoreactors with the [Rh(COD)(u-Cl)]. complex. Using the
previously optimized protocol for metal complexation, the toluene phase containing
the metal precursor turned brown instead of colorless, while the aqueous latex phase
remained turbid milky. This showed that the Rh complex did not migrate toward the
TPPS@CCM-C core and suggested that some residual free sulfur remained in the
organic phase, even after washing the CCM with toluene, resulting in an unwanted
side reaction with [Rh(COD)(u-Cl)l.. Control experiments, carried out using
[Rh(COD)(u-Cl)]2 in CDClIs and an excess of Ss, led to a color change of the solution to
brown similar to the color change observed in the organic phase during the addition
of [Rh(COD)(u-Cl)]2 to the TPPS@CCM-C latex. This might result partly from a
possible side reaction leading to [RhCI(COD)(TPPS)] complex formed in the organic
phase by the interaction of free arms of TPPS@CCM-C (possibly, because of an
incomplete crosslinking) with [Rh(COD)(u-Cl)l. 'H NMR done in CDCls of the
organic brown phase revealed the presence of a quadruplet at =3.9 ppm and a triplet
at & = 5.30 ppm characteristics of [RhCI(COD)(TPPS)], as previously reported in the
literature by Dutta and coworkers [4] (Appendix B, Figure B1). Likewise, 3P NMR
revealed the presence of a signal at © = 25 ppm corresponding to the
[RhCl(COD)(TPPS)] complex, but the signal was broadened which may result from a
rapid dynamic exchange between coordinated and non-coordinated TPPS@CCM-C at

neutral pH [5,6].

102



| Chapter III: RhNP-TPPO@CCM-C |
111.2.1.2. Oxidation by air

To a suspension of TPP@CCM-C in water was added [Rh(COD)(u-Cl)]2 (Rh/P = 0.1,
catalytic amount), and the suspension was stirred in air for 72 h at 40 °C. Under these
conditions, the oxidation of the TPP in the core was not evident, since the reaction
monitoring by P NMR was prevented by line broadening due to a chemical exchange
(interparticle metal migration), as previously described [6]. Despite this uncertainty,
the generation of RhNPs inside the core was attempted using the previously published
conditions[3] in the presence of an excess of NEts [3], but no RhNP formation was
revealed by the TEM analysis, suggesting that the loading of Rh! in the core of the
TPP@CCM-C was too low.

111.2.2. Synthesis of TPPE@QCCM-C (E = S, O) by copolymerization using

oxidized monomers

For the second approach, the oxidized monomers were first synthesized and the
resulting compounds were compared to literature [7,8] (see Experimental Part, section

I1.3.1. Synthesis of monomers) (Scheme III.1).

EEa \\—OP(O)(PhZ) 86%
w?y,

e \ P(S)(Phy)  73%

e, (S)(Phy)  73%

Scheme III.1. Syntheses of SDPPO and SDPPS.

The syntheses of the new TPPE@CCM-C polymers were performed following the
same strategy as for the preparation of the closely related TPP@CCM-C polymer
(Scheme II1.2). The target degrees of polymerization of each block were kept identical

to those of TPP@CCM-C, as they were already optimized to provide stable latexes with
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a narrow particle size distribution [2,9]. Thus, the first three steps leading to the
synthesis of the amphiphilic diblock macroRAFT agent, Ro-(VPMe'I)i40-b-Stso-
SC(5)SnPr, isolated as a stable solid and redispersed in water, were the same as in the
TPP@CCM-C synthesis [9]. They involved the homogeneous RAFT polymerization of
4-vinylpyridine (4VP) with 4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA),
RoSC(S)SnPr where Ro = CMe(CN)CH2CH2COOH), as transfer agent, forming Ro-
4VP10-SC(S)SnPr (step 1), then chain extension with a short polystyrene block
(average degree of polymerization of 50) forming an Ro-VP140-b-Sts0-SC(S)SnPr diblock

copolymer (step 2), and quaternization of the pyridine N-atoms with Mel (step 3).

Ry S Spr s 7
1S Step 1 Step 2 <

PU ¢
= S S
I J Rg 140 \ﬂ/ R¢
N . S
<
N

Ro= WJ\OH

CN

Scheme III.2. Synthesis route of the TPPE@CCM-C polymer (E =S, O).
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Further chain extension (step 4) was completed of the Ro-(VPMe*I)140-b-Sts0-SC(S)SnPr
macroRAFT agent with a longer hydrophobic block (average degree of
polymerization of 300) consisting of a statistical copolymer of styrene and a TPPE-
functionalized styrene, namely SDPPO (4-styryl)diphenylphosphine oxide [10-12]
(90/10 ratio), obtained by oxidation of (4-styryl)diphenylphosphine (SDPP) with H20,
or (4-styryl)diphenylphosphine sulfide (SDPPS) that was synthesized using SDPP
with an excess of Ss in chloroform. The former monomer has previously been
homopolymerized [10-12] and copolymerized with styrene [13] and 9-(4-
vinylphenyl)-9H-carbazole [14] by free radical polymerization, but never using the
RAFT approach. The latter monomer has as well been homopolymerized and

copolymerized with styrene [7].

All the polymerization steps were followed to completion (full consumption of
monomers) by 'H NMR (see section below), and the generated Ro-(VPMe'T")140-b-Stso-
b-(Sto9-co-SDPPE0.1)300-SC(S)SnPr (E = O, S) amphiphilic macromolecules were

characterized by TEM and DLS (see section below).
111.2.2.1 Characterization of TPPS@CCM-C

Full consumption of the monomers was reached in 7.5 h, as indicated by 'H NMR in

DMSO-ds (Figure IIL1).

The generated Ro-(VPMe*I")140-b-Stso-b-(Sto.o-co-SDPPS0.1)300-SC(S)SnPr  amphiphilic
macromolecules self-assembled in the form of micelles. The spherical micelles of the
amphiphilic diblock copolymer produced by step 4 had an average size of ca. 38 nm,
as shown by DLS (Figure II1.2 a) and TEM (Figure IIL.2 b) analyses. These micelles
were then crosslinked in a final step with DEGDMA (15 equiv. per chain), diluted with
additional styrene (135 equiv. per chain), to yield the final product, Ro-(VPMe'T )140-b-
Stso-b-(Sto.s-co-SDPPSo.1)300-b-(Sto.s-co-DEGDMAo.1)150-SC(S)SnPr (TPPS@CCM-C), with a

10% crosslink density in the inner crosslinked cores. The final TPPS@CCM-C micelles
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had spherical morphology and a larger diameter (92 nm) than the intermediate

micelles, as also shown by DLS (Figure II1.2 ¢) and TEM (Figure IIL.2 d) analyses.
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Figure II1.1. '"H NMR of the diblock (left) and the micelles (right), at t =0 h (blue) and t=7.5h

(red).
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Figure II1.2. DLS size distributions of aqueous dispersions of (a) the diblock Ro-(VPMe*I")140-
b-Stso-b-(Sto.9s-co-SDPPSo.1)300-b-SC(S)SnPr micelles and (c) TPPS@CCM-C. Color coding:
number (blue), volume (green), and intensity (red). TEM images of b) the diblock TPPS@CCM-
C, and d) TPPS@CCM-C.
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11.2.2.2 Characterization of TPPO@CCM-C

The amphiphilic diblock copolymer produced by step 4, resulted in spherical micelles
with an average size of ca. 65 nm, as shown by DLS analysis (Figure III.3 a). Following
the same procedure described above for SDPPS, these micelles were then crosslinked
with DEGDMA (15 equiv. per chain) to yield the final product, Ro-(VPMeT")140-b-Stso-
b-(Sto.9-co-SDPPQu.1)300-b-(Stos-co-DEGDMAu.1)150-SC(S)SnPr (TPPO@CCM-C), with a
10% crosslink density in the inner crosslinked cores. The final TPPO@CCM-C micelles
had a spherical morphology and a slightly larger diameter (98 nm) than the
intermediate micelles (65 nm), as shown by DLS (Figure II1.3 c) and TEM (Figure II1.3
f) analyses. The size distribution was found narrower and the D: of the distribution
was slightly reduced after swelling with CHCls. This was also observed for the related
TPP@CCM-A and is attributed to the dominant effect of micelles disaggregation rather
than core swelling, which would cause an increase in average size [15]. Accordingly,
the intensity profile in Figure II1.3 ¢, which is more sensitive to the larger size micelles,
became significantly narrower and shifted to lower values upon swelling. A stability
experiment was to redisperse the micelles in a mixture of THF/water (Figure II1.3) to
study the possibility of the latex to disassemble into single chains (as it happens for
the P(4VPMe'T)-b-PSt diblock copolymers). However, it was shown that the
introduction of TPPO does not allow this disassembly, and this was also the case with
TPP@CCM-C [15]. The resulting latex remained well-dispersed over more than five

months (Appendix B, Figure B2).
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Figure II1.3. DLS size distributions of aqueous dispersions of diblock Ro-(VPMe*I")140-b-Stso-b-
(Stoo-co-SDPPOo1)300-b-SC(S)SnPr in (a) water and (b) THF/H.O (60/40 v/v) and of
TPPO@CCM-C (c) before and after swelling with (d) CHClsand (e) THF/H20 (60/40 v/v). Color
coding: number (blue), volume (green), and intensity (red). f) TEM images of TPPO@CCM-C.

111.2.2.3. Choice of CCM-C for Rh nanoparticle confinement for catalytic

hydrogenation

The main objective of this work was to find a ligand leading to a more effective
confinement of the RhNPs within the core of micelles while also affording small
nanoparticles to be used in aqueous biphasic hydrogenation. For this reason, two
series of experiments were conducted in toluene for the generation of RhNPs from
[Rh(COD)(u-Cl)]2 as precursor using TPPS and TPPO as stabilizers and NEts as a base,
under the same reaction conditions as those previously used in the generation of
RhNP in the core of TPP@CCM-C [3] (Figure II1.4). This led to a black colloidal
suspension whose TEM images (Figure II1.4.) revealed the formation of RhNPs of

quite different sizes.
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The use of TPPO as stabilizer yielded small and defined nanoparticles with (dm=2.1 +
0.3 nm), whereas TPPS yielded larger and more undefined nanoparticles (dm=31 + 6
nm). As TPPO was found to be more efficient for the generation of small RhINPs,
TPPO@CCM-C was selected for studying the generation and confinement of RhNPs

in the polymer cores.
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Reaction conditions: TPPE/Rh = 4/1, excess of NEts, 60°C, 20 bar H,, 20 h, 1200 rpm.
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Figure III.4. TEM images and correspondig size distribution (ox}er ayed) for RhNPs
stabilized by (left) TPPS (dm=31 + 6 nm) and (right) TPPO (dm=2.1 £ 0.3 nm).

III.3. Generation of Rhodium Nanoparticles

The first attempt to generate RANP-TPPO@CCM-C followed the same procedure as
previously developed to get RhNPs embedded in TPP@CCM-C, and consisted of
loading the CCM-C micelles with [Rh(COD)(u-Cl)]2 to generate a core-anchored
[RhCl(COD)(TPPO@CCM-C)] complex that could be reduced to RhNPs by H-: [3].
Mononuclear complexes with the [Rh(n%:1?-diene)CI(L)] stoichiometry (e.g., diene =

COD, norbornadiene) where L is an O-atom donor ligand are rare [16-19], but the
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[RhCl(COD)(TPPO)] complex has been described [4,20,21]. Nevertheless, this method
proved unsuccessful as the organic phase was observed to remain yellow-colored even
after heating the reaction mixture at 60 °C for 1 h or after stirring at room temperature
for 24 h. This indicated that the formation of a Rh:-TPPO@CCM-C complex by
cleavage of the di-u-Cl-bridge moiety in [Rh(COD)(u-Cl)]2 was not favorable in the
polymer core under the applied conditions. For this reason, an alternative strategy
involving ex-situ synthesis of RhNPs and their subsequent transfer to the

TPPO@CCM-C nanoreactors was envisaged (see below).

111.3.1. Kinetic study on the decomposition of [Rh(COD)(u-CI)]2

The synthesis of RhNPs in toluene by the reduction of [Rh(COD)(u-Cl)]. with Hz (20
bar) in the presence of pyridine and TPP as stabilizing ligands is an alternative
synthesis strategy. This ligand combination was inspired by previous work: TPP was
found to be an effective stabilizer for producing ultrasmall RhNPs [22-26] and
pyridine was used for the formation of RhINPs in ionic liquids [24]. A screening was
conducted to find the most suitable conditions for the generation of the RhNPs (Table
II1.1). Here, a Fisher-Porter tube was used to visually follow the color change of the
[Rh(COD)(u-Cl)]2 solution, which is an indication of the reduction of the dimer
complex under H: pressure. Reduction was favored at higher temperature (60 °C) with
3 bar of H where a color-change of the solution containing the dimer and the
stabilizers started within 10 min (Table IIL.1, entry 2) and resulted in a black
suspension after 72 h (Table III.1, entry 4). In the UV-vis graph of the solution, the peak
corresponding to the [Rh(COD)(u-Cl)]2 dimer at A = 408 nm (Figure IIL5, left)
disappeared after the 72 h reaction at 60 °C, suggesting quantitative conversion of the
Rh! complex to RhNPs under these conditions. To confirm the formation of the RhNPs
and determine their size, a TEM analysis was carried out on an aliquot withdrawn at
the end of the experiment applied to Entry 4 (Figure IIL5, right). This TEM image

revealed the presence of small RhNPs with an average diameter of dm=1.9 + 0.9 nm.
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Table IIL.1. Generation of RhNPs by the reduction of [Rh(COD)(u-Cl)J2.2

Entry T (°C) Time Color of the reaction medium®
1 30 10 min Yellow
2 60 10 min Dark Yellow
3 30 72h Brown
4 60 72h Black

a Toluene solution of [Rh(COD)(u-Cl)]2 ([Rh] = 14.2 mmol/L) with TPP and pyridine stabilizers
(Rh/TPP/Pyridine = 1/1/1) and 3 bar Hz2in a Fisher-Porter tube. ? Followed by UV-vis spectrophotometry.

Aqax = 408 nm

Absorbance
ON D O ®

250 450 650 850
A (nm)

Figure IIL5. UV-vis graphs of a toluene solution of [Rh(COD)(u-Cl)J2at t=0h (red) and t=72
h (blue) after heating at 60 °C (left), and TEM image with the corresponding size distribution
(overlayed) of the RhNPs obtained after t =72 h (dw=1.9 £ 0.9 nm) (right). Reaction conditions
as reported in Table III.1, entries 2 and 4.

111.3.2. Generation of RhNPs under optimized conditions

To study the influence of the stabilizing ligands on the size control of RhNPs, the
synthesis of the nanoparticles was also conducted in the presence of either a) pyridine
alone (pyridine/Rh = 1/1), b) pyridine and TPP (TPP/Pyridine/Rh = 0.5/0.5/1), and c)
TPP alone (TPP/Rh = 1/1) (Figure IIL.6). All experiments were conducted in toluene at
60 °C, 20 bar Hz, and 20 h, similar to the reaction conditions previously employed for

the generation of RhNPs in the core of CCM-C [3].

111



| Chapter III: RhNP-TPPO@CCM-C |

B NN W W
v o »nn o n

Q@

Rh Nanoaprticles count

o wn

-

2 3 4
d (nm)

d,=2.3£0.1nm

w
o

BoR NN
o . o wn

Rh Nanoaprticles count

o wn

1 2 3 4 5 6

d(nm)
d,=2.3£0.1nm

w
v O

=R NN
v O

o

Rh Nanoparticles count

o wu

1 2 3 4 5 6
d (nm)

d_=1.5 =% 0.1 nm

Figure III.6. TEM images and the corresponding size distribution of RhNPs stabilized
by a) pyridine (Pyridine/Rh = 1/1), dm = 2.3 + 0.1 nm; b) pyridine and TPP (TPP/
Pyridine/Rh = 0.5/0.5/1), dm = 2.3 + 0.1 nm and c) TPP (TPP/Rh = 1/1), dm = 1.5 + 0.1 nm.
Reaction conditions: 60 °C, 20 bar Hz, 20 h, [Rh] = 14.2 mmol/L in toluene.

The generated RhNDPs stabilized by TPP alone had the smallest mean diameter (dm =
1.5 £ 0.1 nm, whereas the NPs generated by pyridine stabilizer alone (dm =2.3 + 0.1
nm) or by pyridine and TPP stabilizers (dm = 2.3 + 0.1 nm) were considerably larger
but similar sized. These results clearly indicated the capacity of TPP to induce the
formation of very small RhNPs. The RhNPs obtained with the ligand ratio
TPP/Pyridine/Rh = 1/1/1 (Entry 4 in Table III.1) had an intermediate size (ca. 1.8 nm).
Inspired by this result, nanoparticles were also generated with this ligand ratio with a

higher Hz pressure of 20 bar instead of 3 bar. Under these conditions (TPP/Pyridine/Rh
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=1/1/1, 60 °C, 20 bar Hx), a stable and black colloidal suspension of RhNPs in toluene
was also formed after 20 h. TEM analysis of an aliquot of the suspension showed the
presence of very small RhNPs displaying a mean diameter of 1.2 + 0.4 nm and a
symmetrical size distribution (Figure III.7). This result indicated that the combination
of pyridine and TPP in a ratio TPP/Pyridine/Rh = 1/1/1 had a more efficient effect on
the size control of the RhNPs than the TPP alone. These RhNPs synthesis conditions

were therefore applied for the rest of the study.

B Rh NPs

—— Size distribution

Figure IIL7. TEM images of RhNPs synthesized with TPP and pyridine stabilizers
(TPP/Pyridine/Rh =1/1/1, 60 °C, 20 bar Hz) and (overlayed) the corresponding size distribution
histogram (dm =1.2 + 0.4 nm).

II1.4. Transfer of the RhNPs to the CCM-C core

Addition of the RhNPs colloidal suspension generated under optimized conditions in
section I11.3.2 (TPP/Pyridine/Rh = 1/1/1, 60 °C, 20 bar Hz) to the TPPO@CCM-C latex
(P/Rh = 4/1), led to a fast and complete discoloration of the toluene phase while the
latex became grey. This indicated the successful transfer of the RhNPs across the
P(4VPMe'T) hydrophilic shell of the CCM-C and their anchoring to the TPPO
functions in the polymer cores. This was further corroborated by DLS and TEM
characterization of the final RhNP-TPPO@CCM-C (Figure III.8). The DLS analysis
showed that the CCM-C polymer particles had very similar average size and size
distribution before and after the loading with the RhNPs. The TEM analysis confirmed
that the RhNPs were located inside the polymer particles and indicated an average

size of ca. 1.5 + 0.4 nm. Despite the presence of the polymer that renders the
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measurement more difficult, it can be concluded that the RhNPs had quite similar
sizes to the as-synthesized RhINPs (Figure IIL.8). This result indicates that the RhNPs
are not significantly altered by the ligand exchange in the CCM-C core. Given these
positive results, the final latex RANP-TPPO@CCM-C could then be applied in biphasic

hydrogenation catalysis (see below).
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Figure IIL.8. DLS and TEM analysis of RhNP-TPPO@CCM-C (P/Rh = 4/1) showing the micelle
size distribution (top left) and TEM images (bottom) with the corresponding size distribution
of RhNPs (top right).

II1.5. Catalytic hydrogenation with RhNP-TPPO@CCM-C (at LCC)

Catalytic hydrogenation (See Experimental Part) of 1l-octene with the RhNP-
TPPO@CCM-C nanoreactors (Rh/TPPO molar ratio of 1/4), was carried out under
aqueous biphasic conditions for different reaction times using a 1-octene/Rh ratio of
200/1 with nonanol as vectorizing solvent (1-octene/nonanol = 1/9 v/v) and decane as

internal standard (decane/l1-octene molar ratio 1/4. Full substrate conversion was
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reached after 0.5 h of vigorous stirring (1200 rpm) with 20 bar of H: at 25 °C (Figure
I11.9).
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Figure IIL.9. Time plot for the aqueous biphasic hydrogenation of 1-octene with RhINP-
TPPO@CCM-C nanoreactors (Rh/TPPO = 1/4) with nonanol as vectorizing solvent. Reaction
conditions: 1-octene/Rh = 200/1, 1-octene/nonanol = 1/9 v/v, decane as internal standard
(decane/1-octene = 1/4), 20 bar of Hz, 25 °C, 1200 rpm.

The recycling of the RhNP-TPPO@CCM-C latex was then evaluated using a 1-
octene/Rh ratio of 2000/1 under otherwise identical conditions. At the set reaction time,
the stirring was stopped leading to a neat phase separation within <3 min. The catalyst
phase was then extracted and washed with diethyl ether and the combined diethyl
ether phases were analyzed by GC. To pursue the catalysis, a fresh substrate solution
(the same amount as in the initial run) was added followed by reaction under the same
conditions and product separation using the same protocol as before. The
hydrogenation of 1-octene was thus conducted over five consecutive runs (Figure
II1.10). Unlike the previously published results with the RhNP-TPP@CCM-C
nanoreactors where the activity decreased because of RhNP extraction from the CCM-
C cores[3], the RhNP-TPPO@CCM-C latex showed an essentially constant 1-octene
conversion over the five runs. In addition, the TEM analysis of the recovered latex
showed that the RhNPs remained confined in the CCM cores after the five catalytic
runs, thus indicating the stability of the RhNP-TPPO@CCM-C latex in the recycling

conditions applied conditions (Figure III.10).
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Figure IIL.10. Recycling study of RANP-TPPO@CCM-C in 1-octene hydrogenation with intermediate
product extraction by diethyl ether (left), and TEM image of the spent catalyst after the fifth reaction
run (right). Reaction conditions: 1-octene/Rh = 2000/1, 1-octene/nonanol = 1/9 v/v, decane as internal
standard (decane/1-octene = 1/4), 20 bar Hz, 25 °C, 0.25 h, 1200 rpm.

Given the successful recycling results obtained, the study was extended to the
hydrogenation of styrene using the same reaction conditions with neat styrene and a
substrate/Rh ratio of 2000/1 (decane as internal standard). Styrene is an interesting
model substrate for studying chemoselectivity, as it contains an external C=C bond
and an aromatic ring. Styrene is also a good solvent for the CCM polystyrene cores,
and therefore, no vectorizing solvent was needed during catalysis. Full styrene
conversion was achieved in 20 h at 20 bar Hz and 60 °C with high selectivity (>99%)
towards hydrogenation of the vinyl group, leading to ethylbenzene as the major
product. Catalyst recycling was done using the same procedure as above, with no
particular loss of catalyst activity over five recycling runs (Figure III1.11). TEM and DLS
analysis indicated no significant change in the morphology or the size of the micelles,

respectively (cf. Figure 111.12, D. = 68 nm, with Figure. II1.8, D- = 83 nm).
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Figure IIL.11. Recycling study of RhNP-TPPO@CCM-C in styrene hydrogenation with
intermediate product extraction by diethyl ether. Reaction conditions: styrene/Rh = 2000/1,
decane as internal standard (decane/styrene = 1/4), 20 bar Hz, 60 °C, 20 h, 1200 rpm.
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Figure I11.12. DLS size distributions (PDI = 0.06; D. = 68 nm) (left) and TEM image of the spent
RhNP-TPPO@CCM-C catalyst after the fifth recycling run f or styrene hydrogemation (right).
Color coding: number (blue), volume (green), and intensity (red).

A recovery and recycling experiment was also carried out at a lower temperature (25
°C) and shorter reaction time (1.5 h) under otherwise identical conditions, in order to
ensure partial conversion of styrene. The results looked promising as no significant
loss of activity was observed and the system was recyclable in the five runs (Figure

1L.13).
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Figure IIL13 Recycling study of RhNP-TPPO@CCM-C in styrene hydrogenation with
intermediate product extraction by diethyl ether. Reaction conditions: styrene/Rh = 2000/1,
decane as internal standard (decane/styrene = 1/4), 20 bar Hz, 25 °C, 1.5 h, 1200 rpm.

IIL.6. Catalytic studies of the hydrogenation of styrene (at DTU)

A reproducibility study for styrene hydrogenation was carried out at DTU, but
unfortunately the results were not identical to the result obtained at LCC (Figure
II1.14). Under the identical reaction conditions (St/Rh ratio of 2000/1, 25 °C, 20 bar Ho,
1200 rpm) complete styrene conversion was obtained after only 0.25 h at DTU against
15 h at LCC. The disparity of the results led to further investigations to understand

the source of the reproducibility issues.

The initial catalytic studies at LCC were completed in 100 mL autoclave (45 x 15 mm
reactor vessel), and the stirring was ensured by a standard cylindrical magnetic stir
bar. At DTU, on the other hand, the equipment consisted of a 15 mL autoclave (40 x 20
mm vial), and a magnetic cross stir bar. These differences alerted us about the possible
presence of different diffusion properties in the two systems (See Experimental Part).
To learn more about this issue, the RhNP-TPPO@CCM-C latex was evaluated in the
hydrogenation of styrene without stirring in the DTU equipment under the same
conditions as applied with stirring. In the absence of stirring, a conversion of ca. 63%
was obtained after 5 h (vs a complete conversion after only 0.25 h under stirring). This

result clearly indicated that when doing the biphasic hydrogenation at LCC the
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system was in a diffusion domain rather than a kinetic domain, and explains also the

disparity in the obtained results.

It is important to highlight at this point, that all catalytic experiments reported ahead

in this manuscript (unless stated otherwise), were performed at DTU.
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Figure III.14. Time plot for the aqueous biphasic hydrogenation of styrene using RhNP-
TPPO@CCM-C done at (blue) LCC and at (red) DTU. Reaction conditions: styrene/Rh =2000/1,
decane as internal standard (decane/styrene = 1/4), 20 bar Hz, 25 °C, 1200 rpm.

I111.6.1. Hydrogenation of styrene with colloidal RhNP/toluene suspension and
RhNP-TPPO@CCM-C latex under optimized conditions

The catalytic activity of the colloidal toluene suspension of TPP/pyridine-stabilized
RhNPs was evaluated for the hydrogenation of styrene under the mild reaction
conditions defined above (20 bar Hz, 25 °C, 0.25 h) with styrene/Rh =10000/1. A styrene
conversion of ~90% was obtained, corresponding to an average TOF of ~36000 h
(cTOF ~40700 h') with complete selectivity towards EB. This catalytic performance is
superior to those previously described for styrene hydrogenation with RhNPs
stabilized by TPP (TOF of ~6000 h') or diphosphate ligands (TOF of ~24000 h?) in

heptane at room temperature with 40 bar Hz2 and 0.25 h [22].
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111.6.2. Hydrogenation of styrene with RINP-TPPO@CCM-C

Next, the RhNP-TPPO@CCM-C latex was applied for the aqueous biphasic
hydrogenation of styrene under the same temperature and pressure conditions as
with the colloidal toluene RhINPs suspension (20 bar Hz, 25°C), with a styrene/Rh ratio
of 2000/1, at different reaction times (Figure II.15). A nearly complete styrene
conversion (~94%) was obtained in only 0.25 h, corresponding to a TOF of 7733 h-
(cTOF of 9850 h), with excellent selectivity (>99%) towards EB (Table III.2, entry 1).
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Figure III.15. Time plot for the aqueous biphasic hydrogenation of styrene using the RhNP-

TPPO@CCM-C latex. Reaction conditions: styrene/Rh = 2000/1, decane as internal standard
(decane/styrene = 1/4), 20 bar Hz, 25 °C, 1200 rpm.

Table I11.2. Hydrogenation of styrene using RhNP-TPPO@CCM-C.?

Molar Pl‘OdllCt Yield (0/0)
. TOF (cTOF)
Entry  styrene/Rh Conversion (%)
ECH (h1)®

ratio
1 2000/1 94 94 <0.1 7733 (9850)
2 5000/1 53 52 <0.1 10547 (14300)
3 10000/1 24 23 <0.1 9062 (12440)

a Reaction conditions: 20 bar Hz, 25°C, 0.25 h. * Average values over the duration of the reaction,
expressed as moles of substrate converted per moles of Rh in the catalyst per hour (TOF) or as moles of
substrate converted per moles of surface Rh atoms per hour (cTOF, in parenthesis). EB = ethylbenzene,
ECH = ethylcyclohexane.

This catalytic performance was superior to that previously achieved with RhNPs

embedded in the TPP@CCM-C and some other systems reported in the literature
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[3,22,25,27] (Table II1.3). This difference may be related to the smaller size of the ex-situ
synthesized TPP/pyridine-stabilized RhNPs used to get RhNP-TPPO@CCM-C
compared to the in-situ synthesized TPP@CCMC-stabilized RhNPs in RhNP-
TPP@CCM-C (1.2 nm vs. <5 nm). However, additional experiments indicated that the
adsorbed TPP and pyridine stabilizers in the RhNP-TPPO@CCM-C catalyst also
played a role (vide infra). An increase of the styrene/Rh ratio resulted in good and
reproducible conversions within 0.25 h of 53% (styrene/Rh = 5000/1) and 24%
(styrene/Rh = 10000/1), corresponding to TOFs of 10547 and 9062 h! (cTOFs of 14300
and 12440 h), respectively, again with full selectivity towards EB (Table III.2, entries
2 and 3).

Table I11.3. Catalytic performance of different RhNP systems for the hydrogenation of styrene.

Stabilizer Rhl:TnP;)s e tholf Ref.
Triphenylphosphine 1.5 5842 2 [22]
Triphenylphosphite 1.52 3354 2 [22]
1,4-Bis(diphenylphosphino)butane 1.57 4414 2 [22]
TPP@CCM-C 3.7 1000 ® [3]

(2-(Diphenylphosphino)ferrocenyl)methane 1.3 32¢ [25]
(2-(diphenylphosphino)ferrocenyl)methane 1.5 18« [25]
Ion-exchange Resin Rh@D100H* 2.5 2704 [27]

Reaction conditions: 2 40 bar Hz, RT, 0.25 h, heptane. »20 bar Hz, RT, 20 h, neat styrene. < 30 bar Hz, RT,
24 h, iPrOH. ¢ 1 bar Hz, RT, 1.6 h, methanol.

The recycling of the catalytic RhNP-TPPO@CCM-C latex was evaluated in two series
of experiments at a fixed styrene/Rh ratio of 5000/1, by extracting the reaction products
with diethyl ether or toluene, respectively, prior to the addition of a new batch of
substrate for the next catalytic run. The extraction protocol was identical to that used
in the previously reported recycling studies with the RANP-TPP@CCM-C [3] and with
the molecular Rh!-TPP@CCM [2] catalytic systems. Upon stopping the stirring, a rapid
phase separation (< 3 min) was observed in all reactions, thus facilitating the product
separation and catalyst recovery, as already reported for the RhNP-TPP@CCM-C

nanoreactors featuring the same outer shell [3]. The first catalytic runs yielded styrene
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conversion of 53% in 0.25 h. However, a gradual decrease in conversion, from 53% to
ca. 9-15%, was witnessed after the fifth run for both series of recycles, using either
toluene or diethyl ether for product extraction (Figure II1.16). The ICP-MS analyses
showed only a cumulative loss of ~2% of the catalyst inventory after the five catalytic
runs when using diethyl ether as extraction solvent, indicating that the activity

decrease was not caused by metal leaching and mechanical loss of latex (Table II.4).

Table II1.4. ICP-MS data for the leaching of Rh metal after each catalytical run with diethyl
ether used as the washing solvent.

Run 15Rh(LR)* IF cor [Rh] [Rh] 2[Rh] [Rhl]iita RhNPs leached
no RSD** (ppt) (ppm) (ppm) (ppm) (mol %)***

1 1435618.1 1.32  283.3447 1.03

2 1466627.8 1.10  278.5785 1.06

3 1579747 4 1.07  560.6121 1.14 4.42 217 2.04

4 543900.5 1.64  735.1959 0.39

5 11174404 0.73 91.3278 0.80

* Low Resolution (LR). ** Relative standard deviation (RSD) was calculated for all the runs separately.
*** Rh (mol%) cumulative loss.

Moreover, after catalyst separation, whether toluene or diethyl ether was used as the
extraction solvent, the organic phase was completely transparent and colorless while
the aqueous phase remained grey, thus indicating the retention of the RhNPs in the
CCM-C latex. In both cases, the TEM images obtained for the RhNP-TPPO@CCM-C
catalyst after the fifth run evidenced a preserved confinement of the RhNPs in the
CCM-C cores with well-dispersed RhINPs. These results indicate that the interaction
of the RhNPs with the core-linked TPPO ligands is sufficiently strong to retain them
within the hydrophobic CCM-C cores, validating the initial hypothesis of the superior
efficiency of oxygen-coordinating ligands. Though an artifact cannot be ruled out due
to the less defined polymer-embedded RhNPs, a notable change was an increase in

the particle size (from 1.5 + 0.4 nm to 2.2 + 0.9 nm after the fifth catalytic run) (Figure
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III.17). This may indicate a slight growth or aggregation of the NPs. However, given
that the standard deviation value is larger than the size change (0.9 nm vs. 0.7 nm), the
NPs can also be considered as to be in a similar size range, thus the interpretation of

the activity drop as a result of a size change does not appear satisfactory.
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Figure III.16. Recycling study of RhNP-TPPO@CCM-C in styrene hydrogenation with
intermediate product extraction by diethyl ether (blue) and toluene (red). Reaction conditions:
Styrene/Rh = 5000/1, decane as internal standard (decane/styrene = 1/4), 20 bar Hz, 25 °C, 0.25
h, 1200 rpm.
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100 nm

200 nm

Figure II1.17. TEM images of the spent RnNP-TPPO@CCM-C catalyst after the fifth catalytic
run of styrene hydrogenation with intermediate product extraction by (a) diethyl ether and
(b) toluene. Reaction conditions: Styrene/Rh = 5000/1, decane as internal standard
(decane/styrene = 1/4), 20 bar Hz, 25 °C, 15 min, 1200 rpm. (c) TEM image and corresponding
size distribution of RhNPs after washing with diethyl ether (dm =2.2 + 0.9 nm).

Given that, no significant metal leaching was detected and that no substantial NP
agglomeration that may lead to loss of active surface was observed, progressive
passivation of the RhNPs surface by rhodium oxide formation could be responsible
for the decrease in catalytic performance over subsequent recycles. To verify this
hypothesis, the catalyst recycling with product extraction by diethyl ether was
completed under an inert argon atmosphere. In addition, the recovered RhNP-
TPPO@CCM-C phase was treated with Hz (20 bar Hz, 25°C, 1 h) prior to each catalytic
run, to remove any rhodium oxide layer. Despite these precautions in the recycling
experiments, the styrene conversion still decreased to 10% along the five runs (Figure
III.18). The similarity of these results to those achieved without an inert atmosphere
and reductive treatment (Figure II1.16), suggests that passivation of the RhNPs was

not the unique reason behind the decrease in the activity.
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Figure IIL.18. Reuse of RhNP-TPPO@CCM-C in five catalytic runs of styrene hydrogenation
with product extraction by diethyl ether under argon with and without intermediate H:
treatment (20 bar H, 25°C, 1 h). Reaction conditions: Styrene/Rh = 5000/1, decane as internal
standard (decane/styrene = 1/4), 20 bar Hz, 25°C, 0.25 h, 1200 rpm.

Another hypothesis that was considered for the activity decrease is a progressive
catalyst poisoning by the 4-tert-butylcatechol used as a stabilizer for styrene. To probe
this hypothesis, a new recycling investigation was carried out using purified styrene,
but the same drop of activity was still observed, thus excluding this hypothesis. A
reduction of the anchoring TPPO ligands to TPP by Ho, catalyzed by the RhNPs, is
another possible hypothesis to explain the observed activity decrease, assuming a
lower activity for RhNP-TPP relative to RhNP-TPPO. To assess this hypothesis, a
toluene solution of TPPO- and TPP/pyridine-stabilized RhNPs (TPPO/Rh = 8/1) was
exposed to Hz (20 bar) at 60°C for 22 h. A 3P NMR monitoring of the solution revealed
no detectable TPPO reduction. This result seems to indicate that the TPPO ligands in
the CCM-C core most likely remained unchanged under the conditions of the aqueous
biphasic styrene reduction catalysis. The absence of TPPO reduction to TPP is also
indirectly indicated by the demonstrated ability of diethyl ether to extract the RhNPs
from the RhNP-TPP@CCM-C [19], whereas the TEM analysis (vide supra) shows that
the RhNPs are well-retained in the micellar core. A final working hypothesis is that
the stabilizers used for the ex-situ synthesis of RhNPs (TPP/pyridine) partially

remained in the TPPO@CCM-C core after loading and promoted the catalytic activity
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of the RhNPs, and that the activity gradually decreased as these stabilizers/promoters
were continuously washed out during the work-up for catalyst recovering and
recycling. This hypothesis was tested by washing the fresh RhNP-TPPO@CCM-C
latex, after RhNPs loading, three times with diethyl ether prior to use in catalysis. A
GC-MS analysis of the diethyl ether extracts showed two peaks with MS spectra
yielding molecular ions at m/z 112 and 83, respectively (Appendix B, Figure B3). These
peaks matched cyclooctane and tetrahydropyridine, respectively, resulting from the
hydrogenation of the COD ligand from [Rh(COD)(u-Cl)]2and of pyridine during the
ex-situ synthesis of the RhNPs [28-30]. Subsequently, five subsequent catalytic runs
(all reproduced three times) were carried out (20 bar H, 25°C, 1 h) (Figure II1.19). The
first catalytic run provided a low conversion of styrene (~6%), whereas a constant
styrene conversion of ca. 25% was achieved in the following four runs, corresponding
to an average TOF of ~1025 h! (cTOF ~1440 h). The low conversion in the first run
might indicate that an induction time would be necessary to deblock the active sites
and/or the RhNPs experienced significant changes under catalytic conditions.
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Figure I11.19. Hydrogenation of styrene with RhNP-TPPO@CCM-C after three washings with
diethyl ether (run 1) and recycling of the catalyst in four additional reaction runs with product
extraction by diethyl ether and intermediate Hz treatment (20 bar Hz, 25°C, 1 h). Reaction
conditions: Styrene/Rh = 5000/1, decane as internal standard (decane/styrene = 1/4), 20 bar Ho,
25°C, 1 h, 1200 rpm.
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Comparison of a series of TEM measurements performed with the diethyl ether-
washed catalyst (prior to catalysis) before/after Hz treatment and after the first and
fifth catalytic runs (Figure III.20), confirmed that the RhNPs mean size indeed changed
from 4.2 + 0.2 nm to 2.2 + 0.2 nm before and after H: treatment, respectively, and was
further reduced to a static size of 1.8 + 0.1-0.3 nm after the first catalytic run. Thus, the
removal of the stabilizers likely induced a slight size increase or agglomeration of the
RhNPs, resulting in lower catalytic activity, as also previously reported for RhNPs in
styrene hydrogenation [22,29], while the successive H: treatment prompted
reconstruction [26,31] of the NPs possibly aided by the presence of TPPO@CCM-C.
Notably, although a different reaction time was applied (1 h vs. 0.25 h), the styrene
conversion value of ca. 25% obtained after the initial run is comparable to that obtained
in the fourth and fifth recycles (Appendix B, Table B1), performed with intermediate
product extraction by diethyl ether (Figure II1.16). This suggests that the diethyl ether
washings performed between the consecutive catalytic runs (Figure II1.16) have a
similar effect to those carried out on the fresh RhNP-TPPO@CCM-C prior to its
implementation in catalysis. This indicates a possible role of the RhNP stabilizers
(TPP, pyridine and tetrahydropyridine, see GC-MS results above) on the
hydrogenation of styrene when they are not eliminated by solvent washings [32-35].
It is also to be noted that, as shown above, the RhNP-catalyzed styrene hydrogenation
in toluene yields a much higher TOF for the RhNPs stabilized by TPP and pyridine
(~36000 h) with respect to other RhNPs synthesized using other stabilizers, under
similar experimental conditions [26]. This highlights that a careful choice of stabilizers
to pre-synthesized RhNPs for their transfer in the CCM-C, or the integration of co-
ligands in the cores of CCM-C could be a way to boost the catalytic performance, but

this is out of the scope of the present work.
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Figure II1.20. HR-TEM analysis of withdrawn aliquots with RhNP-TPPO@CCM-C catalyst
after a) washing with ether prior to regeneration (dm = 4.2 + 0.2 nm), b) regeneration with 20
bar Hz, 1h, 25 °C (dm = 2.1 + 0.2 nm), c) first hydrogenation run (dm= 1.8 + 0.1 nm), and d) fifth
hydrogenation run (dm =1.8 + 0.3 nm).
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III.7. Summary and Outlook

Ultrasmall TPP/pyridine-stabilized RhNPs demonstrated excellent catalytic activity
(average TOF of ~36000 h?, cTOF of ~40700 h') and complete selectivity in the
hydrogenation of styrene to EB under mild conditions (25 °C, 20 bar of H2) in toluene.
These NPs were successfully transferred to the TPPO-functionalized core of a novel
CCM-C polymer with a cationic shell synthesized by RAFT polymerization. The
resulting RhNP-TPPO@CCM-C latex proved effective in the aqueous biphasic
hydrogenation of styrene. Contrarily to the similar TPP core ligand-containing
polymer (RhNP-TPP@CCM-C), the RhNPs remain anchored to the polymer core by
diethyl ether extraction of the hydrogenation product. This shows that the nature of
the core functional ligands of the polymer micelles is a key parameter to improve the
stability and the recycling of the catalytic latex. Even though the extraction of the TPP
and pyridine ligands used for the ex-situ RhNP synthesis during the work-up between
recycles, induced a gradual decrease of the catalytic activity, a stable catalyst phase
was obtained after preliminary extensive washing and an initial reaction run, yielding
a TOF of ~1025 h'! (cTOF ~1440 h'), over several recycles. Further investigations could
focus on improving the catalytic performance of the CCM nanoreactors and on
extending their application to the hydrogenation of other substrates, including
carbonyl compounds. Furthermore, RhNP-TPPO@CCM-C exhibited superior
efficiency in the hydrogenation of 1-octene when compared to its counterparts
featuring TPP@CCM-C. Nevertheless, it is important to utilize the optimized system

described herein, for subsequent comparative analyses and research endeavors.

This chapter has also presented the synthesis of a well-dispersed latex of TPPS@CCM-
C. Although TPPS ligands proved ineffective for the generation of small RhNPs, TPPS
is a good ligand for Au', Pd!' and Pd" and these molecular systems could successfully

be used in other catalyzed reactions like thia-Michael additions [36], allylic alkylations
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[37] or cross-coupling reactions [4,38], opening new perspectives on the catalytic

application of these nanoreactors.
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Chapter IV: Aqueous biphasic hydrogenation with one-pot-
synthesized Rh nanoparticles in polycationic-shell and
triphenylphosphine oxide-functionalized core-cross-linked
micelles

IV.1. Introduction

In the previous chapter, it was demonstrated that the in-situ generation of the RhNPs
in TPPO@CCM-C failed because the TPPO ligands did not provide sufficiently stable
core-anchored Rh'-TPPO precursor complexes after reaction with [Rh(COD)(u-Cl)]e.
Instead, the RhNPs were synthesized by an ex-situ step employing stabilizers
(TPP/pyridine mixture) to obtain small-sized RhNPs [1,2], followed by their
successive transfer to the CCM cores. The resulting RhNP-TPPO@CCM-C
nanoreactors were very active in styrene hydrogenation and withstood RhNP
extraction by diethyl ether, but the activity of the catalyst decreased gradually,
converging to a constant value after four to five recycles. This phenomenon was
attributed to the removal of the surface-bound RhNP stabilizers by the diethyl ether
extractions, which altered the stability and activity of the RhNPs. Accordingly, a
similar moderate, but unchanged upon recycling, activity was also obtained when the
pristine RANP-TPPO@CCM-C catalyst was extensively pre-washed with diethyl ether

prior to the first catalytic run (see Chapter III).

In this chapter, a novel one-pot synthesis approach is described for the RhNP-
TPPO@CCM-C catalyst which does not require the use of additional stabilizers. The
resulting catalyst was thoroughly characterized and applied in the aqueous biphasic
hydrogenation of styrene as well as of other selected alkene, alkyne, and carbonyl
substrates. Note that this chapter is related to article No. 4 in the list of publications

and has been submitted for publication.
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IV.2. One-pot synthesis and characterization of RhNP-TPPO@CCM-C

RhNPs embedded in the hydrophobic cores of a stable latex of TPPO@CCM-C were
synthesized in a single step by heating a biphasic mixture containing the aqueous
TPPO@CCM-C latex and a toluene solution of [Rh(COD)(u-Cl)]2 under Hz pressure.
This could be performed without any additional stabilizer or base additive (Table IV .1,
Entry 1) and without the need for a preliminary ex-situ synthesis of the RhNPs (as
previously reported). Comparative syntheses were also carried out in the presence of
a base such as pyridine or NEts (Table IV.1, Entries 2 and 3, respectively), which can
assist the reaction by trapping the HCI produced during the reduction of Rh'! to Rh?,
in addition to potentially contribute to the RhNP stabilization [3]. After the synthesis
and phase separation, all three produced RhNP-TPPO@CCM-C latexes were black,

signaling the successful formation and confinement of RhNPs in the core of the CCMs.

Table IV.1. Synthesis of RhNP-TPPO@CCM-C.2

RhNPs average size (nm)

Molar TPPO/Rh/Base
Entry Base .
ratio Before catalysis  After catalysis
1 ] 4/1/0 1.7+02 1.9+0.6
2 Pyridine 4/1/4 29+0.6 3.1+0.1
3 NEts 4/1/4 21+£0.1 1.8+0.2

aReaction conditions: 20 bar Hz, 20 h, 60 °C, toluene, 1200 rpm.

TEM analyses confirmed the successful incorporation of the RhNPs in the
TPPO@CCM-C in all cases (Figure IV.1). The RhNPs synthesized without base (Entry
1) showed a particularly narrow size distribution with a mean diameter (dm) of 1.7 +
0.2 nm. On the other hand, the RhNPs produced in the presence of pyridine or NEts
(Table IV.1, Entries 2 and 3, respectively), were found agglomerated and with slightly

larger average diameters of 2.9 + 0.6 nm and 2.1 + 0.1 nm, respectively (Figure IV.1).
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Figure IV.1. TEM images of the three one-pot-synthesized RhANP-TPPO@CCM-C latexes (left),
and corresponding RhNP size distributions (right), obtained (a) without base, (b) with
pyridine and (c) with NEts.

When using only molecular TPPO (i.e. not linked to the CCM support) as a stabilizer
under the same reaction conditions (toluene, TPPO/Rh = 4/1, 20 bar H, 60 °C, 1200
rpm, 20 h) and no base additive, a black colloidal suspension of RhNPs was also
obtained. These RhNPs were also found to have a slightly larger average diameter
than those embedded in the TPPO@CCM-C latex generated without a base (dm=2.4 +

0.2nm vs. 1.7 + 0.2 nm) and were relatively well dispersed (Figure IV .2).
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Figure IV.2. TEM image of RhNPs obtained using only molecular TPPO as a stabilizer
(TPPO/Rh = 4/1) with the corresponding size distribution (dm = 2.4 + 0.2 nm). Reaction
conditions: toluene solution, 20 bar Hz, 60 °C, 20 h.

Furthermore, when treating a [Rh(COD)(u-Cl)]2 solution in toluene under Hz pressure
in the absence of any polymer, stabilizer, and base, only large agglomerates were
produced under the same reaction conditions as for the three one-pot-synthesized RhNP-

TPPO@CCM-C latexes (Figure IV.3).

Figure IV.3. TEM image of Rh agglomerates generated in the absence of stabilizers. Reaction
conditions: toluene solution, 20 bar H>, 60 °C, 20 h.

The smaller size of the RhNPs in the TPPO@CCM-C obtained from the base-free one-
pot procedure may result from a more efficient stabilization in the polymer, due to the
combined interaction with the oxygen lone pairs of TPPO ligands in the CCM-C core
and mt-electrons of the phenyl groups in the styrene monomers. The confinement effect
may also provide an improved rate of nucleation, resulting in a greater number of NPs
and a consequent decrease in their average size [2,4-11]. In principle, the nucleation
may predominantly occur either within the CCM cores or in the bulk toluene phase,

followed by migration and anchoring within the CCM cores. Since small-sized NPs
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(dm =2.4 £ 0.2 nm) were generated in the presence of molecular TPPO in the toluene
phase, even without base, whereas large agglomerates were generated in toluene
without stabilizer, it seems likely that faster nucleation occurred within the CCM-C

cores that contain TPPO ligands.

TG/DSC analyses of the TPPO@CCM-C and RhNP-TPPO@CCM-C polymers were
performed under N: to examine their relative thermal stability (Figure IV.4).
TPPO@CCM-C showed an initial decomposition phase at 239 °C (ca. 20 wt.% loss),
followed by a gradual weight loss at higher temperatures with a peak at 413 °C (total
weight loss ca. 88 wt.%). RAINP-TPPO@CCM-C, on the other hand, exhibited an initial
degradation phase at a higher temperature (264 °C, ca. 50 wt.% loss) with a second
peak at 403 °C and a lower total weight loss (77 wt.%), suggesting an effect of the
RhNPs on the decomposition of the Rh loaded polymer. The thermal stability of the
RhNP-TPPO@CCM-C latex was insufficient to perform further investigations of the
RhNPs active sites by conventional techniques such as carbon monoxide temperature-
programmed desorption (CO-TPD), which requires high temperatures for the CO
desorption [12,13] and may be affected by the polymer degradation.
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Figure IV.4. TGA (a,c) and DSC (b,d) profiles of TPPO@CCM-C (red, top) and RhNP-
TPPO@CCM-C (blue, bottom).

In line with this, XPS analyses performed on the TPPO@CCM-C and RhNP-
TPPO@CCM-C systems (Appendix C, Figure C1-C3, Table C1) indicated a shift in
binding energy in the presence of RhNPs in the core of the TPPO@CCM-C polymer,
which is particularly notable for the Ols excitation (AE = 0.58 eV), supporting the
existence of RhNPs-polymer interaction in RhNP-TPPO@CCM-C. To further
corroborate the interaction between the TPPO ligand in the CCM-C and the RhNPs,
ATR-FTIR spectra of TPPO@CCM-C and RhNP-TPPO@CCM-C were compared to
that of molecular TPPO (Figure IV.5). The strong P-C stretching band of TPPO at 1120
cm! [14] was visible in both TPPO@CCM-C and in the broad envelope band (1120-
1182 cm™) for RANP-TPPO@CCM-C. The strong P=0O stretching band of TPPO (1182
cm?) [14] was also quite evident in TPPO@CCM-C and for the TPPO in the RhNP-
TPPO@CCM (TPPO/Rh =4/1). However, a new signal at (1156 cm™) was also observed
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in the case of RhNP-TPPO@CCM-C, likely corresponding to a redshifted P=O
stretching band of the TPPO bound to the RhNPs surface as also previously observed

for other metal-coordinated TPPO compounds [15,16].
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Figure IV.5. ATR-FTIR spectra of TPPO@CCM-C (red), RhNP-TPPO@CCM-C (blue), solid
residue after TGA (black), and molecular TPPO (green), in the range of 700-2000 cm™

IV.3. Aqueous biphasic hydrogenation with RhONP-TPPO@CCM-C

1V.3.1. Hydrogenation of styrene without base additive

Using the RhNP-TPPO@CCM-C latex produced in the absence of base, an initial series
of catalytic runs with different reaction times were carried out at 25 °C, under 20 bar
of Hz pressure and stirring of 1200 rpm to limit external mass transfer, with a
styrene/Rh ratio of 5000/1 (Figure IV.6). A complete conversion of styrene was reached

after 2 h corresponding to an average TOF of 3000 h'' (¢cTOF 4300 h').
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Figure IV.6. Time plot for the aqueous biphasic hydrogenation of styrene using RhINP-
TPPO@CCM-C prepared without base. Reaction conditions: styrene/Rh = 5000/1, 20 bar H», 25
°C, 1200 rpm.

Additional catalytic runs with a fixed reaction time of 0.25 h and different styrene/Rh
ratios yielded the results reported in Table IV.2, Entries 1-3. The system showed
excellent selectivity (>99%) towards the formation of ethylbenzene (EB) with the
formation of only trace amounts of the fully saturated product ethylcyclohexane
(ECH), as also previously described for styrene hydrogenation using other RhNP-
CCM catalysts [3] and in Chapter III. Moreover, phase separation was fast in all
reactions (< 3 min), facilitating product separation and catalyst recovery, as already
observed for other aqueous biphasic catalytic applications of nanoreactors featuring

the same outer shell (CCM-C) [3,17].

Hydrogenation of styrene was also performed with the same RhNP-TPPO@CCM-C
latex at higher temperatures (30 °C-55 °C) with a styrene/Rh ratio of 5000/1 (Table IV .2,
Entries 4-7). At 55°C, a conversion of 83% was obtained after 0.25 h, yielding a very
high average TOF of 16100 h* (¢cTOF 23600 h').
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RhNP-TPPO@CCM-C

H,

Table IV.2. Hydrogenation of styrene using RhNP-TPPO@CCM-C prepared without base.?

Entry Molar . T Conversion Selectivity (%) 1oF (cTOF)
styrene/Rh ratio  (°C) (%) EB ECH (h)

1 2000/1 25 82 599 <01 7800 (11500)
2 5000/1 25 21 >99 <0.1 4500 (6500)
3 10000/1 25 8 >99 <0.1 3000 (4450)
4 5000/1 30 35 >99 >0.1 8000 (11600)
5 5000/1 35 58 599 <0.1 11200 (16400)
6 5000/1 45 65 >99 <0.1 12900 (19000)
7 5000/1 55 83 >99 <0.1 16100 (23600)

a Reaction conditions: 20 bar Hz, 25 °C, 0.25 h, 1200 rpm. b Corrected TOF (cTOF) calculated by
considering only the surface Rh atoms (see Experimental Part). EB: ethylbenzene, ECH:
ethylcyclohexane.

The more moderate conversions obtained in the 25-35 °C range allowed to estimate an
apparent reaction activation energy (Ea) of 69 + 6 kJ/mol from an Arrhenius plot
(Figure IV.7), which is comparable to the E. obtained for the gas-phase hydrogenation
of styrene [18]. However, at higher reaction temperatures the apparent E. decreased

to 4 £ 1 kJ/mol, indicating diffusion limitations (internal mass transfer)[19,20].
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Figure IV.7. Arrhenius plot of the hydrogenation of styrene using RhNP-TPPO@CCM-C
prepared without base. Reaction conditions: styrene/Rh = 5000/1, 20 bar Hz, 0.25 h, 1200 rpm,
accuracy of temperature measured with + 0.5-1 °C.

The RhNP-TPPO@CCM-C latex recycling was further evaluated for a series of
catalytic runs with a styrene/Rh ratio of 5000/1 and 0.25 h of reaction time with
intermediate product extraction by diethyl ether (Figure IV.8). The extraction
procedure was similar to that previously applied to recycle the RhANP-TPP@CCM-C
[3] and RhNP-TPPO@CCM-C latexes (see Chapter III), as well as the latex of the
molecular Rhi-TPP@CCM [3,17]. A rather constant styrene conversion of ca. 21%,
corresponding to an average TOF of ~4500 h'! (cTOF of 6500 h), was obtained over
the six consecutive reaction runs, but only when the recovered catalyst system was
reactivated with Hz (20 bar, 1 h, 25 °C) prior to addition of new batch of substrate. A
recycling experiment without this reactivation treatment gave erratic results, possibly
because of the passivation of the RhNPs by surface oxide layer [2,21] formation during
the recycling procedures as also discussed in Chapter III. A TEM analysis on the
recovered latex after run six (Figure IV.9) showed that the RhNPs remained well-

dispersed, with a similar size distribution (1.9 + 0.6 nm) as prior to catalysis (see Table

IV.1).
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Figure IV.8. Reuse of RhNP-TPPO@CCM-C catalyst in six catalytic runs of styrene
hydrogenation with product extraction by diethyl ether and intermediate Hz treatment (20 bar
Hz, 25 °C, 1 h, 1200 rpm) and product extraction by diethyl ether. Reaction conditions:
Styrene/Rh = 5000/1, 20 bar Hz, 25 °C, 0.25 h, 1200 rpm.
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Figure IV.9. TEM image of RhNP-TPPO@CCM-C recording from an aliquot during recycling
after run six (left) and corresponding size distribution (dm = 1.9 + 0.6 nm) (right).

A reference hydrogenation experiment was carried out under the same conditions
using a toluene phase of the TPPO-stabilized RhNPs as catalyst (20 bar Hz, 25 °C,
styrene/Rh = 10000/1, 0.25 h). This resulted in a styrene conversion of 53% (average
TOF ~20000 h, ¢cTOF 21500 h') with >99% of EB selectivity. Using EB as substrate
under the same reaction conditions yielded only 0.6% of ECH, confirming the high
selectivity of the TPPO-stabilized RhNPs under the mild reaction conditions applied.
The ¢TOF decreased from ~21500 h! for the reaction carried out with the RhNP-
TPPO/toluene catalytic system to ~6500 h' for that conducted with the RhNP-
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TPPO@CCM-C/biphasic system, which indicates that the latter was influenced by

internal mass transport restrictions of the styrene substrate and/or the EB product.
1V.3.2. Hydrogenation of styrene with base additive

The RhNP-TPPO@CCM-C latexes obtained in the presence of pyridine (Table IV.1,
Entry 2) or NEts (Table IV.1, Entry 3) were also evaluated for styrene hydrogenation,

after extensive prewashing with diethylether prior to the first catalytic run (Figure

IV.10).
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Figure IV.10. Reuse of the RhNP-TPPO@CCM-C latexes prepared with base additives in
styrene hydrogenation with intermediate Hz treatment (20 bar Hz, 25 °C, 0.25 h, 1200 rpm) and
product extraction by diethyl ether. Reaction conditions: Styrene/Rh = 5000/1 (*6500/1), 20 bar
Ho, 25 °C, 0.25 h, 1200 rpm.

When using the RhMNP-TPPO@CCM-C latex prepared with NEts, the first catalytic run
yielded a styrene conversion of ~10%, but the subsequent runs converged to a stable
conversion of ca. 25-30%. Similar differences between the first and consecutive
reaction runs were reported for the RhNP-TPPO@CCM-C latex obtained by transfer
of ex-situ synthesized RhNPs (see Chapter III) as well as other studies using NEts [3].
This can be explained by an induction time, possibly resulting from restructuring of
the RhNP surface under catalytic conditions (see Chapter III) which produced more
catalytically active sites and consecutive higher conversion [2,21]. On the other hand,

the RhNP-TPPO@CCM-C latex prepared with pyridine showed much higher activity
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(conversion of ca. 97%), with an average TOF of ~18200 h'* (cTOF 40000 h) in the first
run. However, the activity steadily decreased over the subsequent runs, most likely as
a consequence of the continuous removal of adsorbed pyridine from the RhNP surface
during the successive recycling treatments that involve diethyl ether extractions. This
result is analogous to that shown by the RhNP-TPPO@CCM-C latex obtained by
incorporating the ex-situ synthesized RhNPs with stabilization by TPP and pyridine
as stabilizers (see Chapter III). It thus confirms that the presence of pyridine has a
beneficial effect on the RhNP catalytic activity which might be due to a cleaner Rh
surface as the result of less chlorides, present in the organometallic dimer, that may
be better eliminated. The intimate reason for this promotion effect is currently
unknown. Interestingly, when the catalyst recyclability was performed with a higher
styrene/Rh ratio of 6500/1, the activity dropped in the first run (as expected) to an
average TOF of ~10000 h' (cTOF 23000 h'), and the system proved less stable
compared to the RhNP-TPPO@CCM-C synthesized in one-pot without base (Figure
IV.8). A potential factor that influences the activity may be alteration in internal mass
transfer limitations, which are likely to be more significant when the St/Rh ratio is
higher (St/Rh = 5000/1 vs 6500/1). Additionally, TEM analyses of the recovered latexes
synthesized in the presence of pyridine or NEts showed similar RhNP dispersion and
size distributions after the fifth catalytic runs (3.1 + 0.1 nm and 1.8 + 0.2 nm, for
pyridine and NEts respectively, Figure IV.11) as prior to the first catalytic runs (2.9 +

0.6 nm and 2.1 + 0.1 nm for pyridine and NEts respectively (see Figure IV.1).
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Figure IV.11. TEM images and corresponding size distributions of spent RhNP-TPPO@CCM-
C prepared with (a) pyridine (Table IV.1, Entry 2) and with (b) NEts (Table IV.1, Entry 3).

1V.3.3. Hydrogenation of styrene in the presence of Hg

To examine whether the RhNP-TPPO@CCM-C latex (synthesized without base) also
contained catalytically active Rh' species in addition to RhNPs, a styrene
hydrogenation experiment (styrene/Rh = 5000/1) was carried out in the presence of a
large excess of Hg (Hg/Rh = 500/1), which is known to poison and deactivate the
RhNPs [22]. No significant styrene conversion was observed (<0.1%) after 0.25 h of
reaction, suggesting that no active Rh'! is present in the TPPO@CCM-C core. A control
TEM analysis of the recovered latex after the catalytic run with Hg (Figure IV.12) still
showed the presence of small RhNPs in the polymer, but with a larger average
diameter (ca. 2.7 = 0.1 nm vs. 1.7 + 0.2 nm) than prior to catalysis, along with much
larger particles (average size ca. 16 + 5 nm) that can be attributed to nanoscopic Hg
droplets. HR-TEM analyses coupled with energy-dispersive X-ray spectroscopy
(EDX) were done on the spent latex after Hg poisoning and indicated the presence of
Hg along with RhNPs. The EDX analysis showed a clear signal for elemental Rh as
well as well-identified signals for Hg, P, and I atoms coming from the TPPO@CCM-C
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polymer that embeds the particles (Appendix C, Figure C4). The increase in the
apparent size of the RhNPs could result from the formation of a Hg-Rh amalgam at
the surface of the RhINPs [23,24]. This result indicates that Hg is able to cross the CCM
hydrophilic shell.
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Figure IV.12. TEM images (left) of a) RhNPs and b) Hg particles and the corresponding size
distributions (right) RhNPs (dm = 2.7 + 0.1 nm; left) and Hg particles (dm =16 + 5 nm; right) in
RhNP-TPPO@CCM-C.

IV.3.4. Hydrogenation of other substrates

Lastly, the applicability of the RhNP-TPPO@CCM-C latex synthesized without base

was screened for the aqueous biphasic hydrogenation of other substrates, including

selected aromatics, alkenes, alkynes, and carbonyl compounds (substrate/Rh = 5000/1;

performed with neat substrate and not optimized) (Table IV.3). The results confirmed

a rather high hydrogenation activity (average TOFs of 1000-1100 h') and high
149



| Chapter IV: RhNP-TPPO@CCM-C |

selectivity towards the reduction of both double and triple carbon-carbon bonds in
phenylacetylene (Entry 1) and 4-vinylpyridine (Entry 3). The catalytic activity was,
however, significantly lower than for styrene under similar reaction conditions (cTOF
4500 h'; see Table IV.2). Highly sterically hindered Z-stilbene (Entry 2) and the
aliphatica, -unsaturated substrate (E)-hex-2-enal (Entry 5) were only hydrogenated
to a low extent under the applied conditions. Also, the carbonyl group of the aliphatic
compound 5-nonanone (Entry 4) was hardly hydrogenated, whereas the cyclic (and
activate) o,fB-unsaturated substrate 2-cyclohexen-1-one (Entry 6) yielded a good
conversion (cTOF of 1000 h') with high selectivity (63.7%) to cyclohexanol, and
acetophenone (Entry 7) showed an even higher conversion (cTOF of 3000 h'), with a
nearly quantitative selectivity toward phenylethanol (>99%). Notably, no significant
hydrogenation of the aromatic ring was observed in any of the reactions. Overall, the
non-optimized results achieved during the catalytic screening clearly indicate the
potential of the RhNP-TPPO@CCM-C catalyst synthesized without base for the

hydrogenation of other types of unsaturated substrates than styrene.

150



| Chapter IV: RhNP-TPPO@CCM-C |

Table IV.3. Aqueous biphasic hydrogenation of selected aromatics, alkenes, alkynes, and
carbonyl substrates using Rh-TPPO@CCM-C.?

Substrate / Products / Average
Entry Conversion Selectivity cTOF
(%)® (%0)® (h?)
Z N
1 1100
30 78 22 <0.1
0 LT
ehale :
<0.1 nd nd nd
= =
A X
3 | P | P 3200
N N
N N H H
79 97 nd nd
0] OH
<0.1 nd
o NN 04\/\/ H O/\/\/ HO >
5 2.5
<0.1 nd nd nd
) 0] OH OH
. O O O U w
27 1 35 64
OH

86 >99 <0.1 <0.1
aReaction conditions: Substrate/Rh = 5000/1, 20 bar Hz, 25 °C, 0.25 h, 1200 rpm. * Conversions and
selectivities determined by GC-FID. Product identification confirmed by 'H NMR (Entries 4 and 5)
and GC-MS (Entry 3). nd = not detected.

IV.4. Summary and Outlook

A RhNP-TPPO@CCM-C latex was successfully synthesized by one-pot reduction of
[Rh(COD)(u-Cl)Jo/toluene in the presence of an aqueous TPPO@CCM-C latex and in
the absence of additional stabilizers and base. The produced RhNPs were smaller in
size (1.7+ 0.2 nm) than their analogs synthesized under similar conditions in the

presence of only TPPO as stabilizer (2.4 + 0.2 nm). This difference underlines the
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positive confinement effect on the RhINP size, which leads to smaller NPs. The new
catalyst demonstrated very good catalytic activity (cTOFs of 4500-16000 h') and
quantitative selectivity in the hydrogenation of neat styrene to ethylbenzene under
mild conditions (20 bar H: 25-55 °C). The catalyst was also applicable to
hydrogenation of other unsaturated substrates under similar reaction conditions,
including alkynes and carbonyl compounds. The facile one-pot synthesis procedure
and the stable anchoring of the RhNPs to the core TPPO ligands circumvented the
RhNP leaching during the diethyl ether extractions (as also reported earlier in Chapter
III), making the RhNP-TPPO@CCM-C latex highly attractive for aqueous biphasic
catalysis with catalyst recycling. Further investigations may focus on understanding
and improving the hydrogenation performance of this RANP-TPPO@CCM-C catalytic
system (e.g., by employing vectorizing solvents). Also, a dedicated study could focus
on the variation of the Rh precursor, aiming to systematically explore its influence on
the generation of well-defined RhNPs and, consequently, its implications for catalytic
activity. The scope will be further extended to encompass the confinement of other
metal NPs and probe their catalytic efficacy in the hydrogenation of diverse

substrates.
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Chapter V: Synthesis and characterization of novel cross-
linked micelles with polycationic shell and
pyridine/triphenylphosphine-functionalized core

V.1. Introduction

In the previous chapter, the synthesis of TPPO@CCM-C and its successful use to
anchor RhNPs in the polymer cores, which avoided extraction of the NPs with diethyl
ether, was described. In parallel work, another ligand-functionalized core CCM-C was
developed as a possible solution for anchoring the RhNPs in the core. The purpose
was to imitate the role of chelating ligands that afford better stabilization for metals
and thus to build an efficient nanoreactor system to improve the catalyst recycling.
Inspired by the effectiveness of the RhNPs synthesis in the presence of pyridine and
TPP, polymerizable analogs of these stabilizers (namely, vinylpyriding or VP and
styryldiphenylphosphine or SDPP) were therefore used to prepare a modified CCM-
C where both stabilizers are covalently bound to the core. In the present chapter, the
synthesis and characterization of these new core cross-linked micelles are described
along with initial catalytic results obtained at LCC using Rh' as catalyst. Note that this
chapter is derived from the draft of article No. 6 in the list of publications reported

earlier.
V.2. Polymer synthesis and characterization

The synthesis of the new VP-SDPP@CCM-C polymer was performed following the
same strategy as for the preparation of the closely related polymers, namely
TPP@CCM-C [1,2], TPPO@CCM-C and TPPS@CCM-C (Chapter III) (Scheme V.1). The
target degrees of polymerization of each block were kept identical to those of
TPPO@CCM-C, as they were already optimized to provide stable latexes with a
narrow particle size distribution [1,2]. Thus, the first three steps leading to the
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synthesis of the amphiphilic diblock macroRAFT agent, Ro-(VPMe*I)i40-b-Stso-
SC(S)SnPr, isolated as a stable solid and redispersed in water, were once again the
same as in the TPP@CCM-C synthesis [2]. They involved the homogeneous RAFT
polymerization of 4-vinylpyridine (4VP) with 4-cyano-4-thiothiopropylsulfanyl
pentanoic acid (CTPPA), RoSC(S)SnPr where Ro = CMe(CN)CHCH2COOH), as
transfer agent, forming Ro-4VP140-SC(S)SnPr (step 1), then chain extension with a short
polystyrene block (average degree of polymerization of 50) forming a Ro-VPis0-b-Stso-
SC(S)SnPr diblock copolymer (step 2), and quaternization of the pyridine N-atoms
with Mel (step 3).

?j ¢
N S9SN S S S¢S
s. s | J Re w0 M R¢ 140 50 M Mel Rg 140 50 ~S
R&YPr il S — z S — = _ s
S Step 1 < | Step 2 < | Step 3 \@l
N N N
9, |
Ro= WJ\OH
A A A
CN
A
|
Step 4 7z

Scheme V.1. Synthesis route of the VP-SDPP@CCM-C polymer.

The fourth step was a further chain extension of the Ro-(VPMe*I)140-b-Sts0-SC(S)SnPr
macroRAFT agent with a longer hydrophobic block (average degree of

polymerization of 300) consisting of a statistical copolymer of styrene, SDPP and VP
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(90/5/5 ratio). These micelles were then crosslinked in a final step with DEGDMA (15
equiv. per chain), diluted with additional styrene (135 equiv. per chain), to yield the
final product, Ro-(VPMe'T )140-b-Stso-b-(Sto.9-c0-SDPPo.05-4 VI0.05)300-b-(Sto.o-co-
DEGDMA0.1)150-SC(S)SnPr (VP-SDPP@CCM-C). All the polymerization steps were

followed to completion (full consumption of monomers) by 'H NMR (Figure V.1).

NS N V.

9 8 7 6 5 9 8 7 6 5

Figure V.1. '"H NMR of the diblock (left) and the micelles (right), at to(blue) and t=4.5 h (red).

The final VP-SDPP@CCM-C micelles had a larger average diameter (108 nm) than the
intermediate micelles (69 nm), as shown by DLS (Figure V.2b and 2a, respectively).
TEM revealed that these newely CCMs are well dispersed with spherical morphology
(Figure V.2 ¢).

158



| Chapter V : RhI-VP-SDPP@CCM-C |

a) b)
1 10 100 1000 10000 1 10 100 1000 10000
Diameter/nm Diameter/nm

. 2

D, =69 nm PDI=0.12 D, =108 nm PDI=0.06

Figure V.2. DLS size distributions of aqueous dispersions of (a) the diblock Ro-(VPMe*I")140-b-
Stso-b-(Sto9-co-SDPPS0.05-4VP0.05)300-b-SC(S)SnPr  micelles and (b) VP-TPP@CCM-C. Color
coding: number (blue), volume (green) and intensity (red). c) TEM image of VP-TPP@CCM-
C.

Since 4VP was observed to be a very good solvent for SDPP, the chain extension of the
Ro-(VPMe'T)140-b-Sts0-SC(S)SnPr macroRAFT agent was also attempted without the use
of additional styrene. For that purpose, the fourth step was a statistical
copolymerization of 4VP and SDPP with a 95/5 ratio, maintaining a target degree of
polymerization of 300. The average diameter of the resulting diblock copolymer
micelles was 73 nm, with a broad size distribution and a higher polydispersity index
that clearly indicates that the resulting latex is more polydispersed, with the presence
of large particles (PDI > 0.3), than the micelles obtained by chain extension with
styrene (Figure V.3a). These micelles were then crosslinked in a final step with
DEGDMA (150 equiv. per chain), to yield the final product, Ro-(VPMeT )140-b-Stso-b-
(4VPo.95-co-SDPPo.os-)300-b-DEGDMA150-SC(S)SnPr (VP-SDPP@CCM-C) with a broad

size distribution and an average diameter of 139 nm (Figure V.3 b).
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Figure V.3. DLS size distributions of aqueous dispersions of (a) the diblock Ro-(VPMe*I")140-b-
Stso-b-(VPogs-co-SDPPo.s)300-b-SC(S)SnPr micelles and (b) VP-TPP@CCM-C. Color coding:
number (blue), volume (green) and intensity (red).

The surface composition and structure of nanomaterials play a crucial role in dictating
their response to interactions with their surroundings. Several key factors associated
with the surface properties include the surface charge, the surface energy and the pH.
Each one of these can individually influence the performance of the nanomaterial [3].
Further experiments are needed to understand the reason behind the resulting large
particles with a high polydispersity index. However, the lower quality of the VP-
SDPP@CCM-C obtained without the use of styrene in the fourth step underlines the
importance of its use for the chain extension. All subsequent catalytic studies were
carried out with the Ro-(VPMe*I")10-b-Stso-b-(Sto.o-co-SDPPo.os-4VPo.os)s00-b-(Sto.e-co-
DEGDMA0.1)150-SC(S)SnPr polymer.

V.3. [Rh(COD)(u-Cl)]2 precatalyst coordination

Using a previously optimized protocol [1], the complex [Rh(COD)(u-Cl)]2 was added
to the CCM-C cores after swelling the polymer particles with toluene (P/Rh = 4/1). By
stirring the latex phase with a toluene solution of the metal complex at room
temperature, the Rh complex was efficiently transferred into the CCM-C cores within
0.25 h. The transfer was visually confirmed by the disappearance of the yellow
coloration of the organic phase and by the slight coloration of the latex in the aqueous

phase. Thus, the polycationic nature of the outer shell did not hinder the migration of

160



| Chapter V : RhI-VP-SDPP@CCM-C |

the metal complex, as previously shown and extensively studied in the group [1,4]
(Figure V.4). The corresponding latex contains [RhCl(COD)(L@CCM-C)], where the
ligand bonded to the Rh! center may either be TPP or pyridine. It is named Rh-VP-
SDPP@CCM-C.

Figure V.4. Photographs of the mixture of the VP-SDPP@CCM-C latex with a [Rh(COD)(u-
Cl)]z/toluene solution (P/Rh = 4:1) before (left) and after stirring (right).

As studied before [4], RhNPs can be generated in the core of the nanoreactors without
the need for a base, and this occurs at lower temperatures when the P/Rh! ratio is
lower. Accordingly, the CCM-C was loaded using a P/Rh ratio of 2/1. As shown in

Figure V.5, the organic phase remained yellow after 0.5 h, but turned limpid and white

-

after 24 h.

‘ = p
| —

- wow

Figure V.5. Photographs of the mixture of the VP-SDPP@CCM-C latex with a [Rh(COD)(u-
Cl)]2/toluene solution (P/Rh = 2:1) before stirring (left) and after stirring for 0.5 h (middle) and
24 h (right).
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V.4. Aqueous biphasic catalysis with Rh!-VP-SDPP@CCM-C

V.4.1 Aqueous biphasic hydrogenation with Rh!

The Rh!-VP-SDPP@CCM-C latex, obtained as described in the previous section (P/Rh
= 4/1), was applied to the aqueous biphasic hydrogenation of 1-octene to octane (1-
octene/Rh = 200:1; 20 bar Hz; 60 °C; 20h) in a steel autoclave, using nonanol as
vectorizing solvent (1-octene/nonanol = 1:9 v/v) and decane as internal standard
(decane/1-octene = 1:4). After loading the latex and substrate into the autoclave, the
latter was charged with 20 bar Hz and stirred at 60 °C for 20 h, 1200 rpm. After the set
reaction time, the latex was extracted with diethyl ether, and the combined organic
phases were analyzed by GC. The analysis confirmed the formation of octane with a
1-octene conversion of 91% (and total selectivity towards octane, with no observation
of isomerization products), which is a similar result to that obtained with Rh!-
TPP@CCM-C [1]. No further catalytic experiments were carried out with the
molecular Rh system, and the focus was instead shifted toward the generation of core-

anchored RhINPs in the modified nanoreactors.

V.4.2 Attempts to generate RRNP-VP-SDPP@CCM-C

The first attempts to reduce the Rh!-VP-SDPP@CCM-C latex and generate CCM-Cs
with core-anchored RhNPs were carried out without added base since the core ligands
of the polymer that are pyridine based and TPP have already proved efficient for
generating RhNPs [5]. The latex was first core-swollen with toluene, then loaded with
[Rh(COD)(u-Cl)]2 as described above (Section V.4.1) and transferred to an autoclave,
which was subsequently pressurized with 20 bar of H> and kept stirring for 20 h at 60
°C [4]. After the set reaction time, the polymer had surprisingly maintained its initial
color, signaling the absence of any metal reduction to RhNPs. As this could be
explained by a lack of decomposition of the Rh' anchored complex, a higher

temperature was then probed (80 °C), but again, no color change was observed. These
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results suggest that the combination of TPP and pyridine ligands in the core
(TPP:py:Rh = 4:4:1) provides improved stabilization to the Rh' center, compared to
TPP alone [4] and TPPO (as seen in Chapter IV), blocking its reduction to Rh° under
the employed conditions. Other attempts to promote the Rh! reduction, including the
addition of a base, NEts or pyridine, which should further help by trapping the HCI
that would be generated by the Hz reduction, and thus facilitate the generation of
RhNPs, as it was previously demonstrated in the reduction of Rh'-TPP@CCM-C [4],

was again unsuccessful for this system.
V.5. Summary and Outlook

The introduction of a combination of TPP and pyridine as anchoring groups in the
hydrophobic core of amphiphilic star-block copolymers led to well-dispersed CCMs
with a narrow size distribution. The use of the mentioned combination of ligands
proved efficient in the generation of nanoreactors with a core-anchored molecular
catalyst, Rh-VP-SDPP@CCM-C, which demonstrated good catalytic activity in the
hydrogenation of 1-octene. However, this Rh!-VP-SDPP@CCM-C latex could not be
used as a precursor for the generation of core-anchored RhNPs under the operating
conditions that we have so far explored. Therefore, further investigations on the
generation of RhNPs in the core of the developed VP-SDPP@CCM-C could be
envisaged as future work. These CCMs will be also used for the confinement of other
d-block metals and their application in aqueous biphasic hydrogenation. The synthesis
of new CCMs with 4-vinylpyridine and 4-styryldiphenylphosphine oxide ligands
bonded within the core could also be planned as new nanoreactors for the

confinement of RhINPs.
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Chapter VI: Rh nanoparticles confined in novel polyanionic
core-crosslinked micelles with triphenylphosphine oxide-
functionalization: Synthesis, characterization, and application
in aqueous biphasic hydrogenation

VI.1. Introduction

In a recent contribution, a CCM with a polyanionic shell (CCM-A) of homopolymer
blocks of poly(sodium styrenesulfonate) and triphenylphosphine as core-ligands has
been reported [1,2]. The formation of these CCM-A requires fewer synthetic steps
compared to their CCM-C cationic counterparts, making them easier to prepare.
Moreover, another interest of CCM with a polyanionic outer shell is the limitation of
polymer particle interpenetration owing to the repulsion caused by Coulombic forces.
This phase separation in aqueous biphasic hydrogenation compared to the other
CCM-N and CCM-C systems. However, when using CCM-A as nanoreactor for Rh
catalyst confinement [1], an unexpected complication at the catalyst loading stage was
faced as the result of the polyanionic shell interaction with the Rh precursor, which
prevented effective catalyst loading. This issue led us to envisage an alternative route
to confine RhNPs in the core of CCM-A micelles by adjusting the nature of the core-

ligands to allow interaction with the RhNDPs.

In this chapter, the synthesis of the new TPPO@CCM-A polymer by RAFT
polymerization, and a RhNP-TPPO@CCM-A latex by introduction of ex-situ
synthesized RhINPs into the core using a previously optimized method are reported.
In contrast to earlier attempts, this method proved successful by overcoming the
challenges posed by the polyanionic nature of the shell. Additionally, the RhNP-
TPPO@CCM-A latex was also prepared by a one-pot synthesis approach by reducing
[Rh(COD)(u-Cl)]2/toluene directly in the presence of an aqueous TPPO@CCM-A latex
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without the need of auxiliary stabilizers or bases. Note that this chapter is related to

article No. 5 in the list of publications reported earlier.
VI.2. Polymer synthesis and characterization

The synthesis of the CCM with a TPPO-functionalized CCM-A core (TPPO@CCM-A)
followed the same convergent strategy previously optimized for the preparation of
the other CCMs [1,2] , with the a- and w-chain ends of the macromolecule provided
by the RAFT chain transfer agent CIPPA (Ro = -C(CHs)(CN)CH2CH2COOH). The
optimized synthetic route was reported and published previously using SDPP as core
monomer, while the use of SDPPO in RAFT polymerization for the synthesis of CCM-
Cs has been shown previously in Chapter III. The final latexes contain up to 14.4 wt%
of polymer and have low viscosity, as expected for suspensions of spherical micelles,

and proved stable over several months with no evidence of coagulation.

The synthesis of the TPPO@CCM-A was carried out by fixing the degrees of
polymerization to 140 for the outer hydrophilic P(SSNa*) shell and to 300 for the
polystyrene (PSt) core (Scheme VI.1). The fraction of SDPPO (a solid monomer) in the
St/SDPPO mixture is limited by the SDPPO solubility in styrene (ca. 25 mol%). CCMs
were initially developed by extending the Ro-(SSNa*)140-SC(S)SnPr macromolecules
with a short PSt block (50 monomer units), yielding an amphiphilic diblock
copolymer, which self-assembles (Step 2). Further chain extension of the Ro-(SSNa*)140-
b-Sts0-SC(S)SnPr macroRAFT agent with the St/SDPPO (90/10) mixture was performed
directly as an emulsion polymerization, ensuring full incorporation of the SDPPO
monomer in the CCM core, as confirmed by 'H NMR, and leading to Ro-(SSNa*)10-b-
Stso-b-(Stoo-co-SDPPOo0.1)300-SC(S)SnPr  (Step 3). The spherical micelles of the
amphiphilic diblock copolymer thus produced in step 4 had an average size of ca. 32
nm, as shown by DLS analysis (Figure VI.1a). The final crosslinking step was carried
out with DEGDMA (15 equiv. per chain), diluted with additional styrene (135 equiv.
per chain), leading to CCM-A of composition Ro-(SSNa*)io-b-Stso-b-(Stos-co-

166



| Chapter VI: RhNP-TPPO@CCM-A |

SDPPOo.1)s00-b-(Sto.s-co-DEGDMAo.1)150-SC(S)SnPr (Step 4), with a 10% crosslink density

in the inner crosslinked core.

Step 4 (0]
\>—’4 o )—<
00 N\

TPPO@CCM-A o

Scheme VI.1. Synthesis route of the TPPO@CCM-A polymer.

The final TPPO@CCM-A polymer particles had spherical morphology and a slightly
larger diameter (45 nm) than the intermediate micelles, as shown by DLS (Figure VI.1
b) and TEM (Figure VI.1 d) analyses, and narrower than their analogs synthesized in
the presence of SDDP [1]. After swelling with CHCls (Figure VI.1c), the distribution
was relatively unchanged. This phenomenon upon swelling can be attributed to the

dominant effect of micelles disaggregation rather than core swelling which would

167



| Chapter VI: RhNP-TPPO@CCM-A |

cause an increase in average size, similar to what was seen before with TPP@CCM-

A[1,2] as well as TPP@CCM-C [3] and TPPO@CCM-C (see Chapter III).
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Figure VI.1. DLS size distributions of (a) the diblock Ro-(SS-Na*)io-b-Stso-b-(Stos-co-
SDPPO0.1)300-SC(S)SnPr dispersed in NaClaq and of the aqueous dispersions of TPPO@CCM-
A (b) in NaClag), (c) after core swelling with CHCls. Color coding: number (blue), volume
(green) and intensity (red). d) TEM image of the TPPO@CCM-A.

VL.3. Synthesis and characterization of RhNPs-TPPO@CCM-A

The synthesis of RhNPs-TPPO@CCM-A systems was performed following two
different methods; 1) loading the TPPO@CCM-A latex with ex-situ synthesized RhNPs

in the presence of stabilizing ligands and, 2) direct synthesis of RhNPs in the presence

of TPPO@CCM-A, as described hereafter.

V1.3.1. Ex-situ synthesis of RENPs and transfer to TPPO@CCM-A

A colloidal suspension of RhNPs in toluene (ca 1.2 + 0.4 nm, see Chapter III) was

synthesized following a previously applied ex-situ protocol, where [Rh(COD)(u-Cl)]2

was reduced under H: pressure (20 bar) in the presence of pyridine and TPP as

stabilizing ligands. Toluene was used as solvent for the RhNP synthesis due to its high

swelling power for the polystyrene-based CCM-A core [4], and the pyridine/TPP
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ligand combination was chosen given our previous work on TPPO@CCM-C where it
showed to effectively stabilize RhNPs (see Chapter III). The addition of the RhNPs
colloidal suspension to the TPPO@CCM-A latex (P/Rh =4/1) led to a fast and complete
discoloration of the toluene phase, while the latex became grey. This indicated the
successful transfer of the RhNPs across the P(SS'Na*) hydrophilic shell of the CCM-A
particles and, attributed, to their anchoring to the TPPO core functions. TEM analysis
of the final RANP-TPPO@CCM-A confirmed that the RhNPs were located inside the
polymer particles, displaying a mean size of 2.1 + 0.1 nm (Figure VI.2). No other
characterization nor catalytic application were done on this system given the easiest

single step protocol further developed (VI.3.2 section).
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Figure VI.2. TEM images of RhNP-TPPO@CCM-A synthesized by RhNPs transfer and the
corresponding size distribution of RhNPs (dm =2.1 + 0.1 nm).

VI1.3.2. One-pot synthesis of RiNPs-TPPO@CCM-A

A stable latex of RANP-TPPO@CCM-A was also synthesized in a single step by heating
(60 °C) a biphasic mixture containing aqueous TPPO@CCM-A latex and a toluene
solution of [Rh(COD)(u-Cl)]2 under H: pressure (20 bar), without additives (base or
ligand). The obtained latex showed to be black while the toluene phase was colorless
and transparent, signaling successful formation and confinement of RhNPs in the core

of the CCMs. TEM analysis of the so-obtained RhNP-TPPO@CCM-A latex evidenced
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the presence of RhNPs in the polymer core that display a larger mean size of 3.1 + 0.6

nm compared to the polymer prepared in the two-step procedure (Figure VI.3).
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Figure VI3. TEM images of one-pot synthesized RhNP-TPPO@CCM-A and the
corresponding size distribution of RhNPs (dm = 3.1 + 0.6 nm).

VI1.3.2.1. Characterization of one-pot synthesized RiNPs-TPPO@CCM-A

The stability of the one-pot synthesized RhNP-TPPO@CCM-A was studied by TGA
performed under N: (Figure VI.4). The RhNP-TPPO@CCM-A polymer proved
thermally stable up to Taec = 254 °C (temperature of decomposition) that led to the
initial weight loss. A gradual weight loss was then observed, attributed to the
decomposition of the polymer chain with a 60 wt.% at 418 °C, evidencing the total
decomposition of the polymeric chains. Overall, the results obtained by TGA indicate
that the polymer is stable up to 200 °C, however beyond this temperature, it started to

decompose.

170



| Chapter VI: RhNP-TPPO@CCM-A |

100 0.05
—— RhNP-TPPO@CCM-A 04 —— RhNP-TPPO@CCM-A
80+ 40.00 504
& 60 {-0.05 ,_ & -100-
£ 33
@ 2 F -150-
S 404 {-010 ®
-200
20 4-0.15 250
a) b)
0 . T — -0.20 -300 . . r
200 400 600 200 400 600
Temperature (°C) Temperature °C

Figure VI.4. TGA (a) and DSC (b) profiles of RhNP-TPPO@CCM-A.

The interaction between the polymer and the RhNPs was analyzed by XPS analyses
performed on the two systems (Appendix D Figure D1-D3) that revealed a shift in
binding energy of TPPO in the presence of RhNPs in the core of the polymer, which
was particularly notable for the Ols excitation (AE = 2.6 eV (Scan A) and 4.6 eV (Scan
C)), further supporting the presence of RhNPs-polymer interactions in the RhNP-
TPPO@CCM-A latex (Table VI.1), in accordance with the results obtained in Chapter
Iv.

To further corroborate the interaction, ATR-FTIR spectra of TPPO@CCM-A and
RhNP-TPPO@CCM-A were compared to those of TPPO (Chapter IV). The strong P=O
stretching band of TPPO (1178 cm™) [5] was quite evident in TPPO@CCM-A, but less
intense and slightly blueshifted (~1181 cm™) in RhNP-TPPO@CCM-C (Figure VL5)
which is different from that found for RhANP-TPPO@CCM-C (Chapter IV) [6,7]. This
indicates that the RhNP-polymer interaction might be different from that of the CCM-
C. To elucidate this difference more detailed characterization is needed to probe the
interaction of RhNPs with other potential anchoring groups in the polymer, including

the polyanionic shell.
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Table VI.1. Binding energies (eV) of the chemical states of the C, S, O atoms in TPPO@CCM-
A and RhNP-TPPO@CCM-A.

Atom ]::izyg FWHM Art::inoic BmdllzrlllgN]i:ergy FWHM Art:t‘;‘oic AE
TPPOGCCM- (V) ¥ TPPOGCCM-A V) ' F (V)
A (eV) (eV)
C1Scan A 283.5 097 411 283.5 0.95 6.1 0
C1Scan B 284.7 127 916 284.7 15 695  0.05
C1Scan C 286 092 194 286 14 165 0
C 1.Scan D 286.7 072 175 287.2 1.11 21 052
C1Scan E 288.86 07 059 288.78 139 58 008
S2p Scan A 1683 15 8177 168.07 19 4113 023
S2p Scan B 169.6 094 1823 169.47 221 5887 0.3
P2 Scan A 132.43 128 6621 132.59 166 6638  0.16
P2 Scan B 133.29 122 3379 133.45 278 3362  0.16
O1 Scan A 530.8 193 80.16 533.4 189 1933 26
Ot Scan B 532.29 178 143 532.00 217 772 02
Ot Scan C 535.4 227 554 530.72 13 347 468

a AE = |Binding energy (TPPO@CCM-A) - binding energy (RhNP-TPPO@CCM-A)|.
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Figure VI.5. ATR-FTIR spectra of TPPO@CCM-A (red) and RhNP-TPPO@CCM-C (blue) in the
range of 700-2000 cm-.
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VI1.4. Hydrogenation catalysis with one-pot synthesized RhNPs-
TPPO@CCM-A

VI1.4.1. Styrene hydrogenation

The RhNP-TPPO@CCM-C latex prepared by transfer of ex-situ synthesized RhNPs in
the presence of TPP/pyridine previously showed to provide high activity in aqueous
biphasic styrene hydrogenation (see Chapter III). However, upon recycling process
involving intermediate product extraction by diethyl ether, the catalyst gradually lost
activity over consecutive catalytic runs explained by the removal of the initial
stabilizers from the RhNPs surface (as also described in Chapter III). Conversely, the
RhNP-TPPO@CCM-C latex prepared in one-pot synthesis condition without
additives, showed a good recyclability for up to six consecutive runs with unchanged

activity as described in Chapter IV.

The hydrogenation of styrene study with the one-pot synthesized RhNP-
TPPO@CCM-A latex was performed at a high stirring rate (1200 rpm) to limit external
mass transport limitation. The reaction was performed under 20 bar H: pressure for
0.25 h at a temperature range of 27-44 °C and using a St/Rh ratio of 2000/1 and 5000/1
(Table VI.2). The RhNPs-TPPO@CCM-A catalyst proved moderately active; a
conversion up to 39% at 44 °C for a St/Rh ratio of 2000/1 (Entry 3, Table VI.2),
corresponding to average TOF values up to 3080 h! (¢cTOF, values up to 7050 h).
However, a full selectivity (>99%) towards ethyl benzene (EB) was observed,
indicating that in the conditions applied this catalyst was not able to catalyze the
hydrogenation of the aromatic ring to provide ethyl cyclohexane (ECH). In the case of
St/Rh 2000/1 ratio, when the reaction time was prolonged, full styrene conversion
(>99%) was reached after 2 h at 25 °C, corresponding to a TOF of 1100 h-! (cTOF of 2500
h) still with full selectivity (>99%) towards EB (Figure VL.6).
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RhNPs-TPPO@CCM-A

Table VI.2: Hydrogenation of styrene with one-pot synthesized RhNPs-TPPO@CCM-A. .=

Ente o I\r/i‘::erh T Conversion Selectivity (%) TOF (cTOF)
y  styrem °C) (%) EB ECH (h)
ratio
1 2000/1 27 18 599 <01 1500 (3240)
2 2000/1 35 32 599 <01 2515 (5760)
3 2000/1 44 39 599 <0.1 3080 (7050)
4 5000/1 27 11 99 <01 2015 (4600)
5 5000/1 35 25 99 <01 4425 (10125)
6 5000/1 43 27 599 <01 4560 (10440)

2 Reaction conditions: 20 bar Hz, 0.25 h, 1200 rpm. EB: ethylbenzene, ECH : ethylcyclohexane.

The quantitative selectivity towards EB with both the RhNPs-TPPO@CCM-A and its
analogous RhNPs-TPPO@CCM-C (see Chapter IV), denotes this selectivity is
apparently independent of the size of the core-confined RhNPs (1.7 and 3.1 nm,
respectively) as well as the composition of the outer CCM shell (cationic or anionic)
and CCM sizes (98 and 44 nm, respectively). Nevertheless, as elucidated in Chapter I,
it is well-established that both the nature of the support and the RhNPs surface-bound
ligands can alter selectivity. Thus, it will be important to scrutinize the impact of

ligand surface coverage in forthcoming catalysis investigations.
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Figure VI.6. Time plot for the aqueous biphasic hydrogenation of styrene using one-pot
synthesized RhNPs-TPPO@CCM-A latex. Reaction conditions: Styrene/Rh =2000/1, 20 bar Hz,
25 °C.

The apparent activation energy (E.) of the reaction conducted with the RhNPs-
TPPO@CCM-A latex, at St/Rh ratios of 2000/1 and 5000/1, was further estimated via
Arrhenius plots (Figure VL.7). Focusing on the two lowest reaction temperatures for
the reaction with St/Rh ratio of 5000/1 (Table VI.2, Entries 4 and 5), the E. was
estimated as 57 + 0.3 kJ/mol. This value is significantly lower than for the analogous
reaction (69 + 6 kJ/mol) conducted with RhNP-TPPO@CCM-C (see Chapter IV), thus
pointing to more severe internal mass transport limitation with the RhNP-
TPPO@CCM-C catalytic system. Conversely, the E. was estimated to be 71 + 0.4 k]/mol
for the reaction with a St/Rh ratio of 2000/1 (Table VI.2, Entries 1 and 2), which is
notably consistent with the values previously reported for styrene hydrogenation in
the gas phase [8] and the reaction with RhNP-TPPO@CCM-C under aqueous biphasic
conditions using a St/Rh ratio of 5000/1. Hence, it is likely that part of limitation in the
reaction conducted with St/Rh ratio of 5000/1 arises from the use of a significantly
higher volume of substrate (St/latex volume ratio ca. 2), compared to the reaction
performed with a St/Rh ratio of only 2000/1. Moreover, when considering the two
highest sets of reaction temperatures (Table V1.2, Entries 2 and 3, Entries 5 and 6), the
corresponding Ea values tend toward 0 and 2.4 kJ/mol, respectively. These low values

reflect that the catalytic activities (i.e., cTOFs) were almost the same at different
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temperatures (35 — 44 °C), thus corroborating increased mass transport restriction [9-
11] at higher reaction temperatures as also found with the RhNP-TPPO@CCM-C
system (see Chapter IV). It is important to mention that these preliminary findings
should be reinforced by catalytic activity measurements performed at more

temperatures to further validate the estimated E. values.

10.0
@ 5000/1 @ 2000/1
9.5-
E.=2.4% 0.3 kl/mol
o @ — —
O @ <.
5 9.0 P
< QN
\\/ \o/
8.5 - \<“@, \o
\‘0/
0 o

0.0030 0.0031 0.0032 0.0033 0.0034
1/T (KY)

Figure VL7. Apparent activation energy of the hydrogenation of styrene using one-pot
synthesized RhNPs-TPPO@CCM-A latex. Reaction conditions: Styrene/Rh = 2000/1 (red) and
5000/1 (blue), 20 bar Hz, 0.25 h, 1200 rpm.

Recycling of the RhHNP-TPPO@CCM-A latex was also evaluated for a series of catalytic
runs with a St/Rh ratio of 2000/1 (20 bar Hz, 25 °C, 0.25 h) with intermediate product
extraction by diethyl ether (Figure VL8). This extraction procedure is similar as was
applied to recycle the RhNP-TPP@CCM-C and RhNP-TPPO@CCM-C latexes [3,12] as
well as the latex of the molecular Rh!-TPP@CCM [3,12]. A constant styrene conversion
of ca. 18%, corresponding to an average TOF of ~1500 h' (cTOF of 3240 h'), was
obtained over the five reaction runs, but only when the catalyst system was reactivated
with Hz (20 bar, 1 h, 25 °C) prior to addition of a new batch of substrate. The ICP-MS
analyses showed only a cumulative loss of ~1.9% of the catalyst inventory after the
five catalytic runs (Appendix D, Table D1). Although the system showed good

recyclability and selectivity towards EB, it showed a much lower ¢cTOF (6500 h')
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compared to the previously examined RhNP-TPPO@CCM-C system (Chapter IV).
This disparity in average cTOFs of about 100% for the two systems with the different
CCM shells confirms that the activity of the RhNP-TPPO@CCM-A catalyst is limited

to a greater extent by mass transport of the substrate/product between the CCM core

and the organic bulk phase [9].
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Figure VI1.8. Reuse of one-pot synthesized RhNPs-TPPO@CCM-A catalyst in six reaction runs
of styrene hydrogenation with intermediate Hz treatment (20 bar Hz, 25 °C, 1 h) and product
extraction by diethyl ether. Reaction conditions: Styrene/Rh = 2000/1, 20 bar H», 25 °C, 0.25 h.

Furthermore, TEM analysis on the recovered latex after the fifth run (Figure V1.9),
showed that the RhNPs remained well dispersed with the similar mean diameter of
(3.1 £ 0.6 nm) as prior to catalysis, but with a broader size distribution, that might

result from the presence of some agglomeration due to the intermediate washing with

diethylether.
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Figure VI.9. TEM images of one-pot synthesized RhNP-TPPO@CCM-A after the fifth reaction
run and the corresponding size distribution of RhNPs (dm = 3.1 + 0.6 nm).

V1.4.2. Acetophenone hydrogenation

In a previous study, the RANP-TPP@CCM-C catalyst was shown to perform poorly in
aqueous biphasic hydrogenation of acetophenone (TOF of 0.5 h'! with 20 bar H>, 25 °C
over 20 h) in comparison to styrene [12]. This was attributed to severe mass transport
limitation for acetophenone substrate, which was interpreted as resulting from a
possible interaction of the carbonyl group with the polycationic shell of the CCM-C.
Recently, however, the hydrogenation of acetophenone was successively conducted
using RhNPs-TPPO@CCM-C with an average cTOF of 3000 h! vs 6500 h! for styrene
hydrogenation under similar reaction conditions as for styrene hydrogenation
(Chapter IV). To further explore the possible effect of the outer CCM shell on the
acetophenone mass transport, a series of hydrogenation reaction were conducted at
different temperatures to compare the performance of one-pot synthesized RhINP-

TPPO@CCM-C and RhNPs-TPPO@CCM-A catalyst with acetophenone (Scheme VI1.2).
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Scheme VI.2. Products resulting from the hydrogenation of acetophenone catalyzed by
RhNP-TPPO@CCMs.

Interestingly, the hydrogenation of acetophenone using RhNPs-TPPO@CCM-C
proceeded with higher average cTOFs of 3000 and 3880 h' at temperatures of 25 and
60 °C, respectively (Table VI.3, Entries 1 and 2), compared to that with the RhNPs-
TPPO@CCM-A which led to average cTOFs of 2240 and 3110 h! (Table V1.2, Entries 3
and 4) under the same conditions (acetophenone/Rh =5000/1, 20 bar Hz, 2 h, 1200 rpm).
This suggests that the smaller size of the CCM-A micelles and different shell structure
compared to that of CCM-C, induced additional limitation for the transport of
acetophenone towards the RhNPs sites, leading to lower overall reaction rates and
lower conversion efficiencies. Hence, the disparity in activity does not necessarily
imply that the interaction between the carbonyl group and the polycationic or
polyanionic shell is different. To further elucidate that, a series of FTIR analyses is

envisaged, to probe the interaction of the carbonyl function with the polycharged

shells.
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Table VI.3. Aqueous biphasic hydrogenation of acetophenone with one-pot synthesized
RhNP-TPPO@CCM-C and RhNPs-TPPO@CCM-A?

Entry Catalyst (o"l(":) C((())/rol)v. Selectivity (%) TOF( }(lc-;l)"OF)
PE CM CE
1 RhNP-TPPO@CCM-C 25 86 >99  <0.1 <0.1 2120 (3000)
2 RhNP-TPPO@CCM-C 60 >99 >99  <0.1 <0.1 2600 (3880)
3 RhNP-TPPO@CCM-A 25 45 >99 <01 <0.1 979 (2240)
4 RhNP-TPPO@CCM-A 60 60 >99 <0.1 <0.1 2045 (3110)

aReaction conditions: Acetophenone/Rh = 5000/1, 20 bar Hz, 2 h, 1200 rpm.

Another important factor that may also contribute to the disparity of the results is the
confinement effect caused by the differing chemical compositions and physical
properties of the two types of nanoreactors (vide supra) (Chapter IV). Such effect can
alter the local concentration of reactants inside the CCMs and influence the nucleation
rates of RhNPs, leading to different NP sizes ( ¢f. Figure V1.3, dm = 3.1 nm + 0.6 nm,
with Figure IV.1.a, dm=1.7 + 0.2 nm) and size distributions, as well as the accessibility

of active sites for catalysis within the nanoreactors.
VL5. Summary and Outlook

Novel CCMs with a polyanionic shell and TPPO-functionalized core (TPPO@CCM-A)
were synthesized by RAFT polymerization. Nano-sized RhNPs synthesized by an ex-
situ protocol using a previously optimized method were then successfully introduced
into the TPPO@CCM-A. Remarkably, a one-pot synthesis approach also yielded a
RhNP-TPPO@CCM-A latex by reducing [Rh(COD)(u-Cl)]>/toluene without requiring
auxiliary stabilizers or bases, thus providing an easiest synthesis method. This catalyst
proved efficient and recyclable in the aqueous biphasic hydrogenation of both styrene
and acetophenone, but yielded a lower activity compared to its CCM-C counterpart,
primarily due to internal mass transfer limitations. Addressing the disparities in
results caused by confinement effects may require in-depth kinetic and mechanistic
studies. Understanding the factors contributing to the results is key to tailoring the
CCM polymeric systems and optimizing their catalytic performance, and such
investigations will be a focal point of future work.
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Chapter VII: Synthesis and characterization of nickel
nanoparticles and their application in catalysis

VII.1. Introduction

The hydrogenation of alkynes to produce (E)- or (Z)-alkenes holds significant
importance in the field of fine chemistry and for the polymerization industry [1]. One
particular interest involves the elimination of phenylacetylene from styrene
feedstocks, as it is relevant to industrial practices and scientific research [2]. The
industrial significance stems from the polymerization of styrene, which requires pure
feedstocks to maintain the performance of the catalyst. Typical catalysts employed for
the hydrogenation of alkynes are supported by Pd-based and Pt-based systems. The
catalysts often rely on the use of toxic lead salts as inhibitors [3]. The catalyst
performance depends on several factors, such as the interactions between the active
metal nanoparticles and their environment, which can be governed through alloys [4],
additives [5], and metal supports [6], ultimately affecting the reaction's outcome. One
widely utilized industrial catalyst is Lindlar's catalyst Pd/CaCOs (doped with
Pb(OAc): [5,7], or modified with lead acetate and quinoline). This catalyst, established
in 1952, is a benchmark for alkyne hydrogenations. Recent research, employing
Density Functional Theory (DFT) [4], has shown that adding lead (Pb) as a secondary
metal to Pd not only prevents the formation of overly reactive hydride phases but also
obstructs alkene adsorption, preventing overhydrogenation. Furthermore, the
inclusion of quinoline improves selectivity by enhancing site separation and inhibiting
the formation of unwanted oligomers [5]. Additionally, the properties of the support
material, as in the case of supported Pt/y-ALO:s [6], can also influence the catalytic
performance. For instance, factors like texture, pore size, and crystal phase can impact
reactant diffusion and adsorption. The former catalyst demonstrates good selectivity

in the semi-hydrogenation of internal alkynes but lacks selectivity with
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monosubstituted alkynes and may partially isomerize (Z)-alkenes into (E)-alkenes [8].
In addition to the cost of Pd and Pt, the limited catalyst reuse and robustness, catalyst
passivation — which is mainly caused by the presence of toxic leads/salts — and the
need for the addition of an amine modifier are the main drawbacks of this catalytic
system [9]. The development of efficient, chemoselective, and eco-friendly catalysts,
namely that contain earth-abundant and low-cost metals while being recyclable, is
challenging, especially for industrial and big-scale applications. Well-defined NiNPs
proved successful in the selective hydrogenation of alkynes into alkenes with better
catalytic activity than conventional heterogeneous catalysts, because of their higher
active surface areas [1,10]. These properties have garnered significant attention as
attractive substitutes in the field of alkyne hydrogenation [1,10-15]. In addition to that,
NiNPs present several advantages such as high reactivity and selectivity, but also,
based on their magnetic properties, the ability to be easily separated from the reaction
medium through magnetic precipitation in the presence of an external magnet. This
enables them to be recovered and reused, thus fulfilling the eco-friendly character of
recyclability. Magnetic recovery is well recognized as an efficient and speedy

technique for catalyst separation [16,17].

It is well known in the literature, and this has been already mentioned in all the
previous chapters, that the characteristics and catalytic properties of metal
nanoparticles can be tuned by the use of suitable stabilizers. Stabilizing agents can be
ligands, surface active agents, solid supports, polymers including polymeric core
crosslinked micelles (CCMs), efc. The latter systems can provide stability, solubility,
and recyclability of the MNPs [10]. As part of my PhD project, an industrial
secondment was performed at IFPEN (Institut Francais du Pétrole, Energies
Nouvelles) in Solaize, France. To this end, the use of NiNPs, confined in core cross-
linked micelles was considered for the selective hydrogenation of alkynes. This project

was based on the potential use of nickel to decrease the use of noble metals and the
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cost of the catalyst for industrial applications, in combination with the advantages of

biphasic catalysis conditions as offered by the CCMs systems.

In the present chapter, the synthesis of nickel nanoparticles (NiNPs) stabilized with P-
and N-based ligands as well as the one-pot synthesis of NiNP-TPPO@CCM-A latex
that contains confined NiNPs are reported. The application of the colloidal suspension
of NiNPs in the hydrogenation of alkynes will also be described. The initial plan was
to test the NiNPs embedded in the CCM-A polymer micelles for aqueous biphasic
hydrogenation of alkynes and to study the recovery of the catalyst. However, due to
the size of the reactors used for the catalytic hydrogenation experiments that needed
alarge scale-up of the synthesis of the CCM-A polymer and of the NiNP-TPPO@CCM-
A latex, the catalyses were performed using only the unconfined NiNPs. Note that this
chapter is derived from the draft of article No. 6 in the list of publications, reported

earlier.
VII.2. NiNPs synthesis and characterization

The first NiNPs synthesis was carried out by following the high-temperature

procedure using [Ni(acac):] as a precursor reported by Carenco et al. [18].

[Ni(acac)z] (Path 1) or [Ni(COD):] (Path 2) were used as precursors in the presence of
oleylamine (N-ligand) and tri-n-octylphosphine (P-ligand) as stabilizers (Ni/N/P =
1/22/1) (Scheme VIL.1). The reaction mixture was heated up to 215 °C for 2 h, without
hydrogen (See Chapter II, Section I1.10.1). After the set reaction time, samples were

withdrawn for TEM analyses.
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Scheme VIIL.1. Synthesis of NiNPs from [Ni(acac)z] (Path 1) or [Ni(COD)z] (Path 2) in the
presence of oleylamine and tri-n-octylphosphine as stabilizers

Under these synthesis conditions, using [Ni(acac):] as precursor led to the formation
of NiNPs with a mean diameter of 11.3 + 2.3 nm while [Ni(COD):] provided
nanoparticles with a lower mean diameter (3.4 + 0.3 nm) and a narrower size
distribution (Figure VIL.1). Since the temperature, the supersaturation of solutions, the
molar volumes, and the stabilizers were identical and only the nickel precursor
differed for the two syntheses protocols of NiNPs, one can speculate that the NP
growth mechanism was not identical due to the nature of the precursor. Two
limitation factors can be considered: either the diffusion of the two precursor
monomers to the growing NP surface was not identical, or the reaction of these
monomers on the NP surface did not follow the same kinetics [19]. However, this
alone cannot explain the large difference observed in the NP size. The mechanism of
growth is caused by the change in solubility of the NPs depending on their size. Above
a certain critical radius, the particles will form and grow whereas below this radius
the particles will redissolve. Indeed, due to the high solubility and the surface energy
of smaller particles within the solution, this can lead to their redissolution and in turn,
allow the larger particles to grow even more. This phenomenon is referred to as the
Ostwald ripening [20] and might explain the formation of large NiNPs under the
reaction conditions of Path 1. Contrarily, digestive ripening [19] which is actually the
inverse of Ostwald ripening where smaller particles grow at the expense of larger ones

could explain the formation of the smaller NiNPs observed when applying the Path 2
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reaction conditions. In the case of inverse Ostwald ripening, the NP formation is also
controlled by the surface energy of the particles within the solution but it is the larger
particles that redissolve in favor of the growth of smaller particles. In addition, the
generation of NiNPs by decomposition of the Ni(0) complex [Ni(COD):] might be
more thermodynamically favored than that from [Ni(acac):], which requires the
reduction of Ni(II) to Ni(0), which takes place in the presence of amine. This could also
explain the formation of smaller and better-sized-controlled (narrower size

distribution) Ni NPs when starting from [Ni(COD):] compared to [Ni(acac):].
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Figure VIL1. TEM images and corresponding size distribution histograms of NiNPs obtained
by Path 1 (dm=11.3 + 2.3 nm) and Path 2 (dm= 3.4 + 0.3 nm). Reaction conditions: 215 °C, 2 h,
P =1 atm, 1200 rpm.

The influence of different stabilizing ligands and reaction conditions on the formed
NiNPs was subsequently studied. Concerning the stabilizing ligands, those
previously wused to ex-situ synthesize RhNPs, namely pyridine and
triphenylphosphine (TPP) (see Chapter III), were considered with the aim to explore
their capacity to also stabilize NiNPs. [Ni(acac):] was chosen as the precursor for this

study, due to its solubility in both toluene and H2O, which renders it important for
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further applications in CCMs. The reaction was performed either in neat pyridine or
in the presence of toluene as diluting solvent using a Ni/N/TPP molar ratio of 1/22/1
(Scheme VII.2), which was also applied for the synthesis of RhNPs. After 20 h of
reaction under 20 bar of Hz at 110 °C (temperature limited by the boiling point of
pyridine), the NiNPs synthesized in neat pyridine displayed an average size of dm=
2.8 £ 0.2 nm and a narrow size distribution. Conversely, when the reaction was
conducted in the presence of toluene, the formed NiNPs presented an average
diameter of dm = 7.4 + 4.0 nm and a broader size distribution (Figure VIL.2). The
observed difference in size may be linked to the dilution of the Ni species in the
medium with toluene compared to the synthesis in neat pyridine. In principle, diluted
conditions are expected to favor the formation of smaller NPs as the concentration of
metal atoms is lower, thus limiting their attraction, but this is not the case here.
Ostwald ripening is another hypothesis that is favored in the case of a broad-size
distribution. It could also be an effect of dilution of the stabilizing ligands that would
tend to decrease their adsorption at the growing NP surface in the presence of toluene
compared to neat pyridine conditions. This would limit the NP growth, thus leading

to larger particles.
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Scheme VIIL.2. Synthesis of NiNPs from [Ni(acac):] in the presence of pyridine and
triphenylphosphine in a) neat pyridine (Ni/N/TPP =1/22/1) and b) toluene (Ni/N/TPP =1/1/1).
Reaction conditions: Hz (20 bar), 20 h, 110 °C, 1200 rpm.
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Figure VII.2. TEM images and corresponding size distribution histograms of NiNPs prepared
in a) neat pyridine (Ni/N/TPP = 1/22/1) with dm= 2.8 + 0.1 nm and b) toluene (Ni/N/TPP =
1/1/1) with dm=7.4 £ 4.0 nm.

As mentioned in Chapter II (section I1.1.5.), the size of the reactors used at IFPEN for
catalytic studies imposed the use of a larger reaction volume for an optimized
mechanical stirring. Although the presence of toluene had provided NiNPs with a
higher average diameter and a broader size distribution, as indicated above, the
syntheses of NiNPs performed at IFPEN were first conducted using 22 equivalents of
pyridine diluted in 10 mL of cyclohexane. However, under these conditions, no
formation of NPs was observed. A set of experiments were then conducted with the
[Ni(acac):2] and [Ni(COD):] complexes for comparison purposes. When using only TPP
as a stabilizing ligand, diluted in 10 mL of cyclohexane (Ni/TPP = 1/1), the formation
of NiNPs with an average diameter of 5.7 + 1.9 nm (Table VIIL.1 Entry 1) and 3.8 + 0.7
nm (Table VIL.1 Entry 2) was observed for [Ni(acac):] and [Ni(COD):], respectively.
However, when the synthesis was carried out without solvent(Ni/TPP/Pyridine =

1/1/121) (the amount of pyridine was governed by the size of the reactor used, see
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Experimental Section), the resulting NiNPs had an average diameter of 2.8 + 0.2 nm
when [Ni(acac):] was used as precursor and 1.6 + 0.7 nm with [Ni(COD):] as precursor
(Table VIL1, Entries 3 and 4) (Appendix E, Figure E1). Hence, as previously observed,
the [Ni(COD):] precursor led to smaller NiNPs than the [Ni(acac):2] complex.

Table VIIL.1. Synthesis of NiNPs2.

Entry Precursor Ni /TI;’/II;)/Erratio Condition = NiNPs average size diameter (nm)
1 [Ni(acac)2] 1/1/0 Cyclohexane 57+1.9
2 [Ni(COD):] 1/1/0 Cyclohexane 3.8+0.7
3 [Ni(acac)] 1/1/121 Neat 28+0.2
4 [Ni(COD).] 1/1/121 Neat 1.6+0.7

aReaction Conditions: 20 bar Hz, 110 °C, 1200 rpm, 20 h.

An additional experiment was conducted to investigate the effect of washing on the
NiNP size. To achieve this, NiNPs synthesized from [Ni(COD):] under neat conditions
(Table VIL1, Entry 4) were washed 4 times with cyclohexane. As a result, the washed
nanoparticles displayed an important increase in the average size, yielding a mean
diameter of dm=4.9 + 1.3 nm (Appendix E, Figure E2) against a dm =1.6 £ 0.7 nm when
no washing was performed (an increase of ca. 3.3 nm). This difference in size can be
explained by the elimination of the stabilizing ligands that dissolved in cyclohexane
during the washing treatment. Such a ligand elimination may have led to a decrease
in stabilization followed by agglomeration or even coalescence of the initial
nanoparticles into larger ones. After this result, no further variation of synthesis
conditions was done and the retained conditions to prepare NiNPs for application in
the semi-hydrogenation of alkynes were those of Entry 4 in Table VIL.1, namely
[Ni(COD):], neat conditions, 20 bar Hz, 110 °C, 1200 rpm, 20 h, and no washing with

cyclohexane.

190



| Chapter VII : Ni Nanoparticles |

VIIL.3. Semi-hydrogenation of 3-hexyne with NiNPs

It is important to note that in all the catalytic experiments performed, a volume of 10
mL of cyclohexane was used, as imposed by the size of the reactors. Using the NiNPs
synthesized by the procedure described in Table VII.1, Entry 4 (average diameter of
ca. 1.6 nm) as catalyst, a first series of runs for the hydrogenation of 3-hexyne (3-
hexyne/Ni ratio = 33/1) were carried out with different reaction times at 60 °C, 20 bar
of Hz and a stirring rate of 1200 rpm to limit external mass transfer (Figure VI1.3). A
complete conversion of 3-hexyne was reached after 10 h of reaction corresponding to
an average TOF of 3 h' (cTOF 4.8 h'). However, an induction period of 2 h was
observed from the time plot. As the NiNPs were synthesized with a large excess of
stabilizing ligands (Ni/TPP/Pyridine = 1/1/121), it can be expected that the surface of
the NPs would be more accessible when these ligands are displaced by the substrate
to be transformed. The time needed for ligand displacement and substrate adsorption
may explain the induction period that is observed from the kinetic experiment.
Concerning the selectivity obtained, it was found to be quantitative for (Z)-hex-3-ene,
whatever the reaction time. These results clearly indicate that 3-hexyne did not

undergo any further hydrogenation to hexane or isomerization to (E)-hex-3-ene.
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Figure VIL.3. Time plot for the hydrogenation of 3-hexyne using the colloidal suspension of

NiNPs synthesized in neat conditions (Ni/TPP/Pyridine = 1/1/121). Reaction conditions: 3-
hexyne/Ni = 33/1, 20 bar H>, 60 °C.

Although the selectivities toward (Z)-hex-3-ene were remarkable, the low TOF and
cTOFs (respectively 3 and 4.8 h') constitute a major drawback. One explanation for
the slow conversion could be the dilution factor due to the addition of cyclohexane,
which may have affected the reaction kinetics. To check the effect of dilution, a series
of experiments was carried out by increasing the substrate/Ni ratio, namely using a 3-
hexyne/Ni ratio of 100 and 200 in comparison to 33, while keeping the same catalytic
conditions (20 bar Hz, 60 °C, 1200 rpm, 5 h). This provided a series of cTOFs of 4.8 h’,
10.5 h' and 45 h' with 3-hexyne/Ni ratios of 33, 100 and 200, respectively, with a total
selectivity towards (Z)-alkene in all reactions. Thus, whereas not changing the
selectivity of the reaction, the increase of the 3-hexyne/Ni ratio allowed to reach better
conversions, thus confirming the role of the substrate in the performance of the NiNPs.
A higher substrate concentration may favor the displacement of the stabilizing ligands
(pyridine and TPP) from the metal surface, thus increasing the NP surface reactivity

for the hydrogenation of the 3-hexyne.

Regarding the total selectivity observed for the semi-hydrogenation of 3-hexyne to
(Z)-hex-3-ene, a control experiment was performed using the latter compound as

substrate under the same catalytic conditions (20 bar Hz, 60 °C, 1200 rpm, 22 h,
192



| Chapter VII : Ni Nanoparticles |

substrate/Ni = 33). Remarkably, no conversion to the corresponding alkane was
observed, thus confirming the total selectivity of the catalyst for the semi-
hydrogenation of 3-hexyne into (Z)-hex-3-ene only. This performance can be
corroborated by the inability of (Z)-hex-3-ene, which is less nucleophilic than 3-
hexyne, to interact with the NiNPs surface, which likely also explains why the

consecutive reduction of (Z)-hex-3-ene did not occur (Appendix E, Figure E3).
VI.4. One-pot synthesis of NiNP-TPPO@CCM-A latex

Following a one-step process, NiNPs could be synthesized within a stable
TPPO@CCM-A latex. The synthesis process consisted of heating a biphasic mixture of
an aqueous TPPO@CCM-A latex and a toluene solution of [Ni(COD):] under H:
pressure (20 bar) for 20 h, without adding an auxiliary stabilizing agent or base
additive, in accordance to Chapters IV and VI. It is important to clarify that, unlike
what was mentioned earlier when [Ni(acac):] was used for further research because it
is soluble in toluene and water, we opted for the [Ni(COD):] as NiNP precursor. This
choice was driven by two main reasons. First, a desire to minimize the release of
potential stabilizing molecules for the particles (namely acacH). Second, as
demonstrated in previous research with the one-pot synthesis of RhANP-TPPO@CCM-
C and RhNP-TPPO@CCM-A, it is possible to generate metal nanoparticles without the
need for an additional step, namely, the transfer to the core then the reduction of the
metal precursor. After stopping the stirring of the reaction mixture, it spontaneously
phase-separated into a black latex and a colorless, transparent toluene phase. This
result suggested that the confinement of the NiNPs in the TPPO@CCM-A core was
successful, which was confirmed by the TEM analysis (Figure VII.4). Indeed, TEM
images revealed the presence of small-sized NiNPs (dm = 2.8 + 0.3 nm) with a narrow

size distribution inside the polymer matrix.
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Figure VII.4. TEM images of the one-pot-synthesized NiNP-TPPO@CCM-A and the
corresponding size distribution of NiNPs (dm =2.8 + 0.3 nm).

The small size and narrow size distribution of the NiNPs formed from the base-free
one-pot procedure may result from a more efficient stabilization in the polymer, due
to the combined interaction with the oxygen lone pairs of TPPO and the mt-electrons
of the phenyl groups in the styrene monomers [21]. Even though a confinement effect
may also improve the nucleation rate, leading to a greater number of NPs and a
consequent decrease in their average size, it is more likely that the nucleation occurred
within the CCM-A. Note that such confinement in the polymer cores was already
reached in the case of RhNPs (see previous Chapters IV and VI and studies [22-30]).
Unfortunately, during the IFPEN secondment, it was not possible to test the catalytic
performance of the NiNP-TPPO@CCM-A latex for the hydrogenation of 3-hexyne in

comparison to ligand-stabilized NiNPs.

VIL5. Summary and Outlook

This chapter has outlined the synthesis of NiNPs with different stabilizers (TOP,
oleylamine, TPP, pyridine and TPPO@CCM-A) and has explored how these ligands
may influence the size and size dispersion of the obtained nanoparticles. The NiNPs
stabilized using TPP and pyridine were evaluated as catalysts for the hydrogenation

of 3-hexyne. While the NPs exhibited low performance in terms of cTOFs, the system
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exhibited a total selectivity for the thermodynamically less stable (Z)-hex-3-ene in the

semi-hydrogenation of 3-hexyne.

Furthermore, a one-pot synthesis has allowed the preparation of a NiNP-
TPPO@CCM-A latex, following a previously optimized procedure for RhNPs, that has
the advantage of not requiring additional stabilizers. The reported preliminary results
highlight the potential of this newly developed one-pot synthesis approach to
generate MNPs in the cores of polymeric micelles. Also, a variety of metal complexes
may be utilized to tailor the application of diverse metal-containing CCM-A
nanoreactors in catalysis. This could help to overcome a previously observed
challenge involving the interaction between complexes and the polyanionic shell of

CCMs.

Overall, the results presented in this chapter are encouraging, considering that the
performance and specificity of the supported Ni catalysts are significantly affected by
various factors [31,32]. These factors include the quantity of Ni metal loaded [33], the
size of the dispersed Ni metal particles [21,34], the interactions between the metal and
the CCM polymer, as well as the composition of the CCM [35-38]. It is crucial to
comprehend the role of all these elements to tailor the synthesis of encapsulated
NiNPs using CCMs to fine-tune the reactivity, activity, and selectivity of these
nanoreactors. In addition to that, this study has paved the way for new perspectives
in the catalytic application of CCM-A nanoreactors, and an evaluation of the catalytic
performance of the NiNP-TPPO@CCM-A latex for the hydrogenation of 3-hexyne, in
comparison to ligand-stabilized NiNPs, would certainly be warranted. In future work,
the extension of the synthesis protocol to the formation of CCM-C nanoreactors with

other d-block metals could further expand the scope of the work.
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Chapter VIII: Conclusions and Perspectives

The aim of this PhD project was to develop new methods for efficient confinement of
metal nanoparticles (MNPs) in polymeric core-crosslinked micelle (CCM)
nanoreactors, with both cationic and anionic shells, for application of the resulting
MNP@CCMs latexes in aqueous biphasic hydrogenation. To this end, novel core-
crosslinked micelles functionalized with triphenylphosphine oxide and a polycationic
shell were developed by extension of a previously optimized RAFT polymerization

approach.

The first attempt to produce RhNP-TPPO@CCM-C consisted in loading the
TPPO@CCM-C micelles with [Rh(COD)(u-Cl)]2, in order to generate a core-anchored
[RhCl(COD)(TPPO@CCM-C)] complex that could be reduced to RhNPs by Ho,
following the same procedure as previously developed to get RhNPs embedded in
TPP@CCM-C. This proved unsuccessful, indicating that the formation of a Rh'-
TPPO@CCM-C complex by cleavage of the di-u-Cl-bridge moiety in [Rh(COD)(u-Cl)]2
was not favorable in the polymer core under the applied conditions. Given that, an
alternative strategy involving ex-situ synthesis of RhNPs using TPP and pyridine as
stabilizers, affording ultrasmall RhNPs, and their subsequent transfer to the
TPPO@CCM-C nanoreactors was envisaged. This strategy allowed the successful
transfer of the RhINPs to the TPPO-functionalized cores. Although the resulting RhNP-
TPPO@CCM-C latex proved effective in the aqueous biphasic hydrogenation of
styrene, with only 2% of catalyst leaching, a gradual extraction of the TPP and
pyridine ligands used for the ex-situ RhNPs synthesis during the work-up between
recycles, induced a steady decrease of the catalytic activity. Nevertheless, a stable
catalyst phase was obtained after preliminary extensive washing and an initial
reaction run, yielding a TOF of ~1025 h! (cTOF ~1440 h'), over several recycles.

To improve the system, a new approach has been developed consisting of a one-pot

synthesis of RhNP-TPPO@CCM-C catalyst, which does not require the use of
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additional stabilizers. The produced RhNPs were smaller in size (1.7+ 0.2 nm) than
their analogs synthesized under similar conditions in the presence of only TPPO as
stabilizer (2.4 + 0.2 nm). This difference underlines the positive confinement effect on
the RhNPs size, which leads to smaller NPs. The new catalyst demonstrated very good
catalytic activity (cTOFs of 4500-16000 h') and full selectivity in the hydrogenation of
neat styrene to ethylbenzene under mild conditions (20 bar Hz, 25-55 °C). The catalyst
was also applicable for the hydrogenation of other unsaturated substrates under
similar reaction conditions, including alkynes and carbonyl compounds, making the
RhNP-TPPO@CCM-C latex highly attractive for aqueous biphasic catalysis including
catalyst recycling. The overall obtained catalytic results with RhNP-TPPO@CCM-C
showed that the nature of the core-functional ligands of the polymer micelles is a key
parameter to improving the stability and the recycling of the catalytic latex.

Inspired by the effectiveness of the RhNPs synthesis in the presence of pyridine and
TPP, polymerizable analogs of these stabilizers (vinylpyridine or VP and
styryldiphenylphosphine or SDPP) were hereafter used to prepare a modified CCM-
C, where both stabilizers were covalently bound to the core leading to well-dispersed
CCMs with a narrow size distribution. The use of the mentioned combination of
ligands proved efficient in the generation of nanoreactors with a core-anchored
molecular catalyst, Rh-VP-SDPP@CCM-C, which demonstrated good catalytic
activity in the hydrogenation of 1-octene. However, this Rh-VP-TPP@CCM-C latex
could not be used as a precursor for the generation of core-anchored RhNPs under the
operating conditions that have been so far been explored. Therefore, further
investigations on the generation of RhNPs in the core of the developed VP-
SDPP@CCM-C, and other d-block metals are envisaged as future work. In addition,
the synthesis of new CCMs with VP and SDPP oxide ligands bonded within the core
could be targeted as a new generation of nanoreactors for the confinement of RhINPs,
as TPPO proved very efficient in overcoming the problem of RhNPs extraction by

diethyl ether upon catalyst recycling.
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On the other hand, previously developed CCMs with a polyanionic shell (CCM-A)
and TPP ligands have proven synthetically less demanding, as the formation of this
polymer system required fewer synthetic steps compared to its cationic counterparts
thus making it easier to prepare than the previous CCM generations. However, when
the CCM-A were used as nanoreactors for Rh! catalyst confinement, an unexpected
complication at the catalyst loading stage was encountered owing to a possible
interaction of the polyanionic shell with the Rh precursor, which prevented effective
catalyst loading. Since TPPO proved efficient in anchoring RhNPs and resisted diethyl
ether extraction (vide supra), novel CCM-A with TPPO-functionalization has been
developed by RAFT polymerization. Subsequently, nano-sized and well-dispersed
RhNPs were synthesized by an ex-situ protocol using the previously optimized
method and introduced successfully into the TPPO@CCM-A. Additionally, a one-pot
synthesis approach was also found to yield a RhNPs-TPPO@CCM-A latex by reducing
[Rh(COD)(u-Cl)Jo/toluene without the need for auxiliary stabilizers or bases. This
catalyst proved efficient and recyclable in the aqueous biphasic hydrogenation of both
styrene and acetophenone, with total selectivity towards ethylbenzene and
phenylethanol, respectively, but lower activity compared to its CCM-C counterparts
primarily due to significant internal mass transfer limitations. To mitigate these
limitations various strategies may be employed, including increasing the Rh loading
to enhance the availability of active sites, thus improving reaction rates and overall
reactor performance. The complete selectivity towards EB with both the RhNP-
TPPO@CCM-A and the analogous RhNP-TPPO@CCM-C denotes selectivity to be
apparently independent of both the sizes of the embedded RhNPs (within the size
range 1.7 - 3.1 nm) as well as the composition of the outer CCM shells and CCM sizes.
It will be important to scrutinize the impact of the RhNPs surface coverage by ligand
in forthcoming investigations.

During this PhD project, an industrial secondment was also performed at IFPEN
(Institut Frangais du Pétrole, Energies Nouvelles) in Solaize, France. To this end, the use
of NiNPs confined in CCMs was considered for the selective hydrogenation of
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alkynes. This project was based on the interest of Ni to decrease the use of noble metals
and the cost of the catalyst for industrial applications, in combination with the
advantages of biphasic catalysis conditions as offered by the CCMs systems.
Preliminary results outlined the feasibility of the synthesis of NiNPs with different
stabilizers, and how these ligands may influence the size and dispersion of the
obtained NPs. The NiNPs stabilized using TPP and pyridine were evaluated as
catalysts for the hydrogenation of 3-hexyne. While the NPs exhibited low performance
in terms of catalytic activity, the system exhibited a total selectivity for the
thermodynamically less stable (Z)-hex-3-ene in the semi-hydrogenation of 3-hexyne.
Furthermore, a one-pot synthesis allowed the preparation of a NiNP-TPPO@CCM-A
latex, following the previously optimized procedure for RhNPs, which has the
advantage of not requiring additional stabilizers. The reported results highlight the
potential of this newly developed one-pot synthesis approach to generate MNPs in
the cores of polymeric micelles. In future work, the NiNPs core anchoring will be
extended to other synthesized CCMs, namely VP-SDPP@CCM-C and TPPO@CCM-C,
and the resulting catalysts will be used in aqueous biphasic hydrogenation with an
aim to compare the effect of the CCMs on both the activity and selectivity towards
alkynes and a,3-unsaturated compounds. Application of similar strategies to develop

new systems with other d-block metals could further expand the scope of the work.
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Appendix A for Chapter II

Figure A1. 'H NMR of SDPPO &/ppm (CDCL): 7.73-7.62 (m, 6H, Ph); 7.60-7.52 (m, 2H, Ph);
7.52-7.45 (m, 6H, Ph); 6.76 (dd, Jun=17.6 Hz, Jun = 10.9 Hz, 1H, CH vinyl); 5.87 (d, Juu=17.6
Hz, 1H, CH vinyl); 5.40 (d, Juri= 10.9 Hz, 1H, CH vinyl).
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Figure A2. ®C{'H} NMR of SDPPO d/ppm (CDCls): 141.01 (d, Jer=2.9Hz , quat Ph C-vinyl);
135.93 (d, Jer= 1.7Hz, CH vinyl); 132.58 (d, Jcr=104 Hz , quat Ph); 132.41 (d, Je=10.2Hz, CH
Ph); 132.08 (d, Jer= 9.9Hz, CH Ph); 131.95 (d, Jer = 2.8Hz, CH Ph); 131.57 (d, Jcr = 101Hz,
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quaternaryPh); 128.52 (d, Jer=12.1Hz, CH Ph); 128.22 (d, Jcr=12.4Hz, CH Ph); 116.57 (s, CHz
vinyl).
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Figure A3. 3'P{'"H} NMR of SDPPO &/ppm (CDCls): 28.91.
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Figure A4. HR-MS analysis of SDPPO (calculated monoisotopic mass for SDPPO+H*
(C20H1sPO): 305.1095).
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Figure A5. '"H NMR of SDPPS &/ppm (CDCls): 7.73-7.62 (m, 6H, Ph); 7.60-7.52 (m, 2H, Ph);
7.52-7.45 (m, 6H, Ph); 4.49 (m, 1H, subst. Cp); 6.76 (dd, Jun=17.6Hz, Jun=10.9Hz, 1H, CH vinyl);
5.85 (d, Jur=17.6Hz, 1H, CH vinyl) 5.40 (d, Jur=10.9Hz, 1H, CH vinyl)
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Figure A6. ®C{'H} NMR of SDPPS d/ppm (CDCls): 141.01 (d, Jer=2.9Hz , quat? Ph C-vinyl);
135.93 (d, Jer=1.7Hz, CH vinyl); 132.58 (d, Jer=104Hz , quat Ph); 132.41 (d, Jer=10.2Hz, CH Ph);
132.08 (d, Jer=9.9Hz, CH Ph); 131.95 (d, Jor=2.8Hz, CH Ph); 131.57 (d, Jer=101Hz , quat Ph);
128.52 (d, Jer=12.1Hz, CH Ph); 128.22 (d, Jer=12.4Hz, CH Ph); 116.57 (s, CHa vinyl)
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Figure A7. 3'P{'"H} NMR of SDPPS d/ppm (CDCls): 42.9
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Appendix B for Chapter III
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Figure B1. 'H NMR (CDCls) (right) of the organic brown phase after loading [Rh(COD)(u-
Cl)]2to TPPS@CCM-C, showing a quadruplet at 3.9 ppm and a triplet at 5.3 ppm (blue) and of
[Rh(COD)(u-Cl)]2 reference (red). 3'P NMR (left) of the aqueous phase (red), organic phase
(blue) & = 25 ppm corresponding to the [RhCI(COD)(TPPS)] complex.
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Figure B2.'H spectra (DMSO-d6) of TPPO@CCM right after synthesis (red), after 1 week
(green), after 2 weeks (blue) and after 5 months (purple).
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Figure B3. GC-MS of the organic phase extracted prior to the aqueous biphasic hydrogenation
of styrene using diethyl ether as solvent indicating the presence of TPP (m/z 253) and
tetrahydropyridine (m/z 83).

Table B1. Comparison of TOF and cTOFs of the washed latex prior to catalysis (Figure II1.19)
and the untreated latex (Figure IIL.16), both after the 5*" Run, indicating that the diethyl ether
washings performed between the consecutive catalytic runs (Figure II1.16) have a similar effect
to those carried out on the fresh RhNP-TPPO@CCM-C prior to its implementation in catalysis
(Figure I11.19)

Entry TOF (h?) RhNPs average size (nm) c¢TOF= (h)
Figure III.19 - fifth run 1025 1.8+ 0.1 nm 1440
Figure II1.16 - fifth run 1300 1.5+ 0.4 nm 1700

aBased on the mean diameter of RhNPs measured after the transfer of RhINPs to the CCM-C. P Based on
the mean diameter of RhNPs measured after the first catalytic run.
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Figure C1. XPS survey spectra of a) TPPO@CCM-C and b) RhNP-TPPO@CCM-C.
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Figure C2. High-resolution XPS scan spectra of TPPO@CCM-C.
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Table C1. Binding energies (eV) of the chemical states of the C, N, and O atoms in
TPPO@CCM-C and RhNP-TPPO@CCM-C.

Atom Binding Energy FWHM A;::il:c Binding Energy FWHM A;::ir::c AE
TPPO@CCM-C (eV) %) RhNP-TPPO@CCM-C (eV) %) (eV)a
(1] (1]
Cr 283.50 1.44 3.65 282.64 1.44 0.85 0.86
Scan A
Cr 284.69 1.44 53.41 284.81 14 61.14 0.12
Scan B
Cr 286.00 1.44 32.37 286.25 1.44 24.41 0.25
Scan C
C 1s
Scan 287.24 1.33 7.48 287.31 1.44 9.06 0.07
D
C 1s
288.50 1.27 1.90 288.71 1.26 3.81 0.21
Scan E
Cr 292.28 1.44 1.19 292.00 1.44 0.73 0.28
Scan F
N 399.17 1.50 11.45 399.47 1.71 21.04 0.30
Scan A
N 401.59 1.94 62.63 401.85 1.51 52.22 0.26
Scan B
N 403.80 2.40 25.91 403.74 2.4 26.74 0.06
Scan C
Pz 132.36 2.64 66.21 132.39 1.55 66.21 0.03
Scan A
Pz 133.22 2.43 33.79 133.25 1.82 33.79 0.03
Scan B
O 531.22 1.92 46.96 531.28 2.88 7.69 0.06
Scan A
O 532.84 1.92 41.31 532.93 2.88 51.98 0.09
Scan B
O 535.05 1.92 11.72 534.47 2.74 40.34 0.58
Scan C

2 AE = Binding energy (TPPO@CCM-C) - binding energy (RhNP-TPPO@CCM-C).
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Figure C4. HR-TEM images coupled with energy-dispersive X-ray spectroscopy (EDX) after
Hg poisoning, indicating the presence of Hg along with RhNPs. The EDX analysis showed a
clear signal for elemental Rh as well as well-identified signals for Hg, P, and I atoms coming
from the TPPO@CCM-C polymer that embeds the particles.
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Figure D2. High-resolution XPS scan spectra of TPPO@CCM-A.
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Figure E3. High-resolution XPS scan spectra of RhNP-TPPO@CCM-A.

Table D1. ICP-MS data for the leaching of Rh metal after each catalytic run with diethyl ether
used as the washing solvent between recycles.

Run 103Rh IF cor [RR] (ppb) [Rh] Y[Rh] [Rh]mita RhNPs leached
no. (LR)* RSD** PP (ppm) (ppm) (ppm) (mol %)***
1 717366.0 0.78 51.6462 0.52

2 1100850.1 1.52 79.2549 0.79
3 678649.8 1.03 48.8589 0.49 3.1 161 1.93
4 788315.9 1.34 56.7542 0.57

5 1013990.8 0.83 73.0015 0.73

* Low Resolution (LR). ** Relative standard deviation (RSD) was calculated for all the run separately.
*** Rh (mol%) cumulative loss.
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Appendix E for Chapter VII

Figure E1. TEM images of NiNPs presented in Table VIIL.1. 1) synthesized from [Ni(acac)z] in
cyclohexane (Ni/TPP/N ratio = 1/1/0; entry 1), 2) Entry 2, synthesized from [Ni(COD):] in
cyclohexane (Ni/TPP/N ratio = 1/1/0; entry 2), 3) synthesized from [Ni(acac):] in neat
conditions(Ni/TPP/N ratio = 1/1/121; entry 3) and 4) synthesized from [Ni(COD)] in neat
conditions (Ni/TPP/N ratio = 1/1/121; entry 4). Reaction conditions: 20 bar Hz, 110 °C, 1200
rpm, 20 h.

Figure E2. TEM images of NiNPs after the 4" washing with cyclohexane
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Figure E3. Control experiment of the hydrogenation of (Z)-hex-2-ene in the presence of
NiNPs. Reaction conditions: V=10 mL of cyclohexane, 20 bar, 60 °C, 1200 rpm, 22 h,,
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Résumeé de la these

Synthése et confinement de nanoparticules métalliques dans
des polymeéres amphiphiles a coeur-coquille pour application
en catalyse biphasique

I. Introduction

La transformation catalytique de composés organiques avec des nanoparticules
métalliques (MNPs) [1] dans des micelles [2,3] combine les avantages de la catalyse
homogene et hétérogene, notamment une haute activité, sélectivité et durabilité [4].
La nanocatalyse [1,2] avec des catalyseurs a base de nanoparticules métalliques
(NPMs) bien définies en taille, est un pont qui relie entre la catalyse homogene et
hétérogene. Les dimensions nanométriques des catalyseurs conferent des propriétés
distinctives injoignable avec des matériaux en vrac, permettant une réactivité
spécifique et des propriétés avantageuses telles que I'efficacité, la sélectivité, la stabilité
prononcée en mileux réactionel, ainsi que la facilité de récupération du catalyseur, et
du recyclage [3-6]. Dans les dispersions colloidales de NPMs ultrafines, les énergies
de surface et les morphologies sont influencées par la taille des particules, conduisant
a une réactivité de surface intrinseque accrue [6]. Pour les nanoparticules a base de
rhodium (NPRh), plusieurs méthodes de synthese ont été développées pour le
controle de la taille [7,8], comprenant des méthodes basées sur la réduction de sels
métalliqueset I'approche organométallique avecla décomposition des précurseurs de
Rh. Généralement, le controle de la taille est réalisé en utilisant divers types d'agents
de controle qui empéchent la croissance ultérieure des RhNPs, tandis que la
stabilisation ultérieure des NPs en solution est assurée par I'ajout d'agents stabilisants
tels que des surfactants (sels d'ammonium) [9-11], des polymeres [12-15], des
dendrimeres [5] ou des ligands [8,16-22]. Ces stabilisateurs facilitent également la
bonne recyclabilité des NPs lorsqu'ils sont utilisés en catalyse. Les MNPs offrent un

rapport surface/volume élevé, résultant en un grand nombre de sites catalytiques
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potentiels[5], et la surface métallique peut étre stabilisée par des ligands appropriés,
de manieére similaire aux complexes moléculaires. Le confinement des MNPs a
l'intérieur d'une matrice (par exemple, des oxydes métalliques, des matériaux
carbonés ou polymeres) peut améliorer davantage la stabilité et les performances
catalytiques. En particulier, les MNPs supportées par polymere [6] ont suscité un
intérét significatif en catalyse en raison de la récupération facile et de la réutilisation
du catalyseur. Avec de tels systemes, l'utilisation de l'eau comme solvant ou
dispersant produit des systemes biphasiques aqueux [4,7,8] ou la simple séparation
de phases facilite la récupération et le recyclage du catalyseur et permet de réduire
l'utilisation de solvants organiques volatils et des distillations énergivores, avec un
impact positif sur I'environnement dansl'esprit dela chimie verte. Cependant, lorsque
le catalyseur a une faible solubilité dans la phase réactant/produit organique et que le
réactant a une faible solubilité dans l'eau, la réaction peut étre limitée a l'interface
organique/eau et souffrir de restrictions de transfert de masse. L'utilisation de
surfactants ou de systemes micellaires peut améliorer la cinétique de transfert de
masse dans les réactions biphasiques aqueuses/organiques en augmentant les
concentrations du catalyseur et du substrat dans la zone de réaction. Ancrer le
catalyseur dans les coeurs hydrophobes des micelles permet d'augmenter la
concentration locale du catalyseur et du substrat et de réduire I'impact du transfert de
masse, a condition que le transport de masse entre les cceurs micellaires et 1a phase
organique en vrac soit aisé. Lorsque les micelles sont cinétiquement inertes (échange
lent avec le surfactant libre en solution) ou lorsqu'elles sont rendues unimoléculaires
par réticulation de la coquille ou de cceur, elles fonctionnent comme desnanoréacteurs
catalytiques individuels. Certains d'entre nous ont développé des protocoles
synthétiques vers des micelles cceurs-réticulées hautement modulaires (CCMs) [23-
33] en tant que dispersions aqueuses stables avec une teneur élevée en polymere (>
20% en poids), par polymérisation de transfert d'addition-fragmentation réversible
(RAFT) [34]. La premiere génération de CCMs présentait une coque neutre (CCM-N)
[30,31] composée de blocs de copolymeres aléatoires de méthacrylate de poly(éthylene
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glycol) (PEO) et d'acide méthacrylique. Des CCMs analogues avec une coquille
polycationique (CCM-C) de blocs dhomopolymere d'iodure de 4-vinyl-N-
méthylpyridinium (4VPMe'T') ont également été préparés [15] ainsi que des analogues
avec une coque polyanionique de type (CCM-A) de blocs d’homopolymere de
poly(sodium styrenesulfonate) (P(SSNa*)) (Figure 1).

Outer shell
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I %
[ =
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N? S04

PSS'Na*

Figure 1. Micelles réticulées de base fonctionnalisée par TPP (TPP@CCM) et différentes
coquilles.

Tous les CCMs développésjusqu'a présent ont un cceur a base de polystyrene avec du
diméthacrylate de diéthylene glycol (DEGDMA) comme réticulant, mais ont été
fonctionnalisés avec différents ligands liés au cceur, fournissant des nanoréacteurs
LeCCM avec L = triphénylphosphine (TPP) [13,16,19,22], bis(4-
méthoxyphényl)phénylphosphine [12], nixantphos [14] et carbene N-hétérocyclique
[18]. Des pré-catalyseurs moléculaires (par exemple, [Rh(acac)(CO)2] ou [Rh(COD)(u-
Cl)]2; acac = acétylacétonate, COD = 1,5-cyclooctadiene) ont été fixés avec succes dans
les coeurs de CCM par coordination de ligands, générant des nanoréacteurs
catalytiques pour I'hydroformylation d'oléfines biphasiques aqueuses [25,30,31,33] et
I'hydrogénation [23,28,35,36].

II. MNPs confinés dans CCM-C pour application en catalyse
d'’hydrogénation biphasique aqueuse

3
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Lors d'investigations sur la portée du substrat, ou 1'hydrogénation catalytique de
I'acétophénone a été tentée, le latex [RhCl(COD)(TPP@CCM-C)] est devenu noir[35],
suggérant la réduction du complexe Rh! moléculaire en métal Rh®. Rétrospectivement,
cette méthode s'est avérée tres efficace pour générer des RnNPs au sein du noyau des
CCMs, suscitant ainsi des investigations plus approfondies sur 1'hydrogénation
biphasique impliquant des RhNPs[35]. Cet objectif était au cceur du projet de these
actuel, abordant spécifiquement les défis importants rencontrés lors du travail
précédent. RhNP-TPP@CCM-C a montré une excellente performance dans
I'hydrogénation de 1-octéne et du styrene, avec une conversion complete et une
sélectivité totale vers I'hydrogénation de la fonction oléfinique. Notamment, 'activité
catalytique était supérieure a celle du systeme moléculaire Rh!. RhNP-TPP@CCM-C
s'est également avéré recyclable pour I'hydrogénation du styrene en quatre cycles sans
perte d'activité, les RhNPs restant bien dispersés lorsque le toluene était utilisé pour
la récupération du produit/recyclage du catalyseur. Cependant, lors de I'utilisation de
l'éther diéthylique comme solvant d'extraction, une perte dramatique d'activité a été
observée. Ce phénomene a été attribué a une extraction des RhNPs du noyau CCM-C

induite par I'éther diéthylique, un solvant a base d'oxygene.
III. Portée du travail de these

La découverte décrite ci-dessus de la formation de RhNPs catalytiquement actifs dans
le systeme TPP@CCM-C constitue la base du travail de recherche mené dans le cadre
de cette these de doctorat. L'objectif général de la recherche était de développer des
solutions innovates pour améliorer le confinement de MNPs, principalement des
RhNPs, dans le CCM-C, afin d'obtenir des systemes catalytiques performants, stables
et recyclables pour la catalyse d'hydrogénation liquide-liquide biphasique aqueuse en
tant que domaine d'application. Pour atteindre cet objectif, des outils de synthese issus
de la chimie des polymeres CCM et de la nanochimie organométallique ont été
combinés, et plusieurs approches pour atteindre les sous-objectifs décrits ci-dessous

ont été explorées. Les principaux résultats de la recherche sont présentés dans les
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paragraphes suivants. De nouvelles syntheses de polymeres incorporant des ligands
TPPO et des coquilles polycationiques ont été développées pour améliorer le
confinement des RhINPs dans le but de raffiner leur activité, leur sélectivité et leur

portée.

IV. Confinement des nanoparticules de Rh dans des micelles
réticulées au ceeur fonctionnalisées par 1'oxyde de triphénylphosphine
pour la catalyse d'hydrogénation biphasique aqueuse

Sur la base de lhypothese présentée dans la section précédente, de nouveaux
nanoréacteurs L@QCCM avec des ligands d'oxyde de triphénylphosphine (TPPO) en
tant que fonctions centrales d'ancrage des RhNP basées sur l'oxygene ont été
développés. En ce qui suit la synthese et la caractérisation du nouveau latex type
polymere TPPO@CCM-C, son chargement avec des RhNPs préformées, et
I'application desnanoréacteursrésultants RANP-TPPO@CCM-C dansl'’hydrogénation

catalytique du styréne dans des conditions biphasiques aqueuses, sont décrites.
IV.1. Synthese et caractérisation du polymere

La synthese du nouveau polymere TPPO@CCM-C a été réalisée en suivant la méme
stratégie que celle utilisée pour la préparation du polymere étroitement lié
TPP@CCM-C (Schéma 1). Les degrés de polymérisation cibles de chaque bloc ont été
maintenus identiques a ceux de TPP@CCM-C, car ils étaient déja optimisés pour
fournir des latex stables avec une distribution de taille de particules étroite [28,29].
Ainsi, les trois premieres étapes conduisant a la synthese de I'agent macroRAFT dibloc
amphiphile, Ro-(VPMe'T)140-b-St50-SC(S)SnPr, isolé sous forme solide stable et
redispersé dans l'eau, étaient les mémes que dans la synthese de TPP@CCM-C [28].
Elles impliquaient la polymérisation RAFT homogene de 4VP avec CIPPA,
RoSC(S)SnPr ou Ro = CMe(CN)CH2CH2COOH), en tant qu'agent de transfert, formant
Ro-4VP140-SC(S)SnPr (étape 1), puis l'extension de chaine avec un bloc polystyrene
court (degré moyen de polymérisation de 50) formant un copolymere dibloc Ro-VP140-

b-Sts50-SC(S)SnPr (étape 2), etla quaternisation des atomes de pyridine avec Mel (étape
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3). La quatrieme étape a été une extension supplémentaire de la chaine de l'agent
macroRAFT Ro-(VPMe'T)10-b-5t50-SC(S)SnPr avec un bloc hydrophobe plus long
(degré moyen de polymérisation de 300) constitué d'un copolymere statistique de
styrene et de styrene fonctionnalisé par TPPO, a savoir SDPPO (oxyde de 4-

styryldiphénylphosphine) [37,38] (rapport 90/10), qui a été obtenu par oxydation de

-3
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Schéma 1. Synthese du polymere TPPO@CCM-C.

Les micelles de morphologie sphériques du copolymere dibloc amphiphile produites
a I'étape 4 avaient une taille moyenne d'environ 65 nm, comme le montre I'analyse
DLS (Figure 2a). Ces micelles ont ensuite été réticulées dans une derniere étape avec
du DEGDMA (15 équivalents par chaine), dilué avec du styrene supplémentaire (135
équivalents par chaine), pour produire le produit final, Ro-(VPMe+I-)140-b-Sts0-b-(Stos-
c0-SDPPOo.1)300-b-(Sto9-co-DEGDMA0.1)150-SC(S)SnPr  (TPPO@CCM-C), avec une
densité de réticulation de 10% dans le noyau réticulé interne. Les particules finales du
polymere TPPO@CCM-C avaient une morphologie sphérique et un diametre
légerement plus grand (99 nm) que les micellesintermédiaires, comme le montrent les
analyses DLS (Figure 2c) et TEM (Figure 2d). La distribution de taille est devenue plus
étroite et la D. de la distribution a légerement diminué apres gonflement avec du

CHCls. Ce phénomene de réduction de taille lors du gonflement a également été
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observé pour des CCMs apparentées avec une coquille anionique (TPP@CCM-A) et a
été attribué a l'effet dominant de la désagrégation des micelles plutot qu'au
gonflement du noyau, qui provoquerait une augmentation de la taille moyenne [24].
En conséquence, le profil d'intensité dans la Figure 2b, plus sensible aux micelles de
plus grande taille, est devenu significativement plus étroit et s'est déplacé vers des

valeurs plus basses apres le gonflement.

(a)
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Figure 2. Distributions de taille par DLS des dispersions aqueuses (a) des micelles dibloc Ro-
(VPMe*T)140-b-Stso0-b-(Sto.9-co-SDPPOo.1)300-b-SC(S)SnPr et de TPPO@CCM-C (b) avant et (c)
apres gonflement avec du CHCls. Codage couleur : nombre (bleu), volume (vert) et intensité
(rouge). d) Image TEM de TPPO@CCM-C.

IV.2. Synthese de RhNP-TPPO@CCM-C

La premiere tentative de production de RhNP-TPPO@CCM-C consistait a charger le
CCM-C  avec [Rh(COD)(u-Cl)]z, afin de  générer un  complexe
[RhCl(COD)(TPPO@CCM-C)] ancré au cceur qui pourrait étre réduit en RhNPs par
Hz, suivant la procédure précédemment développée pour générer des RhNPs
incorporés dans TPP@CCM-C [35]. Les complexes mononucléaires avec la
steechiométrie [Rh(n%n>diene)Cl(L)] (par exemple, diene = COD, norbornadiene), ot
L est un ligand donneur d'atome d'oxygene, sont rares [39-42], mais le complexe
[RhCl(COD)(PhsPO)] a été décrit [43,44]. Cependant, cette méthode s'est avérée
infructueuse carla phase organique est restée de couleur jaune, méme apres chauffage

du mélange réactionnel a 60°C pendant 1 h ou agitation a température ambiante
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pendant 24 h. Cela indique que la formation d'un complexe Rh'-TPPO@CCM-C dans
le noyau polymere par clivage du groupe pont di-u-Cl dans [Rh(COD)(u-Cl)]2 n'est
pas favorable dans les conditions appliquées. Par conséquent, une stratégie alternative
impliquant la synthese en ex-situ de RhNPs et leur transfert ultérieur vers les
nanoréacteurs TPPO@CCM-C a été envisagée. A cette fin, les RANPs ont été produites
par réduction de [Rh(COD)(u-Cl)]2avec Hz en présence de pyridine et de TPP en tant
que ligands stabilisants. Cette combinaison de ligands a été inspirée par des rapports
antérieurs, qui ont montré que le TPP était un stabilisateur efficace pour produire des
RhNPs ultrapetites[12,20,45-47], tandis que la pyridine était utilisée pour la formation
de RhNPs dans des liquides ioniques [46]. La synthese des RhNPs a été réalisée dans
le toluéne, qui a un pouvoir de gonflement élevé pour le noyau CCM-C a base de
polystyrene [32]. Les conditions optimisées (TPP/Pyridine/Rh =1/1/1, 60°C, 20 bar Hz,
20 h) ont conduit a une suspension colloidale stable et noire de RhNPs, qui présentait

un diametre moyen de 1.2 + 0.4 nm et une distribution de taille étroite (Figure 3).

I Rh NPs

— Size distribution

1d (nm)

Figure 3. Images TEM des RhINPs stabilisées par TPP et pyridine (a gauche) et I'histogramme
correspondant de la distribution de taille (dm = 1.2 + 0.4 nm) (a droite).

L'addition de la suspension colloidale de RhNPs au latex TPPO@CCM-C (P/Rh = 4/1)
a entrainé une décoloration rapide et complete de la phase de toluene, tandis que le
latex devenait gris. Cela indiquait le transfert réussi des RhNPs a travers la coquille
hydrophile P(4VPMe'l') du CCM-C et leur ancrage aux fonctions TPPO dans les
noyaux polymeres, ce qui a été corroboré par la caractérisation DLS et TEM du RhNP-
TPPO@CCM-C final. L'analyse DLS a montré que les particules de polymeres CCM-C

avaient une taille moyenne et une distribution de taille tres similaires avant et apresle
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chargement avec les RhNPs. L'analyse TEM a confirmé que les RhNPs étaient situés a
l'intérieur des particules polymeres et indiquait une taille moyenne d'environ 1.5+ 0.4
nm. Malgré la présence du polymere qui rend la mesure plus difficile, on peut
conclure que les RhNPs avaient des tailles assez similaires aux RhNPs synthétisés
(Figure 3). Ce résultat indique que les RhNPs ne sont pas significativement altérées
par I'échange de ligands dans le noyau CCM-C.

IV.3. Hydrogénation du styrene avec RhNP-TPPO@CCM-C dans des conditions
biphasiques

Le latex de RhNP-TPPO@CCM-C a été appliquée a l'hydrogénation biphasique
aqueuse du styrene dans les mémes conditions de température et de pression que la
suspension colloidale de RhNPs (20 bar Hz, 25°C), avec un rapport styrene/Rh de
2000/1, a différents temps de réaction (Figure 4). Comme le styrene est un bon solvant
pour le polystyrene, aucun solvant vecteur n'était nécessaire, et 'hydrogénation a été
réalisée avec le substrat pur [28,35] en utilisant une agitation de 1200 tr/min pour

assurer un bon transfert de masse externe.
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Figure 4. Profil du temps pour I'hydrogénation biphasique aqueuse du styréne en utilisant
RhNPs-TPPO@CCM-C. Conditions réactionelle : styrene/Rh = 2000/1, 20 bar Hz, 25°C.
Une conversion presque complete du styrene (environ 94 %) a été obtenue en
seulement 0.25 h, correspondant a un TOF de 7733 h! (cTOF de 9850 h'), avec une

excellente sélectivité (>99 %) envers I'EB (Tableau 1, entrée 1). Cette performance

catalytique est supérieure a celle obtenue précédemment avec des nanoparticules de
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Rh incorporées dans le TPP@CCM-C [20,21,28]. Cette différence peut étre liée a la plus
petite taille des nanoparticules de Rh stabilisées ex-situ par TPP/pyridine utilisées
pour l'obtention du RhNP-TPPO@CCM-C par rapport aux nanoparticules de Rh
stabilisées in-situ par TPP@CCMC dans RhNP-TPP@CCM-C (1.2 nm contre < 5 nm).
Cependant, des expériences supplémentaires ont indiqué que les stabilisateurs TPP et
pyridine adsorbés dans le catalyseur RANP-TPPO@CCM-Cjouaient également un role
(voir ci-dessous). Une augmentation du rapport styrene/Rh a donné des conversions
bonnes et reproductiblesen 0.25 h de 53 % (styrene/Rh =5000/1) et 24 % (styrene/Rh =
10000/1), correspondant a des TOFs de 10547 et 9062 h'! (cTOFs de 14300 et 12440 h),
respectivement, toujours avec une sélectivité complete envers1'EB (Tableau 1, entrées
2 et 3). Apres l'arrét de l'agitation, une séparation de phase rapide (< 3 min) a été
observée dans toutes les réactions, facilitant ainsi la séparation des produits et la
récupération du catalyseur, comme déja rapporté pour les nanoréacteurs RhINP-

TPP@CCM-C présentant la méme coquille [35].

X
RhNP-TPPO@CCM-C
—_—
HZ

Table 1. Hydrogénation du styrene en utilisant RhNP-TPPO@CCM-Ca

Rapport Conversion Rendement (%)
Entrée molaire %) Ethylbenzene Ethylcyclohexane TOF (h1)b
styrene/Rh
1 2000/1 94 94 <0.1 7733 (9850)
2 5000/1 53 52 <0.1 10547 (14300)
3 10000/1 24 23 <0.1 9062 (12440)

a Conditions réactionelles: 20 bar Hz, 25°C, 0.25 h. *Valeurs moyennes sur la durée de la réaction,
exprimées en moles de substrat converties par moles de Rh dans le catalyseur par heure (TOF) ou en

moles de substrat converties par moles d'atomes de Rh de surface par heure (cTOF, entre parentheses).

Le recyclage du latex catalytique RANP-TPPO@CCM-C a été évalué dans deux séries
d'expériences a un rapport styrene/Rh fixe de 5000/1, en extrayant les produits de
réaction avec de I'éther diéthylique ou du toluéene, respectivement, avant l'ajout d’un
nouveau lot de substrat pour la réaction catalytique qui suit. Le protocole d'extraction
était identique a celui utilisé dans les études de recyclage précédemment rapportées

10
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avec le RhNP-TPP@CCM-C [35] et avec les systemes catalytiques moléculaires Rh'-
TPP@CCM [28]. Les premieres réactions catalytiques ont produit une conversion du
styrene de 53 % en 0.25 h. Cependant, une diminution progressive de la conversion,
de 53 % a environ 9-15 %, a été observée apres la cinquieme série de recyclages pour
les deux séries, en utilisant soit de I'éther diéthylique, soit du toluene pour I'extraction
des produits (Figure 5a). Les analyses ICP-MS ont montré une perte cumulative
d'environ 2 % de l'inventaire du catalyseur apres les cinq réactions catalytiques lors
de I'utilisation de I'éther diéthylique comme solvant d'extraction, indiquant que la
diminution de l'activité n'était pas causée par la lixiviation du métal et la perte
mécanique du latex. De plus, apres la séparation du catalyseur, que le toluene ou
'éther diéthylique ait été utilis€é comme solvant d'extraction, la phase organique était
completement transparente et incolore, tandis que la phase aqueuse restait grise,
indiquant ainsi la rétention des nanoparticules de Rh dans le latex CCM-C. Dans les
deux cas, les images TEM obtenues pour le catalyseur RhNP-TPPO@CCM-C apres la
cinquieme série de recyclages ont mis en évidence un confinement préservé des
nanoparticules de Rh dans les cceurs de CCM-C avec des nanoparticules de Rh bien
dispersées. Ces résultats indiquent que l'interaction des nanoparticules de Rh avec les
ligands TPPO liés au coeur est suffisamment forte pour les retenir a l'intérieur des
cceurs hydrophobes de CCM-C, validant I'hypothese initiale de I'efficacité supérieure
des ligands de coordination de I'oxygene. Bien qu'un artefact ne puisse pas étre exclu
en raison des nanoparticules de Rh moins définies incorporées dans le polymere, un
changement notable était une augmentation de la taille des particules (passant de 1.5
+ 0.4 nm a 2.2 + 0.9 nm apres la cinquieme réaction catalytique). Cela peut indiquer
une légere croissance ou agrégation des nanoparticules. Cependant, étant donné que
la valeur d'écart type est plus grande que le changement de taille (0.9 nm contre 0.7
nm), on peut également considérer que lesnanoparticules sont dans une plage de taille
similaire, de sorte que l'interprétation de la baisse d'activité comme résultat d'un

changement de taille ne semble pas satisfaisante.
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Figure 5. Réutilisation de RhNP-TPPO@CCM-C dans cinq réactions catalytiques
d'hydrogénation du styréne (a) avec extraction intermédiaire du produit par I'éther
diéthylique (bleu) et le toluéne (rouge), (b) vec extraction du produit par I'éther diéthylique
sous argon avec et sans traitement intermédiaire a I'H2 (20 bar Hz, 25°C, 1 h). Conditions de
réaction : styrene/Rh = 5000/1, 20 bar Hz, 25°C, 0.25 h.

Etant donné qu'aucune lixiviation significative du métal n'a été détectée et qu'aucune
agglomération substantielle des nanoparticules qui pourrait entrainer une perte de
surface active n'a été observée, une passivation progressive de la surface des
nanoparticulesde Rh par la formation d'oxyde de rhodium pourrait étre responsable
de la diminution des performances catalytiques au fil des recycles subséquents. Pour
vérifier cette hypothese, le recyclage du catalyseur avec extraction du produit par
'éther diéthylique a été réalisé sous une atmosphere d'argon inerte. De plus, la phase
récupérée de RnNP-TPPO@CCM-C a été traitée avec Hz (20 bar Hz, 25°C, 1 h) avant
chaque réaction catalytique, pour éliminer toute couche d'oxyde de rhodium. Malgré
ces précautions dans les expériences de recyclage, la conversion du styrene a diminué
a 10 % au cours des cinq cycles (Figure 5b). La similitude de ces résultats avec ceux
obtenus sans atmosphere inerte et sans traitement réducteur suggere que la
passivation des nanoparticules de Rh n'était pas la seule raison de la diminution de
l'activité. Une derniere hypothese de travail est que les stabilisateurs utilisés pour la
synthese ex-situ des nanoparticules de Rh (TPP/pyridine) sont partiellement restés
dans le noyau TPPO@CCM-C apres le chargement et ont favorisé I'activité catalytique
des nanoparticules de Rh, et que l'activité a diminué progressivement a mesure que
ces stabilisateurs/promoteurs étaient continuellement éliminéslors des opérations de

récupération et de recyclage du catalyseur. Cette hypothese a été testée en lavant le
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latex fraiche de RhNP-TPPO@CCM-C, apres le chargement des nanoparticulesde Rh,
trois fois avec de 1'éther diéthylique avant son utilisation en catalyse. Une analyse GC-
MS des extraits d'éther diéthylique a montré deux pics avec des spectres de masse MS
produisant des ions moléculaires a m/z 112 et 83, respectivement. Ces pics
correspondent au cyclooctane et a la tétrahydropyridine résultant de I'hydrogénation
du ligand COD de [Rh(COD)(u-Cl)]z2et de la pyridine pendant la synthese ex-situ des
nanoparticules de Rh [11,22,48]. Ensuite, cinq cycles catalytiques consécutifs (tous
reproduits trois fois) ont été effectués (20 bar Hy, 25°C, 1 h) (Figure 6). La premiere
réaction catalytique a fourni une faible conversion du styrene (environ 6%), tandis
qu'une conversion constante d'environ 25 % a été obtenue lors des quatre cycles
suivants, correspondant a un TOF moyen d'environ 1025 h! (cTOF d'environ 1440 h-
1. La faible conversion lors du premier cycle pourrait indiquer qu'un temps
d'induction serait nécessaire pour débloquer les sites actifs et/ou que les
nanoparticules de Rh ont subi des changements significatifs dans des conditions
catalytiques. La comparaison d'une série de mesures TEM effectuéesavecle catalyseur
lavé al'éther diéthylique (avantla catalyse) avant/apres le traitement al'Hz et apresle
premier et le cinquiéme cycle catalytique a confirmé que la taille moyenne des
nanoparticules de Rh a effectivement changé de4.2 + 0.2 nm a 2.2 + 0.2 nm avant et
apres le traitement a 1'Hz, respectivement, et a été réduite a une taille statique de 1.8 +
0.1-0.3 nm apres le premier cycle catalytique. Ainsi, I'élimination des stabilisateurs a
probablement induit une légere augmentation de la taille ou une agrégation des
nanoparticules de Rh, entrainant une activité catalytique réduite, comme déja
rapporté pour les nanoparticules de Rh dans I'hydrogénation du styrene[49], tandis
que le traitement successif a I'H2 a favorisé la reconstruction des nanoparticules,
probablement aidée par la présence de TPPO@CCM-C[47]. Notamment, bien qu'un
temps de réaction différent ait été appliqué (1 h contre 0.25 h), la valeur de conversion
du styrene d'environ 25% obtenue apres la premiere réaction est comparable a celle
obtenue dans les quatrieme et cinquieme recyclages effectués avec l'extraction
intermédiaire du produit par 1'éther diéthylique (Figure 5b). Cela suggere que les

13
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lavages a I'éther diéthylique effectués entre les cycles catalytiques consécutifs (Figure
6b) ont un effet similaire a ceux réalisés sur le RANP-TPPO@CCM-C frais avant sa
mise en ceuvre en catalyse. Cela indique un rdle possible des stabilisateurs des
nanoparticules de Rh (TPP, pyridine et tétrahydropyridine, voir résultats GC-MS ci-
dessus) dans l'hydrogénation du styrene lorsqu'ils ne sont pas éliminés par des
lavages de solvant [50-53]. Il convient également de noter que, comme indiqué ci-
dessus, I'hydrogénation du styrene catalysée par les nanoparticules de Rh dans le
toluene donne un TOF beaucoup plus élevé pour les nanoparticules de Rh stabilisées
par TPP et pyridine (environ 36000 h') par rapport a d'autres nanoparticules de Rh
synthétisées avec d'autres stabilisateurs, dans des conditions expérimentales
similaires [47]. Cela souligne qu'un choix méticuleux des stabilisateurs pour les
nanoparticules de Rh pré-synthétisées pour leur transfert dans le CCM-C, ou
l'intégration de co-ligands dans les coceurs de CCM-C, pourrait étre une facon
d'améliorer les performances catalytiques, cependant cela va au-dela du champ

d’étude du présent travail.
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Figure 6. Hydrogénation du styrene avec RhNP-TPPO@CCM-C apres trois lavages a I'éther
diéthylique (cycle 1) etrecyclage du catalyseur dans quatre cycles de réaction supplémentaires
avec extraction du produit par I'éther diéthylique et traitement intermédiaire a 1'H2 (20 bar Hz,
25°C, 1 h). Conditions de réaction : styrene/Rh = 5000/1, 20 bar H2, 25°C, 1 h.

V. Hydrogénation biphasique aqueuse avec des nanoparticules de Rh
synthétisées en une seule étape dans des micelles a coque polycationique et a noyau
réticulé fonctionnalisé par 1'oxyde de triphénylphosphine

14
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Vu les résultats précédent, dans la suite une nouvelle approche de synthese en une
seule étape est décrite pour le catalyseur RhNP-TPPO@CCM-C, qui ne nécessite pas
l'utilisation de stabilisateurs supplémentaires. Le catalyseur résultant a été
soigneusement caractérisé et appliqué dans I'hydrogénation biphasique aqueuse du
styrene ainsi que d'autres substrats choisis tels que les alcenes, les alcynes et les

composés carbonyles.
V.1. Synthese en une seule étape et caractérisation de RhNP-TPPO@CCM-C

Des nanoparticules de Rh incorporées dans les cceurs hydrophobes d'un latex stable
de TPPO@CCM-C ont été synthétisées en une seule étape en chauffant un mélange
biphasique contenant le latex aqueux TPPO@CCM-C et une solution de toluene de
[Rh(COD)(u-Cl)]2 sous pression de Hz. Cela pourrait étre réalisé sans l'ajout de
stabilisateur ou d'additif de base supplémentaire (Tableau 2, Entrée 1) et sans
nécessiter une synthese ex-situ préalable des nanoparticules de Rh (comme
précédemment rapporté). Des syntheses comparatives ont également été réalisées en
présence d'une base telle que la pyridine ou EtsN (Tableau 2, Entrées 2 et 3,
respectivement), qui peut aider la réaction en piégeant I'HCI produit lors de la
réduction de Rh! a Rh’ en plus de contribuer potentiellement a la stabilisation des
nanoparticulesde Rh[35]. Apres la synthese et la séparation des phases, tous les trois
latex de RANP-TPPO@CCM-C produits étaient noires, indiquant la formation réussie

et le confinement des nanoparticules de Rh dans le coeur des CCMs.

Table 2. Synthesis of RANP-TPPO@CCM-C.2

Rapport molaire Taille moyenne RhNPs (nm)

Entrée Base
TPPO/Rh/Base Avant Catalyse ~ Apreés Catalyse
1 - 4/1/0 1.7+£0.2 1.9+£0.6
2 Pyridine 4/1/4 29+0.6 3.1+0.1
3 NEts 4/1/4 2.1+0.1 1.8+£0.2

a Conditions réactionelles: 20 bar Hz, 20 h, 60 °C, toluene, 1200 tr/min .
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Les analyses TEM ont confirmé I'incorporation réussie des RhNPs dans le
TPPO@CCM-C dans tous les cas. Les RhNPs synthétisées sans base (Entrée 1) ont
montré une distribution de taille particulierement étroite avec un diametre moyen dm
= 1.7 £ 0.2 nm. En revanche, les RhNPs produites en présence de pyridine ou de EtsN
(Tableau 2, Entrées 2 et 3, respectivement) étaient agglomérées et présentaient des
diametres moyens légerement plus importants de 2.9 + 0.6 nm et 2.1 + 0.1 nm,
respectivement.

V.2. Hydrogénation biphasique aqueuse avec RhNP-TPPO@CCM-C sans additif
basique

En utilisant le latex de RhNP-TPPO@CCM-C produit en l'absence de base, une
premiere série de réactions catalytiques avec différentes durées de réaction a été
réalisée a 25 °C, sous 20 bar de pression de H: et agitation a 1200 tr/min pour limiter
le transfert de masse externe, avec un rapport styrene/Rh de 5000/1. Une conversion
complete du styrene a été atteinte apres 2 heures, correspondant a un TOF moyen de
3000 h'' (cTOF 4300 h'). Des réactions catalytiques supplémentaires avec un temps de
réaction fixe de 0.25 h et différents rapports styrene/Rh ont donné les résultats
rapportésdans le Tableau 3, Entrées 1-3. Le systeme a montré une excellente sélectivité
(>99%) pour la formation de 1'éthylbenzene (EB) avec la formation de seulement de
petites quantités du produit entierement saturé, 1'éthylcyclohexane (ECH), comme
déja décrit précédemment pour l'hydrogénation du styrene utilisant d'autres
catalyseurs RhNP-CCM [35]. De plus, la séparation de phase a été rapide dans toutes
les réactions (<3 min), facilitant la séparation des produits et la récupération du
catalyseur, comme déja observé pour d'autres applications catalytiques biphasiques
aqueuses de nanoréacteurs présentant la méme coque externe (CCM-C)[28,35] .
L'hydrogénation du styrene a également été réalisée avec le méme latex de RhNP-
TPPO@CCM-C a des températures plus élevées (30 °C- 55 °C) avec un rapport
styrene/Rh de 5000/1 (Tableau 3, Entrées 4-7). A 55 °C, une conversion de 83% a été
obtenue apres 0,25 h, fournissant un TOF moyen tres élevé de 16100 h'! (cTOF 23600 h-

1). Les conversions plus modérées obtenues dans la plage de 25 a 35 °C ont permis
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d'estimer une énergie d'activation apparente de laréaction (E:) de 69 + 6 kJ]/mol a partir
d'un tracé d'Arrhenius, qui est comparable a 1'E. obtenue pour 1'hydrogénation du
styrene en phase gazeuse [54]. Cependant, a des températures de réaction plus
élevées, |'E. apparente a diminué a 4 + 1 k]/mol, indiquant des limitations de diffusion
(transfert de masse interne)[55,56].

Table 3. Hydrogenation du styrene en utilisant RANP-TPPO@CCM-C préparé sans additives
de base.?

Entrée Rapport molaire T Conversion Selectivité (%) 1o (cTOF)»
styrene/Rh °C) (%) EB ECH (h1)

1 2000/1 25 82 >99 <0.1 7800 (11500)
2 5000/1 25 21 >99 <0.1 4500 (6500)
3 10000/1 25 8 >99 <0.1 3000 (4450)
4 5000/1 30 35 >99 <0.1 8000 (11600)
5 5000/1 35 58 >99 <0.1 11200 (16400)
6 5000/1 45 65 >99 <0.1 12900 (19000)
7 5000/1 55 83 >99 <0.1 16100 (23600)

a Conditions réactionelles: 20 bar Hz, 25 °C, 0.25 h, 1200 rpm. » Corrected TOF (cTOF) calculé en
considérant la surface d’atomes de Rh. EB: ethylbenzene, ECH : ethylcyclohexane.

Le recyclage du latex de RhNP-TPPO@CCM-C a été évalué plus avant pour une série
de réactions catalytiques avec un rapport styrene/Rh de 5000/1 et un temps de réaction
de 0.25 h, avec extraction intermédiaire du produit par éther diéthylique (Figure 7a).
La procédure d'extraction était similaire a celle précédemment utilisée pour recycler
les latex de RhNP-TPP@CCM-C [35] et RhNP-TPPO@CCM-C (voir paragraphe
précédent), ainsi que le latex du Rh-TPP moléculaire@CCM [28]. Une conversion
assez constante du styrene d'environ 21 %, correspondant a un TOF moyen d'environ
4500 h! (cTOF de 6500 h'), a été obtenue sur les six réactions consécutives, mais
uniquement lorsque le systeme de catalyse récupéré a été réactivé avec H2 (20 bar, 1 h,
25 °C) avantl'ajout d'un nouveau lot de substrat. Une expérience de recyclage sans ce

traitement de réactivation a donné des résultats erratiques, probablement en raison de
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la passivation des RhINPs par la formation d'une couche d'oxyde en surface [47,49]
pendant les procédures de recyclage, comme discuté également dans le paragraphe
précédent. Une analyse TEM sur le latex récupéré apres la sixieme réaction (Figure 7b)
a montré que les RhNDPs restaient bien dispersées, avec une distribution de taille

similaire (1.9 £ 0.6 nm) a celle avant la catalyse (voir Tableau 2).

100+ i $

a) -Conversion St ey ‘ I < NPs count

£ 80/ B vicd eB - e

© j

> 60+

S~

5

@

>

[ =y

(@]

(&)

1 2 3 4 5 6
Reaction Run Number

Figure 7. (a) Réutilisation du catalyseur RhNP-TPPO@CCM-C évaluée dans six réactions
catalytiques d'hydrogénation du styrene avec extraction du produit par éther diéthylique et
traitement intermédiaire a I'H2 (20 bar Hz, 25 °C, 1 h, 1200 tr/min) et extraction du produit par
éther diéthylique. Conditions de réaction : Styrene/Rh = 5000/1, 20 bar Hz, 25 °C, 0,25 h, 1200
tr/min (b) TEM du RhNP-TPPO@CCM-C apres la sixieme réaction avec les RhNPs bien
dispersées, et la distribution de taille correspondante, plutot a celle observée avant la catalyse
(1.9 £ 0.6 nm) (superposés).

VI. Conclusion et perspectives

L'objectif de ce projet de these était de développer de nouvelles méthodes pour le
confinement efficace de nanoparticules métalliques (MNPs) dans des nanoréacteurs
micellaires a coeur-réticulés (CCM), avec des coquilles cationiques, en vue d'appliquer
les latex MNP@CCMs résultants dans'hydrogénation biphasique aqueuse. A cette fin,
de nouvelles micelles a coeur-réticulés fonctionnalisées avec de l'oxyde de
triphénylphosphine et une coque polycationique ont été développées par extension
d'une approche de polymérisation RAFT optimisée précédemment. La premiere

tentative de production de RhNP-TPPO@CCM-C consistait a charger les micelles
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TPPO@CCM-C avec [Rh(COD)(u-Cl)]2, afin de générer un complexe
[RhCl(COD)(TPPO@CCM-C)] ancré dans le coeur, qui pourrait étre réduit en RhNPs
par Hz, suivant la méme procédure que celle développée précédemment pour obtenir
des RhNPs incorporés dans TPP@CCM-C. Celas'est révélé infructueux, indiquant que
la formation d'un complexe RhI-TPPO@CCM-C par clivage du groupement pont di- -
Cl- dans [Rh(COD)(u-Cl)]2 n'était pas favorable dans le coeur polymérique dans les
conditions appliquées. Etant donné cela, une stratégie alternative impliquant la
synthese ex-situ de RhNPs en utilisant TPP et la pyridine comme stabilisateurs,
produisant des RhNPs ultrapetites, et leur transfert ultérieur dans les nanoréacteurs
TPPO@CCM-C, a été envisagée. Cette stratégie a permis le transfert réussi des RhNPs
vers les coeurs fonctionnalisés par TPPO. Bien que le latex résultant RhNP-
TPPO@CCM-C se soit avéré efficace dans I'hydrogénation biphasique aqueuse du
styrene, avec seulement 2 % de lixiviation du catalyseur, une extraction graduelle des
ligands TPP et pyridine utilisés pour la synthese ex-situ des RnNPs pendant le travail
entre lescycles, a induit une diminution réguliere de l'activité catalytique. Néanmoins,
une phase de catalyseur stable a été obtenue apres un lavage préliminaire approfondi
et une premiere réaction, produisant une TOF d'environ 1025 h'! (cTOF d'environ 1440
h1), sur plusieurs cycles. Pour améliorer le systeme, une nouvelle approche a été
développée consistant en une synthese en une seule étape du catalyseur RhNP-
TPPO@CCM-C, qui ne nécessite pas l'utilisation de stabilisateurs supplémentaires.
Les RhINPs produites étaient de taille plus petite (1.7 + 0.2 nm) que leurs homologues
synthétisés dans des conditions similaires en présence uniquement de TPPO comme
stabilisateur (2.4 + 0.2 nm). Cette différence souligne I'effet positif du confinement sur
la taille des RhNPs, conduisant a des NPs plus petites. Le nouveau catalyseur a
démontré une tres bonne activité catalytique (cTOFs de 4500 a 16000 h-1) et une
sélectivité totale dans I'hydrogénation du styrene pur en éthylbenzene dans des
conditions douces (20 bar Hz, 25-55 °C). Les résultats catalytiques globaux avec RhNP-

TPPO@CCM-C ont montré que la nature des ligands fonctionnalisant le coeur des
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micelles polymeres est un parametre clé pour améliorer la stabilité et le recyclage du

latex catalytique.
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