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Abstract 

Novel polymeric architectures and analytical methods were designed for the 

synthesis, characterization, and applications of metallic nanocatalysts. Four main research 

areas were investigated, namely: i) palladium nanocatalysts, ii) metal content analysis by a 

novel microplasma-based technique, iii) polyion complex micelle-metal hybrid structures, 

and iv) nickel nanocatalysts. 

 The solution and solid-state properties of dendrigraft (arborescent) polystyrene-graft-

poly(2-vinylpyridine) copolymers were studied by dynamic light scattering (DLS) and 

atomic force microscopy (AFM). The unimolecular micelles exhibited good colloidal 

stability and narrow size distributions in organic solvents, and a fried egg morphology when 

deposited onto mica substrates. The preparation of stable colloidal Pd nanoparticles within 

the dendritic templates was reported for the first time. The diameter of the nanoparticles 

varied from 0.7 to 3.4 nm depending on the loading level, reduction time, and arborescent 

copolymer generation used. The catalytic activity of the colloidal Pd nanoparticles was 

evaluated in the Suzuki-Miyaura (SM) cross-coupling reaction under green conditions. Good 

catalytic activity and a positive dendritic effect were evidenced, although air-sensitivity and 

flocculation limited the activity and recyclability of the catalysts. To determine the 

concentration of Pd in the copolymers, a novel microplasma-based technique was applied in 

organic solvents for the first time. Metal quantification by microplasma-optical emission 

spectrometry revealed stoichiometric complexation of the Pd salt by the pyridine groups, and 

kinetic aggregation studies highlighted the benefits of the polymer for colloidal stability. 
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 To obtain Pd nanoparticles dispersible in high water content solutions, polyion 

complex micelles were synthesized from arborescent copolymers and double-hydrophilic 

block copolymers. The latter, viz. poly(acrylic acid)-block-poly(2-hydroxyethyl acrylate), 

were obtained by hydrolysis of poly(tert-butyl acrylate)-block-poly(2-trimethylsilyloxyethyl 

acrylate), synthesized by atom transfer radical polymerization. The self-assembled 

complexes formed supramolecular aggregates with hydrodynamic diameters of 132 to 354 

nm and narrow size distributions. The assemblies exhibited thermo-responsive properties in 

ethanol, dissociating above ca. 35 °C and reforming upon cooling. The polyion complexes, 

with hydrodynamic diameters ranging from 110 to 306 nm, were stable in water and were 

used for the solubilization of Pd nanocatalysts for aqueous Suzuki-Miyaura reactions. 

Lastly, the properties of nickel nanoparticles prepared at Vale-Inco by a novel 

thermal decomposition method were investigated. The specific surface area of the bare 

nanopowders ranged from 6.4 to 97.2 m
2
∙g

-1
, and their catalytic activity in the hydrogenation 

of adiponitrile and mesityl oxide was higher than for commercial catalysts in some cases. 

Treatment of the nanoparticles with diethylenetriamine further improved their catalytic 

activity. Polymeric stabilizers were designed to maximize the dispersibility and catalytic 

activity of the nanopowders. The structures investigated included triblock copolymers of 

polystyrene with poly(ethylene oxide) or poly(2-vinylpyridine), and telechelic poly(ethylene 

glycol). Application of the polymer-stabilized nickel catalysts in hydrogenation yielded up to 

15-fold increases in specific catalytic activity as compared to the bare particles. The polymer 

was also effective at preventing oxidation by air under storage. 
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1.1 Opening remarks 

 The unique size-dependent properties exhibited by nanosized materials have led to 

the thriving advances recently seen in nanotechnology. Although heterogeneous catalysis has 

long been concerned with the preparation and applications of metallic nanostructures, the 

controlled supramolecular assembly of nanomaterials, coupled with the use of novel 

characterization methods, have set apart nanocatalysis as a new field of research.
1,2

 To 

maintain their small size and high catalytic activity nanoparticles must be stabilized, and 

polymers have emerged as extremely successful and versatile candidates for that purpose. 

Moreover, the role of the polymeric matrix is not limited to providing colloidal stability but 

is central to the synthesis, solubilization, catalytic performance, recovery and recycling of the 

metallic species.
3,4

 

 Several polymeric structures ranging from linear homopolymers, block copolymers, 

and more recently dendritic structures  have been employed for the preparation and 

stabilization of metallic nanoparticles.
3
 Dendrimers in particular have shown great promise in 

nanocatalysis, but other dendritic architectures remain largely unexplored. Palladium has 

been one of the most studied highly performant catalysts for hydrogenation, oxidation, and 

carbon-carbon forming reactions among others.
5
 Magnetic nanomaterials have also garnered 

great interest in catalysis, since recovery of the metallic species by subjecting them to a 

magnetic field is of particular interest. Among ferromagnetic materials nickel has been rather 

exiguously investigated, even though this metal exhibits a high catalytic performance for 

many reactions including hydrogenation, oxidation, carbonylation, and cross-coupling 

reactions.
6
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 Further understanding and control of structure formation, morphological diversity, 

and self-assembly dynamics are critical to the implementation of nanocatalysts in a wide 

range of technological applications, and nanocatalysis will likely remain an active field of 

research in the future.
7,8

 

1.2 Research objectives and thesis outline 

 The research presented in this Thesis focuses on the synthesis, characterization, and 

applications of polymeric stabilizers for the preparation of metallic nanocatalysts. In 

particular, different polymeric architectures and a novel characterization technique were 

investigated to further expand fundamental understanding in this field of research. 

 This dissertation is organized into seven chapters. Following this Foreword, a detailed 

review of the relevant literature on nanocatalysis is presented in Chapter 2. This background 

information highlights the fundamental properties of nanosized catalysts, the utilization of 

polymers as stabilizers, and the application of these materials in carbon-carbon bond-forming 

reactions. To the best of our knowledge, this review is the first one to summarize extensively 

the preparation of polymer-stabilized Pd nanoparticles. Arborescent (dendrigraft) copolymers 

exhibit a cascade-branched architecture akin to that of dendrimers, but their synthesis 

protocol – based on the utilization of polymeric moieties – allows a rapid increase in molar 

mass while maintaining a low molar-mass dispersity. In Chapter 3, after studying the 

properties of arborescent amphiphilic structures, we investigated the formation of Pd 

nanoparticles within these templates. We also demonstrated their use as catalysts in the 

Suzuki-Miyaura reaction. The determination of the metal content of nanocatalytic systems 

largely relies on inductively coupled plasma (ICP) measurements. Unfortunately, this 
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characterization technique is marred by several important limitations. In Chapter 4, we 

demonstrated for the first time the application of a microplasma-based technique for the 

direct determination of the concentration of Pd in arborescent polymer-stabilized 

nanoparticle systems in organic solvents.  These results are published as References 9 and 10 

in this Chapter. The preparation of polyion complex micelles from arborescent copolymers 

and double-hydrophilic block copolymers is reported in Chapter 5. In addition to exhibiting 

interesting thermo-responsive properties in ethanol, the self-assembled supramolecular 

structures formed by these polymers can serve for the preparation of water-dispersible Pd 

catalysts for application in aqueous Suzuki-Miyaura reactions. A fundamental study on the 

properties of nickel nanoparticles prepared by a novel thermal decomposition method 

developed at Vale-Inco is reported in Chapter 6. The influence of polymeric stabilizers on the 

catalytic activity of the particles is emphasized. The overarching conclusions from the Thesis 

are presented in Chapter 7, which provides an overall summary of the body of research 

completed, the original contributions to knowledge, and suggestions for future work. 

In agreement with the University of Waterloo Thesis regulations, the format of each 

chapter is organized as a manuscript for publication in scientific journals. Each chapter 

therefore includes an introductory section providing relevant background information on the 

subject matter, experimental methods, results and discussion, and conclusions. Additionally, 

an overall abstract for the complete Thesis is provided in the preliminary pages of this 

dissertation, and a single list of references at the very end of the document is organized and 

numbered according to each individual chapter. 
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2.1 Nanoscience and nanotechnology 

 The formidable potential offered by the production, control and manipulation of 

structures down to the molecular level has led, over the past 30 years, to major developments 

in the fields of nanoscience and nanotechnology.
1
 As emboldened in 1959 by Nobel laureate 

Richard Feynman, in his visionary lecture entitled “There is plenty of room at the bottom”,
2
 

the dynamic body of research in these areas has paved the way to exciting novel 

technological applications. 

At the core of nanoscience and nanotechnology are the significant changes in the 

properties exhibited by materials as their size is decreased from the macroscopic to the 

atomic or molecular level. In an intermediate region where at least one dimension is in the 

nanometer range (1–100 nm) unique properties emerge, different from those of the bulk or 

atoms, and which can vary significantly with the size, shape and structure of the nanoscale 

materials.
3
 At the lower end of this size range, both surface and quantum effects become 

important and can lead to unique chemical, electronic, magnetic, mechanical, optical, 

photonic, thermal,  thermodynamic and catalytic properties among others.
4–7

 

The effect on catalytic properties, in particular, has shown such promise that 

Somorjai
*
 was led to qualify catalysis as the central field of nanoscience and 

nanotechnology.
8
 As a matter of fact nanocatalysis has emerged as a research field in its own 

right,
9,10

 and has attracted steadily rising interest from the research community (Figure 2.1) 

with several books already dedicated to this subject.
6,11–18

 

 

                                                      
* G. A. Somorjai is regarded as one the fathers of modern surface chemistry. 
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Figure 2.1 Number of published articles including the topic "nanocatalysts or 

nanocatalysis" (from Web of Science™ statistics). 

 

Atoms at the surface of a solid often exhibit a high chemical reactivity because of 

their unsatisfied coordination and as the size diminishes, the fraction of surface atoms rises 

rapidly. The electronic and chemical properties are greatly affected by the particle size 

reduction, and these have been shown to even depend on the exact number of atoms 

present.
19

 It is, however, the intrinsic changes in the chemical and catalytic reactivity in the 

nanometer size range, non-scalable from the bulk properties, that distinguish nanocatalysts 

from other large surface-area catalysts.
20

 Nanocatalysis, as a consequence, is concerned with 

understanding the inner workings of a catalyst at the molecular level, and the rational 

production of catalysts with a well-defined size, morphology, composition, and structure in 

order to control its properties.
21–23

  

Changes in the optical properties represent another important surface-sensitive size 

effect that is beautifully illustrated by the deep coloration of coinage metal nanoparticle 
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colloids. In the lower size range, the absorbance of light in the ultraviolet-visible (UV-vis) 

region becomes important for these nanoparticles. Mie provided in 1908 a solution to 

Maxwell’s equations to account for the absorbance spectra of spherical particles.
24

 This 

effect, known as surface plasmon resonance, stems from coherent oscillation of the valence 

electrons of the atoms in the particles upon interacting with electromagnetic waves in the 

UV-vis region. Since then, important applications such as bio-sensing devices
25

 have been 

developed for these materials. 

Furthermore, when the size of a material becomes comparable to the associated 

wavelength of charge carriers (typically in the nanometer range
†
), restriction in the motion of 

the electrons known as quantum confinement
26

 results in discrete energy levels. This 

electronic structure differs significantly from the continuum of energy states displayed by 

bulk materials. Important applications have emanated from the idiosyncratic electrical and 

optical properties displayed by such nanoparticles. In the information technology and 

telecommunications industries for instance, semiconductor nanoparticles (quantum dots) are 

promising as single electron transistors and in the elaboration of quantum computers.
26

   

Since many nanomaterial properties exhibit a non-monotonic size dependency, 

important efforts have been devoted to the development of synthetic strategies offering 

control over the size but also over the structure, composition and shape of nanoparticles. A 

variety of materials – ranging from three-dimensional to zero-dimensional structures – are 

                                                      
† The electron wavelength stems from the particle-wave duality of any particle, as enunciated 

by De Broglie in 1924.
353,354
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now obtainable including nanocrystals; monolayer films and nanosheets; carbon nanotubes, 

nanorods and nanowires; nanoparticles and quantum dots.
26,27

 

Transition metal nanostructures are of particular importance in catalysis, and have by 

far attracted the most interest. These nanosized materials have emerged as an alternative to 

the classical division between homogeneous and heterogeneous catalysts, and stand in the 

continuum in size that exists between molecular organometallic compounds, metal clusters, 

nanoparticles (and colloids or sols), and solid state metals. An abundant body of research 

exists on synthetic strategies devised for the preparation of well-defined nanoparticles, as 

outlined in several reviews.
23,28–59

 

After highlighting the relevance of metal nanoparticles to catalysis, we will review 

the different synthetic strategies used to prepare efficient nanocatalysts. In particular, we will 

see that wet chemistry methods arose as the most popular route. Colloidal stability of metal 

nanoparticles is essential however, and polymers have emerged as very successful candidates 

to provide steric and/or electrostatic stabilization. In this Chapter, we will particularly focus 

on the more recent utilization of dendritic polymers and highlight their interesting 

characteristics. We will also review some of their important applications in the Suzuki-

Miyaura cross-coupling reaction, which employs primarily Pd catalysts. As the most 

extensively studied catalyst,
60

 this noble metal shows great promise for the advent of more 

sustainable processes (i.e., green chemistry) with important industrial and economical 

applications. 
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2.2 Catalysis  

2.2.1 Definitions 

Catalysts are ubiquitous in modern societies and central to the production of 

chemicals, lubricants, refrigerants, polymers, pharmaceuticals and transportation fuels among 

many others.
10

 In fact, it is estimated that more than 95% by volume of all the products are 

synthesized using catalysts, the latter amounting to a $13-billion market in the world 

economy.
61

 Catalysts are also of prime importance to life, with enzymes accounting for most 

of the processes on the planet and in the human body. 

The word catalysis, derived from the Greek κατα and λνσιζ meaning ‘wholly 

loosening’, was coined by Berzelius in 1835 to describe the “decomposition of bodies” under 

a certain “catalytic force”.
62

 Although definitions may vary,
63

 it is usually agreed that the role 

of a catalyst is to increase the rate at which the equilibrium of a reaction is approached 

without itself becoming permanently involved in the reaction.
64

 Even though a catalyst is not 

consumed during the reaction and can be reused, deactivation by poisoning, fouling, material 

loss through leaching, and/or structural reorganization/degradation typically limit its 

lifetime.
65,66

 It is not surprising that catalysts have been employed extensively in industry 

since they can lower production costs by decreasing the energy requirements while being 

reusable. Selectivity is another important parameter for a catalyst which can favor the 

formation of a particular reaction product. In practice, selectivity augments the production 

yield and simplifies recovery procedures. It is also of importance in the production of drugs 

for instance, where safety can be improved by preventing the formation of harmful side 
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products.
67

 The relevance of selectivity is perhaps best illustrated by the challenge set by 

Somorjai for catalysts of the 21
st
 century to reach 100% selectivity.

68
  

 

2.2.2 Role of a catalyst 

The effect of a catalyst is to reduce the activation energy (Ea) of a reaction, by 

favoring the formation of a transition state (activated complex) with a lower potential energy. 

As illustrated in Figure 2.2, the reactants form preferably the “desired” products, 

characterized by a lower activation energy (Ecat). The non-catalyzed reaction proceeds 

through the formation of an activated complex with a much greater activation energy (Euncat). 

 

Figure 2.2 Potential energy diagram for catalyzed (solid line) and non-catalyzed 

reactions (dashed line). A selective catalyst can favor the desired catalyzed reaction 

(right) with a lower activation energy over the undesired reaction (left). Adapted with 

permission from Reference 69. Copyright 2012 John Wiley & Sons. 
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Selectivity can be achieved by favoring the formation of the species with the lowest 

Ecat. It should be noted that catalysis is fundamentally a kinetic phenomenon, as opposed to a 

thermodynamic one, so the change in enthalpy of the reaction (ΔH) is not affected.
69

 The 

Arrhenius equation links the rate constant k for a reaction to the activation energy Ecat as: 

 𝑘 = 𝐴𝑒−
𝐸cat
𝑅𝑇  (2.1) 

The parameters involved are the pre-exponential factor A (a frequency factor for an 

elementary process, related to the number of collisions per unit time between the reactants 

having the adequate orientation to yield the products), the gas constant R, and the absolute 

temperature T.
70

 A decrease in Ecat leads to an increase in the rate of the reaction as described 

by Equation 2.1. 

 

2.2.3 Classification of catalysts 

Traditionally, catalysts have been divided based on their physical state and that of the 

reactants (substrates) between two main groups, namely homogeneous and heterogeneous. 

Homogeneous catalysts are in the same phase as the reactants, which usually is the liquid 

state. In heterogeneous systems the catalyst and reactants are in different phases, although 

most commonly, the catalyst is in the solid state and the reactants are liquids or gases.
71

 A 

third intermediate group includes enzymes serving as biocatalysts, and is attracting growing 

interest due to mounting regulatory demands for the chemical industry to develop processes 

that are energy-efficient and respectful of the health and environment. 

Homogeneous catalysts are characterized by greater performance (i.e., activity and 

selectivity) over heterogeneous systems. However, industrial applications favor the usage of 
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the latter because of their greater stability and easier recovery. Indeed, heterogeneous 

catalysts are involved in about 80% of all industrial catalytic processes. Enzymatic catalysts, 

while representing only about 5% of all catalytic processes, have a well-defined structure, 

high activity and selectivity, and show promise in various applications.
61

 

Recently, nanocatalysts have challenged this classification and have been referred to 

variously as homogeneous,
72

 heterogeneous,
72,73

 quasi-homogeneous,
40,54

 quasi-

heterogeneous,
74

 semi-heterogeneous,
75,76

 heterogeneous in solution,
77

 soluble 

heterogeneous, soluble hybrid heterogeneous-homogeneous, soluble near-homogeneous,
78

 or 

homogenous cluster catalysts.
79

 The different terminologies used reflect the uncertainty about 

the nature of the active species in solution and the onset of a heterogeneous phase.
80

 For 

instance, atoms leaching from finely dispersed heterogeneous particles,
46

 or metal particles 

formed by the decomposition of soluble complexes
81–83

 may also participate in catalytic 

processes. These difficulties have long been recognized, and criteria have been proposed to 

help differentiate the occurrence of homogeneous versus heterogeneous catalysis.
79,80,84,85

 

Since such distinction may remain in principle unfeasible within a narrow intermediate size 

range, and to avoid confusion in terminology, Crabtree rather proposed to distinguish 

between homotopic and heterotopic catalysts to highlight the participation of single or 

multiple sites in the catalytic mechanism, respectively.
80
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2.3 Nanocatalysis 

2.3.1 Definitions 

The continuum in size that exists between organometallic compounds, clusters, and 

nanoparticles or colloids can render difficult the assignment of a specific size range to each 

species, and various definitions have been used by different authors. We will attempt to 

clarify the understanding of each term by reporting the definitions given by authorities in the 

field. For instance, Rösch and Pacchioni have defined clusters as “aggregates of atoms, not 

necessarily of the same element, which do not exist in measurable quantities in an 

equilibrium vapor”.
86

 This definition allows one, for instance, to distinguish fullerenes and a 

tetrahedron of phosphorous atoms (P4) (both considered molecules) from sodium aggregates 

(Nan) and some transition metal carbonyls such as [Ni5(CO)12]
2-

 (considered clusters
‡
). 

Bradley, in the same book, restricted the term colloids
§
 “to metallic elements, principally 

transition metals”, with a size range which “reflects the current interest among chemists and 

                                                      
‡ This definition is different from the one used by Blackman and Binns, who do not 

distinguish between clusters and nanoparticles, and include fullerenes in the cluster 

classification.
355

 Pomogailo, on the other hand, regards clusters as “particles with ordered 

structures (their size ranging from 1 to 10 nm) composed as a rule of 38–40 (sometimes 

more) metal atoms” and nanoparticles as “disordered structures, having a size of 10–50 nm 

and including in most cases 10
5
–10

6
 atoms.

29
 

§ This definition is different from the original term introduced by Graham in 1861 to describe 

the “glue-like” properties of aqueous solutions of silver chloride or gold (i.e., a slow 

diffusion rate and non-crystallizability).
356

 In this context, colloids described a suspension of 

a liquid or solid phase in another liquid phase. IUPAC defines colloidal systems as particles 

having at least one dimension within the size range of 1 nm to 1 µm.
357
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physicists in exploring those special properties which are expected to be exhibited by small 

particles of solid inorganic materials, including metals, as their size approaches that of 

molecular clusters”.
28

 More practically perhaps, he noted a lower limit ranging from 1 to 20 

nm while stressing the flexibility of the upper bound. In the current literature, however, the 

term ‘nanoparticle’ has usually been substituted to the term ‘colloid’
87

 (or ultrafine 

particles
88

) and principally refers to isolated particles with diameters ranging from 1 to 100 

nm.
89,90

 We will follow the definition provided by Bönnemann and Serp among others, and 

regard colloids (or sols) as nanoparticles stabilized by a protective shell in a liquid phase.
39,91

 

It should be noted, however, that some authors make a clear distinction between colloids and 

nanoparticles (nanoclusters).
**

 In this context, nanoclusters correspond to particles “at or 

below the 1-nm end of the size range”, as noted by Crabtree.
80

 More recently, the term 

superatom has been used to describe sub-nanoparticles with only a few tens of metal atoms, 

exhibiting unique properties that depend on the exact number of atoms.
92

 These particles 

exhibit chemical behaviors reminiscent of the properties of the elements. 

The characterization of the size distribution of nanoparticles differs from that of 

polymeric molecules for instance, and a population with a standard deviation of less than 

10% (dispersity of 1.1) from the mean particle size is commonly described as 

                                                      
** For instance, Finke et al. restricted the term nanoclusters to particles displaying a narrow 

size distribution, a diameter between 1 and 10 nm, and that are isolable, and of well-defined 

composition.
78,358

 This is in contrast with colloids, considered to be larger than 10 nm, with a 

broader size distribution, and generally in aqueous media. Furthermore, Wang and Ostafin 

also agreed on the upper bound of 100 nm but preferred to set the lower limit at a few 

hundred atoms for nanoparticles.
42
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monodispersed.
45,93

 We will, however, heed the advice of Aiken and Finke and prefer to 

employ the term ‘near monodispersed’.
78

 Furthermore, standard deviations up to 20% 

(dispersity of 1.2) from the average particle size are generally accepted as representative of 

narrow size distributions.
45,54

 

 

2.3.2 Size effects 

Heterogeneous catalysis is foremost a surface process where the catalyst mediates the 

interactions between the substrate molecules;
94,95

 therefore both the nature and texture of the 

catalyst are of importance for its activity. The nature of the catalyst determines its ability for 

chemisorption and complex formation with the substrate molecules (ligand effect).
96

 The 

texture, characterized by properties such as the porosity and particle size distribution, directly 

influence the surface area available to the substrate molecules.
97

 

As the particle size decreases, the surface-to-volume ratio of a material increases (∝ 

r
-1

), thus imparting nanosized materials a large specific surface area.
95

 From a topological 

viewpoint, the catalytic reaction is facilitated by open structures with low-coordinating, 

highly reactive surface sites located at surface imperfections such as edges, steps, kinks, and 

F-centers (oxygen vacancies).
98,99

 A reduction in particle size is generally associated with 

important structural changes and a greater number of crystallographic defects promoting the 

catalytic activity of a material.
100–103

 Pd nanoparticles, for instance, often adopt a 

cuboctahedral morphology for which the number of terrace, edge, and corner atoms on the 

surface can be calculated.
100,104–106

 As shown in Figure 2.3, the fraction of highly reactive 

edge and corner atoms increases more rapidly than the corresponding fraction of terrace 
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atoms as the size is reduced.
107

 Indeed, the excess energy of superficial atoms has often 

prompted the qualification “energy-saturated systems” to describe nanoparticles.
29

 

 

 

Figure 2.3 (a) Structure of the cuboctahedral model showing the different types of 

surface atoms used in the calculation of (b) the fraction of surface atoms, and the ratio 

of terrace atoms to edge and corner atoms (Nterrace/N(edge+corner)) as a function of the 

nanoparticle size. Reprinted with permission from Reference 107. Copyright 2011 The 

Royal Society of Chemistry. 

 

In addition to geometric effects, important changes in the intrinsic properties of 

materials – known as quantum size effects – are observed as the size diminishes.
20

 Bulk 

metals display energy band structures that enable the delocalization and transport of 

electrons. As the size approaches the nanometer range, discreet energy levels with a size-

dependent spacing replace the band structure (quantum confinement), and confer to the 

material properties approaching those of molecules or atoms (Figure 2.4).
20,102,108–111
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Figure 2.4 Illustration of the electronic energy levels in molecules, nanoparticles and 

bulk metals. Adapted from Reference 111. Copyright 2002 Taylor & Francis. 

 

The influence of particle size on catalytic activity has long been an important 

discussion topic.
112

 Following the definition of structure sensitivity given by Boudart,
113,114

 

reactions have been classified into three different categories:
99,115

 i) Negative (antipathetic, 

class Ia) or positive (sympathetic, class II) structure-sensitive (demanding) reactions, ii) 

reactions with a local maximum (class Ib), and iii) structure-insensitive (facile, class III) 

reactions, as depicted in Figure 2.5. The first two categories correspond to reactions for 

which the turnover frequency (TOF, number of molecules reacting per number of active site 

per unit time) increases and decreases, respectively, with decreasing particle size. The 

reactions in class Ib exhibit a maximum in TOF as the particle size is varied. All structure-

sensitive reactions require the presence of specific catalytic sites with particular geometric 

requirements (ensemble size effects). The last class corresponds to reactions unaffected by 
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particle size, for which typically all the atoms at the surface are available for reaction.
116,117

 It 

should be noted that size variations are often accompanied by structural changes, and that the 

origin of the effect observed is not always clearly identified.
94,103

 

 

Figure 2.5 Schematic illustration of the dependence of the turnover frequency (TOF) on 

the size of nanocatalysts for major classes of reactions: (Ia) negative and (II) positive 

structure-sensitive reactions, (Ib) reactions with a mix of positive and negative structure 

sensitivity, and (III) structure-insensitive reactions. Adapted with permission from 

Reference 20. Copyright 2013 Wiley-VCH. 

 

2.3.3 Shape, composition, and support effects 

Additional parameters are found to have important effects on the catalytic 

performance of nanoparticles. For structure-sensitive reactions, the shape of a catalyst 

governs the type of surface facets, as well as the proportion of atoms at corners, edges, and 

planes; it thereby plays a significant role in controlling the activity and selectivity of 

nanocatalysts.
118

 A variety of strategies devised for the preparation of shape-controlled noble 

metal nanocrystals with interesting catalytic activity have been reviewed recently in several 

publications.
44,50,102,118–126

 As illustrated in Figure 2.6, Pd NPs of various shapes have been 
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prepared such as cubes, cuboctahedra, octahedra,
127,128

 concave tetrahedra, concave trigonal 

bipyramids,
129

 decahedra, icosahedra,
127,130

 rhombic dodecahedra,
131

 trapezohedra, 

hexoctahedra,
132

 bars, rods,
127

 five-fold twinned rods
133

 and plates.
134

 

 

Figure 2.6 Schematic illustration of the preparation of Pd nanostructures with different 

shapes by reduction of a Pd precursor. The green, orange, and purple colors represent 

the {100}, {111}, and {110} facets, respectively. The ratio R of the growth rate along the 

<100> and <111> axes determine the evolution of the single-crystal seeds into particles 

of different shapes. Reprinted with permission from Reference 119. Copyright 2007 

Wiley-VCH. 
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In their seminal work, Narayanan and El-Sayed compared the catalytic activity of 

tetrahedral, near spherical, and cubic Pt nanoparticles in the electron transfer reaction 

between hexacyanoferrate(III) and thiosulfate ions.
135

 By determining the activation energy 

and the average rate constant of the reactions, they found a correlation between the fraction 

of atoms located on the corners and edges of the particles and the catalytic activity – which 

varied as tetrahedral > near spherical > cubic. The same authors reported a decrease in the 

rate of the Suzuki-Miyaura (SM) cross-coupling reaction between phenylboronic acid and 

iodobenzene as the shape of the Pt NPs rearranged from tetrahedral to near spherical during 

the reaction.
136

 Comparison of the catalytic activity of Pd concave nanocubes, displaying 

high-index facets {730}, with conventional nanocubes in the SM coupling reaction revealed 

a TOF 3.5 times higher when using the former catalyst.
137

 Nanorods and branched 

nanocrystals, synthesized by a seed-mediated growth approach, likewise displayed a high 

catalytic activity in the SM coupling reaction.
138

 

The intrinsic composition of nanoparticles also greatly influences the performance of 

a catalyst. In particular, bimetallic and multimetallic structures have displayed synergetic 

effects between the different metal elements, with enhanced catalytic performance as 

compared to their monometallic counterparts. A variety of bimetallic nanocatalysts have been 

prepared with core-shell, cluster-in-cluster, hetero- and alloyed structures, and employed in 

several reactions such as hydrogenation, hydration, electro-oxidation, oxidation, reduction, 

aromatization, combustion, and cross-coupling reactions.
139

 The enhanced performance of 

bimetallic catalysts is often interpreted in terms of ensemble and/or electronic (ligand) 

effects. For instance, Scott et al. reported higher TOFs for bimetallic Au-Pd nanoparticles 
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than for Pd NPs in the oxidation of alcohols and in hydrogenation reactions.
140

 Using 

trimetallic Au-Ag-Pd nanoparticles, Venkatesan and Santhanalakshmi obtained a higher 

catalytic activity in SM cross-coupling reactions than for monometallic Pd nanoparticles.
141

 

Choi et al., using ZnO-supported bimetallic nanoparticles of Pd and Ag, Ni or Cu prepared 

by γ-irradiation,
142

 or Pd-Cu supported on carbon,
143

 also achieved better catalytic activity 

than for their monometallic counterparts in SM reactions. 

 In heterogeneous catalysis, nanoparticles are typically deposited onto a solid support 

that provides advantages in terms of particle dispersion, stability, recovery, handling, and 

recycling.
144

 For instance, a variety of supports have been applied to the preparation of Pd 

NPs for cross-coupling reactions including metal oxides (alumina, silica, zeolites, etc.),
145–147

 

carbonaceous materials (activated carbon,
147

 graphene,
148

 nanotubes
149

), polymers,
150–153

 

dendrimers,
154

 and more recently biomaterials.
155–157

 For small particle sizes, interactions 

with the support can affect the electronic properties of the surface atoms and dramatically 

alter their catalytic activity.
102,158–161

 For instance, while carrying out theoretical and 

experimental studies on Pd nanoclusters, Pacchioni et al. uncovered the special role of point 

defects (particularly F-centers) on the surface of MgO supports for the catalytic activation of 

Pd in the cyclization reaction of acetylene.
162

 Another important example of support effect 

was illustrated in the seminal studies by Haruta et al. on the catalyzed oxidation of CO by O2 

on oxide-supported Au nanoparticles.
163–164
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2.4 Nanoparticle synthesis and aggregation 

2.4.1 Nanoparticle synthesis 

Since the first description by Faraday in 1857 of the synthesis of colloidal gold 

NPs,
165

 a variety of methods have been devised for the preparation of nanoparticles for all the 

transition metal elements.
166

 While these have been traditionally divided between top-down 

and bottom-up approaches, the advancement of nanosciences has largely favored the latter 

approach which generally provides better control over the size, structure, shape and 

composition of the particles.
36,167

 

The top-down approaches proceed by size reduction of bulk metals down to the 

nanometer size range, and subsequent stabilization of the particles. Some limitations of these 

techniques include the level of impurities and surface imperfection of the particles.
168

 Size 

reduction of the bulk metal can be performed by several physical methods such as 

mechanical grinding
42

 (ball milling,
169

 attrition
170

), controlled vapor deposition (chemical
171

 

or physical
172

), pulsed laser deposition,
173,174

 arc melting,
175

 flame combustion,
176

 microwave 

plasma discharge,
177

 and various lithographic techniques (e.g., electron beam 

lithography,
174,178

 focused ion beam irradiation etching
179

 and sputtering,
180,181

 X-ray 

interference lithography,
182

 UV lithography,
183

 laser interference lithography
184

). 

In the case of bottom-up strategies, the nanoparticles are synthesized by the 

controlled decomposition or reduction of a metal precursor in the presence of a stabilizer. 

Three main wet chemical strategies have been employed in this regard, namely i) metal salt 

reduction, either chemically or electrochemically, ii) thermolysis via photolytic, radiolytic or 

sonochemical pathways, and iii) controlled decomposition of organometallic compounds.
36,47
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Lithographic techniques may be regarded as hybrid, since etching is associated with top-

down approaches while nanolithography and the growth of thin films are usually linked to 

bottom-up schemes.
168

 Comprehensive reviews have treated both the size reduction
35,42,44,57–

59
 and the molecular self-assembly strategies.

23,28–56
 

 

2.4.2 Metal salt reduction 

 Among the synthetic wet chemistry methods, the reduction of metal salts has become 

the most common route for the preparation of transition metal nanoparticles due to its 

simplicity and advantages.
36,39

 The reduction of a metal salt to yield zerovalent metal atoms 

proceeds as expressed by Equation 2.2.
55

 The concomitant oxidation of species X is also 

shown in Equation 2.3. The formation of metal atoms in the embryonic stage of nucleation is 

controlled by the difference in redox potentials between the metal salt and the reducing 

agent, and can lead to the formation of metal seeds with a size well below 1 nm (vide infra).
39

 

 𝑀𝑛+ + 𝑛𝑒− → 𝑀0 (2.2) 

 𝑋𝑚 − 𝑛𝑒− → 𝑋𝑚−𝑛 (2.3) 

A wide variety of metal salts and reducing agents have been employed for this 

purpose. Some representative examples for the preparation of Pd NPs are provided in Table 

2.1. Metal salt precursors are typically palladium chloride and carboxylate derivatives, and 

the reducing agents employed include hydrogen, carbon monoxide, hydrides, carboxylic 

acids, salts, oxidizable solvents, and polymers.
36

 Invariably, a stabilizer is used in the 

synthetic protocol to confer colloidal stability and to control the size, size distribution and 



Chapter 2 

 25 

shape of the nanoparticles. The different types of stabilization mechanisms and stabilizers 

employed are reviewed in Section 2.4.5. 

 

Table 2.1 Precursors and reducing agents used for the preparation of polymer-

stabilized Pd nanoparticles. 

Compound Formula Reference 

Precursor   

Palladium chloride PdCl2 Nord et al.
185

 

Palladium acetylacetonate Pd(acac)2 Hashimoto et al.
186

 

Palladium bis(dibenzylideneacetone) Pd(dba)2 Bradley et al.
187

 

Palladium acetate Pd(OAc)2 Astruc et al.
188

 

Ammonium tetrachloropalladate (NH4)2PdCl4 Mayer,
189

 Zhou et al.
190

 

Sodium tetrachloropalladate 

Potassium tetrachloropalladate 

Na2PdCl4 

K2PdCl4 

Antonietti et al.
191

 

El-Sayed et al.
192

 

   

Reducing agent   

Carbon monoxide CO Chaudret et al.
193

 

Hydrazine N2H2 Antonietti et al.
194

 

Hydrogen H2 Mecking et al.
195

 

Ascorbic acid C6H8O6 Adschiri et al.
196

 

Ammonia-borane H3NBH3 Metin et al.
197

 

Sodium borohydride 

Potassium borohydride 

NaBH4 

KBH4 

Antonietti et al.
194

 

Mayer et al.
198

 

Lithium triethylhydroborate 

Sodium triethylhydroborate 

LiBEt3H 

NaBEt3H 

Toshima et al.
199

 

Biffis et al.
150

 

Sodium carbonate NaCO3 Nord et al.
185

 

Triethylsilane Et3SiH Shifrina et al.
200

 

Acyl tetraethylammonium 

pentacarbonyltungstate (Fischer carbene 

complex) 

(CO)5W=C(Me)ONEt4 Sarkar et al.
201

 

Methanol MeOH Miyake et al.
202

 

Ethanol EtOH Hirai et al.,
203

 

1-Propanol n-PrOH Miyake et al.
202

 

1-Butanol n-BuOH Hirai et al.
203

 

Polysilane  Sanji et al.
204

 

Poly(ethylene oxide) (in pluronic copolymer) PEO Hyeon et al.
205

 

Hydrosilane (in polymethylhydrosilane) PMHS Chauhan et al.
206

 

hybr-Poly(glycerol)/heat  Mecking et al.
195
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2.4.3 Particle nucleation 

Although still under debate,
207

 metal nanoparticle formation is generally understood 

as a stepwise process proceeding through the nucleation, growth and agglomeration of 

nanoclusters. The reduction of a metal salt precursor produces zerovalent species that can 

collide in solution with other ionic species, reduced metal atoms, and/or small clusters of 

atoms to yield stable nuclei (seeds).
47,207

 An illustration of a nucleation and growth 

mechanism proposed by Bönnemann et al. is shown in Figure 2.7. Alternately, nucleation 

may occur via the reduction of dimeric and trimeric species formed by the metal precursors, 

as demonstrated for the reduction of Pt complexes.
47,123

 

During decomposition of the metal precursor, the concentration of metal atoms 

(atomic concentration) increases with time in solution (Figure 2.8). Above a critical 

concentration 𝐶min
nu , the atoms aggregate into small clusters which can further grow to yield 

nanocrystals. As the clusters are formed, the concentration of metal atoms in solution can 

decrease below 𝐶min
nu  at which stage no further nucleation events take place and only growth 

of the nuclei is promoted. 

According to classical nucleation theory,
208

 the overall change in free energy ΔG 

during the nucleation process can be expressed as the sum of the free energy contributions of 

the volume and the surface created;
44,122

 which for spherical particles can be written as: 

 
Δ𝐺 = −

4

3𝑉
𝜋𝑟3𝑘B𝑇𝑙𝑛(𝑆) + 4𝜋𝑟2𝛾 (2.4) 

where V is the molecular volume of the bulk crystal, r is the radius of the clusters, kB is the 

Boltzmann constant, T is the solution temperature, S is the saturation ratio between the solute 
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concentration at saturation [A]s and at equilibrium [A]eq (S = [A]s/[A]eq), and γ is the surface 

free energy per unit surface area. 

 

 

Figure 2.7 Schematic illustration of the formation of Pd colloidal nanostructures by 

reduction of a salt precursor. Reprinted with permission from Reference 39. Copyright 

2004 Kluwer Academics. 
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 The critical nucleus size r*, obtained by solving the equation dΔG/dr = 0, is  

 
𝑟∗ = −

2𝛾𝑉

𝑘B𝑇𝑙𝑛(𝑆)
𝑦 (2.5) 

In supersaturated conditions (i.e., S > 1), ΔG displays a maximum at the critical nucleus size 

r* and becomes negative for cluster sizes greater than r*. Therefore, for a given S, the nuclei 

formed above a critical size become stable and grow to yield larger particles (Figure 2.8). 

Growth is promoted by the diffusion and adsorption of the soluble species onto the particle 

surface, or by aggregation with other particles (secondary growth).
123,209

 

 

Figure 2.8 Schematic representation of the evolution of the atomic concentration with 

time in the decomposition of a metal precursor. Above a critical concentration 𝑪𝐦𝐢𝐧
𝐧𝐮 , 

atoms start to aggregate into small clusters via self-nucleation. As the atomic 

concentration decreases below 𝑪𝐦𝐢𝐧
𝐧𝐮 , no further nucleation takes place and only particle 

growth occurs. Reprinted with permission from Reference 123. Copyright 2009 Wiley-

VCH. 
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 At a specific reactant composition, the relative rates of the nucleation and growth 

steps govern the size of the particles formed.
207

 The preparation of nanoparticles with a 

narrow size distribution necessitates a short nucleation event (burst nucleation) followed by a 

slower growth period. Broader size distributions are expected when the nucleation and 

growth steps overlap, as different growth periods will take place for the particles.
47

 However, 

as the solute is consumed during the growth period, the critical nucleus size increases (since 

the saturation ratio S diminishes). As a result, the growth of larger nanocrystals takes place at 

the expense of smaller nanoclusters in a defocusing process known as Ostwald ripening.
44

 

Broad size distributions, with a bimodal distribution of larger and smaller particles, are 

characteristic for defocusing events.  The total disappearance of smaller particles may 

eventually occur if the process is allowed to proceed to completion. 

 

2.4.4 Colloidal interactions 

Particles in solution are subject to various interaction forces, the balance of which can 

result in particle aggregation or stabilization. The interaction potential of colloidal 

dispersions has been explained on the basis of the DLVO theory, enunciated independently 

by Derjaguin and Landau,
210

 and Verwey and Overbeek,
211

 as well as on the basis of 

structural forces such as steric repulsion.
212

 

The DLVO theory invokes contributions from attractive van der Waals forces (with 

potential energy VA), repulsive electrical double layer interactions (with potential energy VR), 

and short-range Born repulsions (with potential energy VB). Assuming the additivity of the 

different contributions, the total potential energy of interaction VT is given by Equation 2.6. 
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 𝑉T = 𝑉A + 𝑉R + 𝑉B (2.6) 

Each interaction potential is expressed in terms of the interparticle distance h. For instance 

the interaction energy VA at close approach, for two spheres of radius r, can be evaluated 

using Equation 2.7, where A is the Hamaker constant for the particles (for metals,
213

 A ≈ 

4×10
-19

 J).
214

 

 
𝑉A ≈

−𝐴𝑟

12ℎ
 (2.7) 

The sphere-sphere double layer interaction can be calculated as a function of the zeta 

potential ζ using Equation 2.8, where e is the electron charge and κ is the Debye-Hückel 

reciprocal length. 

 𝑉R = 2𝜋𝑒𝑟휁2𝑒−𝜅ℎ (2.8) 

Lastly, an estimation of the Born repulsions for sphere-plate interactions is given by Equation 

2.9, where σc is the collision diameter (typically ca. 0.5 nm); a more general equation in the 

case of sphere-sphere interactions was given by Feke et al.
215

 

 
𝑉B =

𝐴𝜎c
6 + ℎ

7560
(
8𝑟 + ℎ

(2𝑟 + ℎ)7
+
6𝑟 − ℎ

ℎ7
) (2.9) 

A characteristic interaction profile VT describing the evolution of the potential energy 

as a function of the interparticle distance is represented in Figure 2.9. It is seen that a 

secondary minimum exists in the potential energy curve, which promotes the formation of 

weak aggregates as the particles approach each other. The colliding particles must overcome 

a potential energy barrier to come into close contact. The magnitude of the activation energy 

(potential energy maximum) will directly influence the ability for the particles to form 
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aggregates held together by strong van der Waals interactions in the low energy primary 

minimum. 

 

Figure 2.9 Schematic representation of the van der Waals (VA), electric double layer 

(VR), and total interaction (VT) energy as a function of the interparticle distance. 

Adapted with permission from Reference 122. Copyright 2008 Elsevier. 

 

2.4.5 Particle stabilization 

As previously mentioned, a stabilizer plays an essential role in controlling the 

nucleation and growth of nanoparticles, but also in preventing their agglomeration. Being 

only kinetically stable, the nanoparticles will tend to aggregate to reach a thermodynamic 

minimum favoring a low surface-to-volume ratio and bulk metal formation.
216

 Stabilization 

can be accomplished by various means: electrostatically, sterically (with polymers or 

ligands), electrosterically (with both steric and electrostatic contributions), with solvent 

molecules, and via depletion stabilization (Figure 2.10).
47,57
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Figure 2.10 Schematic illustration of the stabilization of metal nanoparticles: (a) 

electrostatically, (b) sterically with low molar mass ligand molecules, (c) sterically with 

polymers, and (d) by a depletion mechanism. 

 

Electrostatic stabilization takes place when van der Waals interactions are 

counterbalanced by an electrical double layer formed by the accumulation of anions and 

cations at the particle surface. A partial positive charge can be induced upon adsorption of 

anions on the surface of the coordinatively unsaturated metal surface as an electrostatic 

charge mirror.
78

 Steric stabilization is promoted by large organic molecules adsorbed at the 

surface of the dispersed particles, which induce repulsive contributions between the colloidal 

particles (vide infra). A combination of electrostatic and steric stabilization mechanisms, 

known as electrosteric stabilization, results from the presence of charged species on bulky 

molecules such as polyelectrolytes or surfactants. Even solvent molecules have been shown 

to promote colloidal stability at low particle concentrations. In some instances the presence 



Chapter 2 

 33 

of polymeric chains that are not attached to the nanoparticle surface can also favor 

stabilization, by introducing repulsive osmotic forces between the particles (depletion 

stabilization).
217

 

 

2.5 Steric stabilization 

More efficient colloidal stabilization is generally achieved with polymeric stabilizers. 

Macromolecular chains adsorbed at the surface of the particles induce steric stabilization by 

preventing their close approach, to a range where van der Waals interactions become 

significant. The affinity of polymeric moieties for the particle surface results in their 

adsorption at several anchoring sites, while the non-interacting portions of the chains 

(adopting various conformations such as trains, loops and tails) promote steric 

stabilization.
218

 The two main effects favoring stabilization are entropic and osmotic in 

origin. The first effect stems from the reduced configurational freedom of the polymer chains 

when the particles approach each other, while the second contribution is spawned by the 

solvation of domains displaying a higher local thermodynamic activity (effective 

concentration).
219–221

 Due to numerous interactions between the monomeric units and the 

particle surface, even relatively weak interactions can result in overall strong and irreversible 

adsorption.
222

 In the particular case of block copolymers, the lyophilic block – non-

interacting with the particle surface – provides additional steric stabilization to the colloidal 

dispersion. 

Since the Hamaker constant is generally low for macromolecules,
212

 the tendency for 

aggregation through the adsorbed layer is minimal. As a matter of fact, desolvation of the 
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hydrophilic segments and/or entropically unfavorable confinement
218

 of the chains upon 

close approach result in an increase in the free energy of the system and repulsion between 

the particles. The repulsive energy per molecule E(h) between two polymer chains end-

grafted onto a flat surface in the so-called “mushroom” regime (i.e., at a relatively low 

surface coverage), as proposed by Li and Pincet, is given by Equation 2.10, where kB is the 

Boltzmann constant and Rg the radius of gyration of the polymer chains.
223

 

 
𝐸(ℎ) = 36𝑘B𝑇𝑒

−
√3ℎ
2𝑅𝑔  

(2.10) 

For weakly bound polymers, the description is more complicated because of the dynamic 

nature of the interactions upon approach of the particles. In this situation, both the amount of 

polymer adsorbed and the number of binding sites may change over time as the two surfaces 

approach each other.
218

 

 

2.5.1 Gold number and protective value 

A parameter characterizing the ability of a polymer to impart colloidal stability was 

proposed by Zsigmondy as the gold number.
224

 This value was defined as the number of 

milligrams of stabilizer which is just insufficient to prevent a change in color for 10 mL of a 

red gold sol to violet when 1 mL of 10% NaCl solution is added to it. Another measure, later 

proposed by Thiele and coined the protective value, was defined as the number of grams of 

gold in a red gold sol which could be protected by 1 gram of the protective agent against 

flocculation upon addition of a 1% NaCl solution.
225

 The gold number and protective value 

of a series of polymers, as reported by Thiele and von Levern, are compared in Table 2.2.
225
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Table 2.2 Protective value and gold number of polymeric stabilizers by Thiele and von 

Levern. Adapted with permission from Reference 225. Copyright 1965 Elsevier. 

Protective agent Protective value Gold number 

Natural   

Hemacel
®

 100 0.004 

Gelatin 90 0.005 

Chondroitin sulfate 4 0.1 

Heparin 0.2 2 

Algin acid amide 0.2 2 

Ox albumin povite 0.09 5 

Na-alginate 0.04 10 

Pepsin, trypsin 0.04 10 

   

Synthetic   

Poly(acrylic acid hydrazide) 400 0.001 

Poly(N-vinyl-5-methoxazolidone) 70 0.006 

Poly(N-vinyl-2-pyrrolidone) 50 0.009 

N-Alkyl polyimine 40 0.02 

Albatex
®

 PO 20 0.02 

Poly(vinyl alcohol) 5 0.09 

N-Acetyl polyimine 2 0.2 

Polyacrylamide 1.3 0.3 

Poly-L-lysine hydrobromide 1 0.4 

Polyacrolein 0.4 1 

Poly(acrylic acid) 0.07 6 

Polyethylenimine 0.04 10 

Poly(4-vinylpyridine-co-methyl vinyl ketone) 0.005 90 

 

2.5.2 Control of nanoparticle synthesis 

In practice, metal salt reduction can precede or follow the polymer coordination 

process. In the former case, the structure of the nanoparticles is governed solely by the 

synthetic protocol. Steric stabilization occurs subsequently through the formation of a 

polymer-metal atom complex. Coordination of the metal ions prior to salt reduction is usually 

favored however, since the interactions with the polymer chains affect the nucleation and 
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growth processes, and offers control over the size and structure of the nanoclusters. This 

protocol can also yield greater steric stabilization by promoting interactions between the 

reduced metal species and the polymeric stabilizer (Figure 2.11).
31

 In both instances, the 

polymer can be used to modulate the dispersibility of the nanoparticles in polar or non-polar 

solvents.
226

 

 

Figure 2.11 Schematic representation of the reduction of a metal salt in the presence of 

a polymeric stabilizer. Adapted with permission from Reference 31. Copyright 1998 

The Royal Society of Chemistry. 

 

The influence of the polymer in the reduction of metal ions has been studied in detail 

by Hirai et al. in the case of the alcohol reduction of Rh salts in presence of poly(vinyl 

alcohol), poly(vinyl methyl ether), and poly(N-vinyl-2-pyrrolidone).
227–231

 The model 
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proposed relied upon complexation of the metal salt by the polymer via electrostatic 

interactions, physical adsorption or coordination, followed by reduction with methanol to 

Rh(0).
29

 The polymer covering the metal particles was found to mediate nanoparticle growth 

and prevent further aggregation. The attractive forces between metallic rhodium and the 

polymer chains were assumed to be governed by hydrophobic interactions. 

In the preparation of colloidal Pd from PdCl2, Nord et al. highlighted a different 

mechanism where poly(vinyl alcohol) could also act as reducing agent in the formation 

Pd(0).
232

 Later Smith and Wychick, while studying the thermal decomposition of Fe(CO)5 in 

the presence of polymers, differentiated between active and passive polymers to rationalize 

the formation of nanoparticles according to a locus control formalism.
233

 In this description, a 

functional polymer binds with a metal precursor and serves as functional locus for the 

decomposition of the metallic species by creating discrete domains. The nucleation and 

growth of the nanoparticles occur within the polymeric domains, which determine the 

number of particles formed (Figure 2.12). In this formalism, active polymers participate 

catalytically in the decomposition of the metal precursor while passive polymers do not 

influence the decomposition rate of the organometallic compound. 
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Figure 2.12 Schematic illustration of the locus control formalism proposed by Smith and 

Wychik. The molecular species M undergoes reduction within polymeric domains 

(circles) dispersed in a continuous medium, which determines the number of particles 

formed. Reprinted with permission from Reference 233. Copyright 1980 American 

Chemical Society. 

 

2.5.3 Polymer bridging 

In some instances, individual polymer chains may rather induce flocculation by 

adsorbing on the surface of multiple particles as illustrated in Figure 2.13. This phenomenon, 

known as bridging, is favored for high molar mass polymers, particularly at low particle 

surface coverage.
212

 The attractive energy per bridging molecule between two surfaces is 

expressed as a function of the binding energy ε per segment by Equation 2.11, where n is the 

number of monomers in the polymer chain and l is the monomer length.
218

 

 
𝐸𝑏𝑟𝑖𝑑𝑔𝑖𝑛𝑔(ℎ) = −

휀(𝑛𝑙 − ℎ)

𝑙
 (2.11) 
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Figure 2.13 Schematic illustration of bridging flocculation promoted by low surface 

coverage and high molar mass polymers. Adapted from Reference 234. Copyright 1995 

Butterworth-Heinemann. 

 

2.5.4 Effect of polymers on catalytic activity 

For a polymer-inorganic system, a high protective value is beneficial in terms of 

colloidal stability; however, strong interactions between the polymer and the particle surface 

can also hinder access of the substrate molecules to the catalytically active sites. Polymers 

with weak local coordination between the monomeric units and the metallic surface may 

therefore be preferable, as they can still provide strong colloidal stabilization through the 

involvement of multiple binding sites (Figure 2.14). Local displacement of the bonds 

between the polymer and the surface takes place upon approach of a substrate molecule, 

while stabilization is promoted by the remaining multiple interactions.
235

 This contrasts, for 

instance, with the stabilization of nanoparticles by small molecules, which typically requires 

strong interactions with the metallic surface and results in lower catalytic activity.
37,236
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Figure 2.14 Schematic illustration of a weakly coordinating polymer attached to a metal 

catalyst surface. The substrate molecule S can replace a coordinating site of the 

polymer chain to form product P of the catalyzed reaction. Adapted with permission 

from Reference 37. Copyright 2003 Kluwer Academic. 

 

Long polymer chains surrounding a metal catalyst may also affect negatively the 

activity of a catalytic system by sterically hindering the approach of a substrate. This 

phenomenon was observed by Klingelhöfer et al. while using Pd NPs stabilized by PS-b-

P4VP micelles as catalysts in the Heck reaction:
237

 The yield of the reaction between styrene 

and 4-bromoacetophenone in toluene was found to decrease by 1/3 when the molar mass of 

the stabilizing PS block was increased from 5,000 to 15,000 g∙mol
-1

. 

The polymer may furthermore modify the catalytic activity and selectivity of a 

nanocatalyst by influencing the environment of the particles; this effect is known as the 

polymer field or reaction field.
13

 For instance, specific interactions between the substrate 

molecules or a promoter
238

 and the polymer chains may increase the local concentration of 
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the former in the vicinity of the catalyst. This was observed for instance by Toshima et al. in 

comparing the performance of polymer-stabilized Rh nanoparticles either in solution or 

supported on N-(2-aminoethyl)-substituted polyacrylamide gels.
239

 Despite increased steric 

hindrance, the hydrophilic and basic polymer support increased the catalytic activity and 

selectivity in the hydrogenation of olefins, by increasing the concentration of hydrophilic and 

acidic substrates near the catalyst. 

 

2.6 Polymer stabilization of Pd nanoparticles 

2.6.1 Nanoparticle-polymer interactions 

Palladium, often regarded as one of the most efficient metals in catalysis, has been the 

subject of numerous studies and applications.
144,240,241

 More recently Pd nanoparticles have 

attracted lots of attention because of the unique properties displayed by nanosized materials, 

and have been applied to a broad range of catalytic reactions including hydrogenation,
242–244

 

oxidation,
245

 dehalogenation,
246

 carbonylation,
247

 and carbon-carbon bond formation.
192,248–

251
 The latter reaction, in particular, represents one of their most important applications.

252
 

We will particularly focus on the Suzuki-Miyaura (SM) carbon-carbon cross coupling 

reaction in this review, as it has showed great promise for green chemistry applications.
253

 

One should also add that Pd NPs have found other important applications including hydrogen 

storage
254

 and sensing.
255

 

Polymers have been widely employed to impart colloidal stability to Pd nanoparticles, 

especially for applications in catalysis. Macromolecules generally provide greater colloidal 

stability to Pd NPs as compared to lower molar mass stabilizers such as ligands, surfactants, 
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or coordinating solvents, particularly under the demanding conditions of many catalytic 

reactions.
199,256

 The Pd NPs can complex with a wide range of functional groups bearing P, 

N, O, and S atoms, and different types of polymers have been used ranging from natural 

(e.g., gelatin, agar), biological (proteins, DNA, etc.), to linear, block and dendritic 

(co)polymers.
29,257

 Representative examples of polymers used for the preparation of Pd NPs 

are provided in Table 2.3 to Table 2.7. Polymer-supported Pd nanocatalysts have also been 

used successfully and have been the topic of reviews.
34,258

 Recent developments in this area 

include the use of porous organic polymers
259–262

 and insoluble biopolymers (e.g., 

DNA,
263,264

 fibroin,
265

 plant materials
266

) as supports. These systems will not be covered in 

the present chapter however, which will focus on colloidal systems. It should be noted that 

insoluble polymeric supports and colloidal stabilizers can feature comparable properties. For 

instance, dispersible cross-linked polymers (microgels, Table 2.7) have been prepared for the 

stabilization of Pd NPs and employed as catalysts for the Heck and Suzuki reactions and for 

the selective oxidation of alcohols.
150,267–269
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Table 2.3 Homopolymer stabilizers for the preparation of colloidal Pd NPs. 

Polymer 
NP diameter 

(nm) 
Reference 

Neutral homopolymers   

Poly(N,N’-dialkylcarbodiimide) 3 Liu et al.
270

 

Poly(2-ethyl-2-oxazoline) 1.6 ± 0.7 Mayer et al.
243

 

Poly(ethylene glycol) 7.3–9.8 Sawoo et al.
201

 

Poly(2-hydroxyethyl methacrylate) 21.5 ± 8.4 

23.2 ± 6.8 

Mayer et al.
271

 

Poly(2-hydroxypropyl methacrylate) 9.1 ± 5.6 Mayer et al.
271

 

Poly(N-isopropylacrylamide), thiol-terminated 2.8 Wei et al.
272,273

 

Poly(methyl acrylate) n/a Nord et al.
185

 

Poly(methyl methacrylate) n/a Nord et al.
185

 

Poly(methyl vinyl ether) 5.4 Telkar et al.
274

 

Poly(vinyl acetate) and derivatives (formvar, butvar, 

alvar) 

n/a Nord et al.
275

 

Poly(vinyl alcohol) 5.7 Nord et al.
185,232

 

Hirai et al.
230

 

Chaudhari et al.
274

 

Poly(N-vinyl-2-pyrrolidone) 6.0 Hirai
229

 

   

Anionic polyelectrolytes   

Poly(acrylic acid) 5.0 ± 1.5 Coulter et al.
276

 

Poly(2-acrylamido-2-methyl-1-propane sulfonic acid) 5.1 ± 2.3 Mayer et al.
243

 

Poly(itaconic acid) 3.1 ± 4.1 Mayer et al.
243

 

Poly(methacrylic acid) 6.8 ± 1.8 Mayer et al.
243

 

Poly(styrenesulfonic acid) 4.0 ± 1.6 Mayer et al.
243

 

Poly(vinylphosphonic acid) n/a Mayer et al.
243

 

Poly(R-triazolylmethyl)styrene 

R = phenyl, ferrocenyl, sodium sulfonate 

1.0 ± 0.2 to 

25.2 ± 6.0 

Astruc et al.
277

 

   

Cationic polyelectrolytes   

Poly(3-chloro-2-hydroxypropyl-2-

methacryloxyethyldimethylammonium chloride) 

3.5 ± 0.98 Mayer et al.
278

 

Poly(diallyldimethylammonium chloride) 6.1 ± 1.2 Mayer et al.
278

 

Poly(2-hydroxy-3-methacryloxypropyltrimethyl-

ammonium chloride) 

5.7 ± 1.5 Mayer et al.
278

 

Poly(methacrylamidopropyltrimethylammonium 

chloride) 

5.0 ± 1.2 Mayer et al.
278
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Table 2.4 Block and star copolymer stabilizers for the preparation of colloidal Pd NPs. 

Polymer 
NP diameter 

(nm) 
Reference 

Linear copolymers   

Poly(butadiene-co-maleic acid) 2.7 ± 0.7 Mayer et al.
243

 

Poly(butyl acrylate-co-acrylic acid) 7–20
b
 Mayer et al.

243
 

Poly(4-styrenesulfonic acid-co-maleic acid) 3.5 ± 1.2 Metin
197

 

Poly(methyl vinyl ether-co-maleic anhydride) 39.7 ± 11.0 Mayer et al.
278

 

Poly(N-vinyl-2-pyrrolidone-co-acrylic acid) 2.6 ± 1.2 Mayer et al.
278

 

Poly(N-vinyl-2-pyrrolidone-co-vinyl acetate) 3.0 ± 1.5 Mayer et al.
278

 

Poly(ethylene oxide)-block-poly(ethylene imine) n/a Bronstein et al.
194

 

Polystyrene-block-poly(ethylene oxide) 3.4–6.8 Mayer et al.
198

; 

Bronstein et al.
279

 

Polystyrene-block-poly(methacrylic acid) 2.1–7.8 Mayer et al.
198

 

Polystyrene-block-poly(sodium acrylate) 3.0 ± 0.7 El-Sayed et al.
192

 

Polystyrene-block-poly(4-vinylpyridine) 9.8 ± 0.9 Antonietti et al.
191

 

Poly(2-vinylpyridine)-block-polyisoprene 4–5 Hashimoto et al.
186,280

 

Poly(2-vinylpyridine)-block-poly(ethylene oxide) 1.0–1.5 

7 

Bronstein et al.
281

 

   

Polyion complex micelles   

Poly(acrylic acid)-compl-poly(ethylene imine) 6.0 Hirai et al.
229,282

 

[Polystyrene-co-poly(ethylene oxide)]-compl-

(cetylpyridinium chloride) 

4–6 Bronstein et al.
279

 

   

Triblock copolymers   

Poly(ethylene oxide)-block-poly(propylene oxide)-

block-poly(ethylene oxide) 

4.8 ± 0.5  

to 27 

Hyeon et al.
205

 

Poly(methyl vinyl ether-co-maleic  anhydride) 

funct.
a
 (R)-2-aminobutanol 

22 Favier et al.
283

 

Polystyrene-block-polybutadiene  funct.
a
 p-

chlorodiphenylphosphine 

n/a Antonietti et al.
284

 

   

Star copolymers   

star-[Polystyrene-block-poly(2-vinylpyridine)] 2–3 Hawker et al.
285

 

5-Arm star-[poly(ethylene oxide)-block-poly(ε-

caprolactone)] 

3.6 ± 0.2 

 to 4.7 ± 0.3 

Schubert et al.
250

 

a
 Functionalized; 

b
 precipitation after 1 day. 
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Table 2.5 Dendritic stabilizers for the preparation of colloidal Pd NPs. 

Polymer 
NP diameter 

(nm) 
Reference 

Hyperbranched and arborescent polymers   

hybr-Polyglycerol 2.1 ± 0.6 

5.2 ± 1.8 

Mecking et al.
195

 

hybr-Poly(ethylene imine), alkylated 2–4 Neumann et al.
76

 

Arb-Polystyrene-graft-poly(2-vinylpyridine) 

Arb-Polystyrene-graft-[poly(2-vinylpyridine)-

block-polystyrene] 

n/a
a
 

n/a 

Dockendorff et al.
286 

Dockendorff et al.
287

 

   

Dendrimers   

Poly(amidoamine), -OH, -NH2 1.3 ± 0.3 Crooks et al.
244

 

Poly(propylene imine) 2.2 ± 0.3 

2.1 ± 0.3 

Crooks et al.
249

 

Poly(phenylene-pyridyl) 2.1 ± 0.3 Muellen et al.
200

 

Poly(1,2,3-triazolylferrocenyl) 1.2 ± 0.2  

to 2.8 ± 0.3 

Astruc et al.
188

 

Fréchet-type polyaryl ether dendrons 3.2 ± 0.5  

to 5.0 ± 0.4 

Fox et al.;
288

  

Fan et al.
289

 
a
 Not reduced. 

 

Table 2.6 Natural polymeric stabilizers for the preparation of colloidal Pd NPs. 

Polymer NP diameter (nm) References 

Gum arabic n/a
a
 Nord et al.

232
 

Gum tragacanth n/a Nord et al.
185

 

Nitrocellulose 3.5 Chaudret et al.
193

 

Cellulose acetate 3.5 Chaudret et al.
193

 

i-motif DNA 1.02 ± 0.20  

to 2.61 ± 1.15 

Li et al.
295

 

Pluricaria glutinosa 20–25 Siddiqui et al.
296

 

Fish sperm 7–8 Wang et al.
297

 

Calf thymus 5–8 Hori et al.
263

 

λ-DNA 4.6 ± 1.3 

to 20.1 ± 8.3 

Adschiri et al.
196

 

Peptide 1.9 ± 0.3 

 to 3.7 ± 0.9 

Knecht et al.
298

 

G-/C-rich oligonucleotides 1.3 ± 0.3 

to 3.3 ± 1.3 

Zhang et al.
299

 

a
 Not reduced. 
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Table 2.7 Brush and microgel stabilizers for the preparation of colloidal Pd NPs. 

Polymer 

NP 

diameter 

(nm) 

References 

Brushes   

net-Polystyrene-graft-[poly(2-methylpropenoyloxyethyl) 

trimethylammonium chloride] 

2.4 ± 0.5 Ballauff et al.
290

 

net-Poly(tert-butyl acrylate)-graft-

poly[methoxytri(ethylene glycol) methacrylate] 

8.6 ± 3.0 Zhao et al.
291

 

   

Microgels   

net-Poly(methacryloyloxyethyltrimethylammonium 

chloride) 

3–50 Antonietti et al.
267

 

net-Polymethylhydrosiloxane 6 ± 1 Chauhan et al.
206,292

 

net-Polystyrenesulfonate 9–25 Antonietti et al.
267

 

net-Poly(N,N-dimethylacrylamide-co-ethylene 

dimethacrylate-co-N,N-dimethylamino-ethyl 

methacrylate) 

2.3 ± 0.8 Biffis et al.
150

 

[net-Poly(methacrylic acid)]-block-poly(1,1-dimethyl-

2,2-dihexyldisilene) 

20 ± 10.7 Sakurai et al.
204

 

(net-Polystyrene)-co-[net-(N-isopropylacrylamide)] 3.8 ± 0.6 Ballauff et al.
290

 

Hydroxylated polyisoprene-[net-(poly(2-

cinnamoyloxyethyl methacrylate)]-block-poly(tert-butyl 

acrylate) 

<15 Underhill et 

al.
293,294

 

net-[Poly(sulfoethyl methacrylate-co-methyl 

methacrylate-co-ethylene dimethacrylate)] 

10–20 Biffis
268

 

 

2.6.2 Linear polymers 

As early as 1941, Rampino and Nord reported the preparation of Pd NPs by reduction 

of PdCl2 with hydrogen in water and water/alcohol mixtures while using poly(vinyl alcohol) 

as stabilizer.
185,300

 They thus obtained a catalytic performance superior to Pd/C for various 

hydrogenation reactions. Interestingly, they also noted a positive structure-sensitive behavior 

(activity increase for smaller particle sizes) for this catalyst in the hydrogenation of 

nitrobenzene.
232

 Twenty-five years later, Hirai et al. extended the salt reduction method by 
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using alcohols as both solvents and reducing agents.
227

  They also used a styrene-

divinylbenzene copolymer functionalized with iminodiacetic acid groups as support, and the 

catalyst was active for the selective hydrogenation of diolefins to mono-olefins.
301

 The same 

group further reported the use of poly(N-vinyl-2-pyrrolidone),
229

 and a polyion complex of 

poly(acrylic acid) with poly(ethylene imine) (PEI) for the stabilization of Pd NPs, which 

were selective for the hydrogenation of diolefins.
282

 The former polymer, in particular, 

proved to be a very efficient colloidal stabilizer for a variety of nanocatalysts, and it has even 

been qualified as a “magic polymer”.
139

 Among water-soluble polymers, colloidal stability 

was generally improved when the polymer backbone had hydrophobic character. Polymers 

with an oxygen-containing backbone such as poly(ethylene oxide) were rather poor steric 

stabilizers for Pd NPs.
278

 Interestingly, the stable complexes formed between the metallic 

precursor and polymer functional groups such as amines were particularly difficult to 

reduce.
243

 Hu et al. rather used the hydrophilic backbone of poly(N,N’-dihexylcarbodiimide) 

for the complexation of Pd(II).
270

 This polymer had a rigid helical conformation resembling a 

cylindrical unimolecular micelle (Scheme 2.1),
302

 providing remarkable stability to the 

reduced Pd NPs that were about 3 nm in diameter. 

 

 

Scheme 2.1 Cu-catalyzed synthesis of poly(N,N’-dihexylcarbodiimide). Reprinted with 

permission from Reference 302. Copyright 2002 American Chemical Society. 
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Small-size (1.1–1.4 nm) Pd nanoparticles were obtained when using positively 

charged polymers such as poly(diallyldimethylammonium chloride)
303

 and other polymeric 

quaternary ammonium chlorides.
278

 This type of macromolecule provides both steric and 

electrostatic (i.e., electrosteric) contributions to the colloidal systems that can improve their 

stability. However the catalytic activity with these stabilizers was lower than for non-ionic 

polymers in the hydrogenation of cyclohexene.
243,278

 Additionally, less stable dispersions 

were obtained when using polyacids as stabilizers.
243

 Repulsion between the anionic 

precursors and the negatively charged polymer side groups were thought to be responsible 

for the poor interactions and stability. 

 

2.6.3 Block and star copolymers 

The utilization of block copolymers (BCPs) in the preparation of colloidal 

nanoclusters was introduced at the beginning of the 1990s.
304

 The amphiphilic properties of 

BCPs promote the formation of micelles that can accommodate a metal precursor in their 

interior and act as nanoreactors. Block copolymers can afford control over the particle size 

and size distribution as well as over catalytic activity and selectivity. A wide range of BCPs 

have been used for the preparation of Pd nanoparticles in both organic and aqueous media 

(Table 2.4). For instance Antonietti et al., when using PS-b-P4VP as a stabilizer for the 

preparation of Pd NPs, demonstrated good catalytic activity for the selective hydrogenation 

of 1,3-cyclohexadiene to cyclohexene.
191

 By adjusting the strength of the reducing agent, the 

morphology of the metal colloids could be varied from cherry- to raspberry-type structures 

(Figure 2.15). 
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Figure 2.15 Schematic illustration of cherry- and raspberry-type morphologies for block 

copolymer-stabilized metal nanoparticles. The morphology obtained depends on the 

strength of the reducing agent used. Adapted with permission from Reference 191. 

Copyright 1995 VCH. 

 

The group of Antonietti also prepared a series of amphiphilic block copolymers by 

epoxidation and ring opening of polystyrene-block-polybutadiene. Phosphine functionalities 

were introduced by reacting the epoxidized copolymer with P-chlorodiphenylphosphine, and 

complexed with Pd(II) in toluene. After reduction of the metal precursor, colloidal 

stabilization was promoted by the diphenylphosphine-functionalized copolymer.
284

 

Extending their work to the utilization of double-hydrophilic block copolymers, the same 

group reported the preparation of Pd colloids from PEO-b-PEI in aqueous media.
194

 It is 

noteworthy that the addition of PEI alone resulted in precipitation of the metal-containing 

polymer, thus highlighting the role of the non-interacting PEO moiety to provide colloidal 

stability. Mayer and Mark rather used polystyrene-block-poly(methacrylic acid) and 

polystyrene-block-poly(ethylene oxide) as nanoreactors for the synthesis of Pd NPs with 
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sizes ranging from 1.3 to 7.8 nm. These systems were catalytically active in the reduction of 

cyclohexene, with full conversion obtained.
198

 

Unimolecular micelles present an interesting alternative to BCPs, since their structure 

is independent of their concentration (they do not display a critical micelle concentration). A 

strategy for the preparation of amphiphilic star polymers by nitroxide-mediated radical 

polymerization was presented by Hawker et al. for PS-b-P2VP star copolymers.
285

 After 

complexation of the polymeric templates with Pd(OAc)2 and alcohol reduction, Pd NPs with 

a diameter of 2–3 nm were obtained. These catalytic systems were effective in the 

hydrogenation of cyclohexene (TOF = 138 h
-1

 atm (H2)
-1

) and in the Heck reaction between 

1-bromo-4-nitrobenzene and n-butyl acrylate (TOF = 95 h
-1

). No formation of Pd black was 

noted and the catalyst was reused five times without decrease in performance. 

 Using an automated synthesizer, Schubert et al. prepared star-shaped block 

copolymers with a poly(ethylene glycol) core by the controlled ring-opening polymerization 

of ε-caprolactone from a poly(ethylene glycol) macroinitiator (Figure 2.16).
305

 Loading of the 

star copolymers with Pd(OAc)2 in DMF and their subsequent reduction with NaBH4 led to 

the formation of nanoparticles with a size ranging from 3.6 ± 0.2 to 4.1 ± 0.1 nm.
250

 Broader 

size distributions were noted for short poly(ε-caprolactone) segments (degree of 

polymerization ≤ 6), as insufficient steric stabilization was imparted by these chains. The 

colloidal species were stable for at least 3 months, and only minor aggregation occurred after 

heating the solutions to 100 °C for three days. The Pd NPs were also active as catalysts in the 

Heck reaction between 4-bromoacetophenone and styrene, a reaction likewise performed in 

an automated fashion with a robotic synthesizer. 
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Figure 2.16 Structure and schematic representation of a star-shaped block copolymer 

with a poly(ethylene glycol) core and a poly(ε-caprolactone) shell. Reprinted with 

permission from Reference 305. Copyright 2004 American Chemical Society. 

 

2.6.4 Dendrimers 

The stabilization of metal nanoparticles by dendrimers was introduced in the seminal 

studies by Crooks et al.
306

 and Balogh and Tomalia
307

 in 1998, and has found widespread 

interest. These systems were described in several reviews.
154,308–320

 The group of Crooks 

utilized amine- and hydroxyl-terminated poly(amidoamine) (PAMAM) dendrimers as 

templates and stabilizers for Pd NPs in water (Figure 2.17).
244,312,321

 The dendrimer-

encapsulated nanoparticles (DEN) had a relatively narrow size distribution (dTEM = 1.3 ± 0.3 

(G4-OH) to 1.7 ± 0.5 nm (G4-NH2)) and a high catalytic activity for the hydrogenation of 

alkenes in water. A negative dendritic effect on catalytic activity was reported as the 

dendrimer generation increased, which was attributed to greater steric hindrance within the 
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larger dendrimer cores. The maximum Pd loading achieved correlated with a 1:1 

stoichiometric ratio for the number of interior amine groups. 

 

 

Figure 2.17 Schematic representation of the synthesis of dendrimer-encapsulated Pd 

nanoparticles. The metal ions complex with the tertiary amines inside the dendrimers 

and are reduced to Pd(0) nanoparticles. Reprinted with permission from Reference 312. 

Copyright 2003 Académie des sciences. 

 

Yeung and Crooks subsequently reported the preparation of poly(propylene imine) 

dendrimers functionalized on their periphery with perfluorinated polyether chains.
249

 The 

uniformly distributed Pd NPs (dTEM = 2.1 ± 0.3 nm) obtained with this template were active 

in Heck coupling reactions for unactivated aryl halides in fluorous/organic biphasic solvents 

in pure liquid or supercritical CO2, and without added base.
322

 The group of Astruc later 

reported the synthesis of poly(1,2,3-triazolylferrocenyl) dendrimers by click chemistry, that 

were efficient ligands for Pd(II) species and useful for application in catalysis (Section 

2.7.3.4).
188

 Reduction of the metallic salt resulted in the formation of dendrimer-encapsulated 

Pd nanoparticles with a size dependent on the dendrimer generation, the metal loading, and 
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the power of the reducing agent (Figure 2.18a). The size ranged from 1.3 ± 0.2 to 1.6 ± 0.3 

nm for the G1 and G2 polymers, respectively. The small size and open structure of the G0 

dendrimer did not allow encapsulation however, and colloidal stability was rather promoted 

by a multimolecular association mechanism as illustrated in Figure 2.18b. Larger Pd NPs 

(dTEM = 2.8 ± 0.3 nm) were obtained in this case. 

 

 

Figure 2.18 Schematic illustration of (a) dendrimer-encapsulated (DEN) and (b) 

dendrimer-stabilized (DSN) nanoparticles prepared from G1 and G0 poly(1,2,3-

triazolylferrocenyl) dendrimers, respectively. Reprinted with permission from 

Reference 188. Copyright 2007 The Royal Society of Chemistry. 
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2.6.5 Other dendritic polymers 

In addition to dendrimers, hyperbranched and dendrigraft (arborescent) polymers 

have also been investigated for the complexation of Pd salts and the preparation of 

nanoparticles. These macromolecules belong to the same architectural class as dendrimers, 

characterized by a cascade-branched structure. In contrast to dendrimers, synthesized using 

strictly controlled cycles of protection, condensation, and deprotection of ABn-type 

monomers; also displaying a well-defined architecture and a narrow molar-mass dispersity 

(M̅w∙M̅n
-1

 < 1.01), hyperbranched and dendrigraft polymers possess a randomly branched 

architecture. Hyperbranched macromolecules are typically obtained in one-pot procedures by 

the self-condensation of ABn-type monomers without protecting groups. The statistical 

condensation reactions result in many structural flaws and generally broad molar-mass 

dispersity (M̅w∙M̅n
-1

 > 2), however.
323

 The synthesis of dendrigraft polymers proceeds in a 

step-wise fashion akin to dendrimers, but using polymeric chains as building blocks rather 

than small molecules. This semi-controlled synthesis results in a rapid increase in molar mass 

per generation, while maintaining a relatively narrow molar-mass dispersity (M̅w∙M̅n
-1

 < 1.1–

1.2).
324 

Sunder et al. thus synthesized hyperbranched amphiphilic polyglycerol by the ring-

opening multibranching polymerization of glycidol, with subsequent partial esterification of 

the OH groups with an alkylcarboxylic acid chloride (Scheme 2.2).
325

 These unimolecular 

micelles served for the preparation of Pd NPs by complexation of Pd(OAc)2 and further 

reduction with hydrogen, or by simply heating toluene dispersions to 60 °C for several 

hours.
195

 The size of the NPs could be varied from 5.1 ± 1.8 nm to 2.1 ± 0.6 nm by 
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decreasing the size of the hyperbranched polymer, and even below 1 nm by further lowering 

the metal loading. The weakly coordinating hydroxyl groups were deemed advantageous in 

terms of catalytic activity, as they caused limited hindrance of the active sites. These systems 

were active in the hydrogenation of cyclohexene, with a TOF of 700 h
-1

 atm (H2)
-1

. 

 

 

Scheme 2.2 Synthesis of amphiphilic hyperbranched polyglycerol by ring-opening 

polymerization of glycerol and partial esterification with hexadecanoyl chloride. 

Reprinted with permission from Reference 325. Copyright 1999 Wiley-VCH. 
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Vasylyev et al. rather used hyperbranched PEI for the synthesis and stabilization of 

Pd NPs with sizes ranging from 2 to 4 nm. After alkylation of the polymer, greater catalytic 

activity was noted for the biphasic hydrogenation of hydrophobic alkenes. Interestingly, the 

catalyst was selective for less hindered alkenes and could be recycled at least five times 

without activity loss.
76

 

 Arborescent copolymers synthesized by Dockendorff et al. were also used for loading 

with metal salts, although their catalytic properties were not investigated. Using amphiphilic 

arborescent copolymers composed of a dendritic PS core of generation n (Gn), grafted with 

an outer layer of P2VP side chains (GnPS-g-P2VP)
326

 or P2VP-b-PS side chains (GnPS-g-

[P2VP-b-PS])
327

 (Scheme 2.3), colloidal dispersions of Au(III)
328

, Pd(II), or bimetallic 

Au(III)-Pd(II) were obtained.
286,287

 

 

Scheme 2.3 Synthesis of arborescent G0PS-g-P2VP and G0PS-g-(P2VP-b-PS) by anionic 

polymerization and successive cycles of functionalization and grafting. 
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In THF the complexation of Pd(II) by GnPS-g-P2VP was observed within a few 

minutes, but sedimentation was noted after one week.
286

 Imaging by TEM of the G1PS-g-

P2VP/Pd complex revealed spheres lightly aggregated into pearl-necklace-like ribbons, while 

the G0PS-g-P2VP/Pd hybrid formed a less defined aggregated network (Figure 2.19). 

Greater stability was achieved for the GnPS-g-(P2VP-b-PS) copolymers in toluene, as the 

outer PS shell promoted steric repulsions and prevented bridging by the metallic species. As 

shown in Figure 2.20, toroidal and raspberry-type morphologies were imaged by TEM for 

the Pd(II)-loaded G1PS-g-(P2VP-b-PS) and G2PS-g-(P2VP-b-PS) copolymers, respectively. 

Aggregated networks were observed on micrographs for films of G3PS-g-(P2VP-b-PS) 

complexed with Pd(II).
287

 In these studies, no attempt was made to reduce the Pd(II) species 

to Pd(0) nanoparticles however. 

 

 

Figure 2.19 Transmission electron micrographs for palladium(II) acetate loaded in (a) 

G0PS-g-P2VP and (b) G1PS-g-P2VP. Reprinted with permission from Reference 286. 

Copyright 2011 J.M. Dockendorff. 
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Figure 2.20 Transmission electron micrographs for (a) G1PS-g-(P2VP-b-PS), (b) G2PS-

g-(P2VP-b-PS), and (c) G3PS-g-(P2VP-b-PS) after loading with 0.5 equiv of 

palladium(II) acetate in toluene. Reprinted with permission from Reference 287. 

Copyright 2011 J.M. Dockendorff. 

 

2.7 Application of Pd nanoparticles to the Suzuki-Miyaura cross-coupling 

reaction 

2.7.1 Suzuki-Miyaura cross-coupling 

The formation of C-C bonds is one of the most important transformations in organic 

synthesis.
329

 It represents a key step in building complex molecules from simple precursors. 

Different palladium-catalyzed cross-coupling reactions have been developped over the last 

40 years including the Suzuki-Miyaura (SM), Mizoroki-Heck, Negishi, Sonogashira-

Hagihara, Migita-Kosugi-Stille, Tsuji-Trost, Kumada-Corriu, and Hiyama reactions (Scheme 
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2.4).
85,252,330,331

 As one the most versatile, robust and environmentally friendly reactions, the 

SM reaction has attracted an extraordinary amount of  interest from researchers. 

 

Scheme 2.4 Main Pd-catalyzed carbon-carbon cross-coupling reactions. Reprinted with 

permission from Reference 331. Copyright 2013 American Chemical Society. 

 

Before the advent of the SM cross-coupling reaction, discovered by the Nobel 

laureate Akira Suzuki in 1979, no simple methods were available for the generation of 

carbon-carbon linkages between unsaturated species such as vinyl or aryl compounds. 

Stereo- and regioselective synthetic procedures for the formation of conjugated alkadienes 
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had been devised using organometallic compounds but were marred with severe limitations. 

Organometallic compounds (such as Grignard reagents) are sensitive to reactive functional 

groups and the presence of protic impurities or protic solvents. This limits greatly their 

synthetic scope, and stringent conditions of temperature and pressure, along with toxic 

organic solvents, are also often required. Tin compounds have greater stability, but their 

toxicity and the difficulties associated with their separation remains a significant 

drawback.
332

 

 The SM reaction allows coupling between an aryl- or vinylboronic acid with an aryl 

or vinyl halide (or triflate) using a palladium catalyst.
333

 This powerful cross-coupling 

method can be used for the synthesis of conjugated olefins, styrene derivatives, biphenyls, 

and even polymers.
334

 SM reactions have recently attracted tremendous interest owing to 

some of their advantages. First, the reagents can tolerate a wide range of substrates and 

functional groups, and mild conditions can be used. This is particularly interesting for the 

synthesis of complex drug molecules and biochemicals. Second, the boronic acid starting 

materials are readily available, and stable in air or aqueous environments. A generic reaction 

scheme for the SM reaction is shown in Scheme 2.4. 

A soluble palladium complex containing various ligands (typically 

tetrakis(triphenylphosphine)palladium(0), Pd(PPh3)4) in organic solvents is generally used 

for these reactions.
334

 These homogenous catalysts are selected for their high activity and 

selectivity, but they are difficult to separate from the reaction products. With increasing 

demand for environmentally acceptable processes and the recent developments in green 

chemistry,
335

 recovery and reusability of the catalysts have become important issues. From an 
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economical and industrial viewpoint, the recovery and recycling of catalysts is also generally 

preferred over using more active but difficult to recover catalysts.
329

  

 

2.7.2 Catalysts  

Important efforts have been devoted by the scientific community to ‘heterogenize’ the 

Pd catalyst in SM reactions. The various supports considered include high surface area solids 

(silica, alumina, carbon, zeolites, etc.), carbon nanotubes, cross-linked polymers, and 

magnetic nanoparticles.
252,329,330,336,337

 Although it may facilitate the separation of the catalyst 

after the reaction, the support has been shown to limit the access of the substrate molecules to 

the active sites present on the surface of the catalysts on many occasions.
329

 Polymeric 

supports were also found to be sensitive to the reaction conditions and to degrade at high 

temperatures.
338

 As a consequence, when compared to their homogeneous counterparts, a 

decrease in overall catalytic activity and efficiency is often observed for the polymer-

supported systems. Leaching of the metal from the support is also an important limitation 

that affects catalyst recyclability as well as the purity of the products, in the SM reaction as in 

other catalytic processes in general.
85,339

 

 

2.7.3 Polymer-stabilized catalysts 

2.7.3.1 Homopolymers 

An interesting approach combining the high activity of homogeneous catalysts with 

the recyclability of heterogeneous catalysts relies upon the use of polymeric stabilizers. For 

instance, Reetz et al. reported the utilization of poly(N-vinyl-2-pyrrolidone) (PVPy) as 
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stabilizer for Pd nanoparticles, and demonstrated the catalytic activity of the system in the 

SM reaction in N,N-dimethylacetamide.
340

 El-Sayed et al. extended the application of this 

system to aqueous solutions, by showing that the catalyst was active in SM reactions under 

reflux conditions; however, precipitation of the catalyst was noted during the reaction. The 

catalytic activity level depended on the amount of stabilizer present:
341

 Increasing the amount 

of PVPy led to decreased catalytic activity, presumably because of the polymer limiting the 

access to the active sites. It is noteworthy that Ostwald ripening of the particles was observed 

by the same authors during the catalytic process, but the polymer was found to mitigate this 

process. In contrast, the helical structure of poly(N,N’-dihexylcarbodiimide) allowed the 

formation of particularly stable Pd NPs.
270

 Relatively weak coordination of the polymer with 

the NP surface was thought to account for the good catalytic activity of these catalysts in the 

SM reaction (turnover number [TON, mol substrate/mol of Pd] ca. 1600), and the catalyst 

could be recycled five times with no significant aggregation. 

 

2.7.3.2 Copolymers 

Beletskaya et al. employed a polystyrene-co-poly(ethylene oxide) copolymer as 

stabilizer in water. Excellent catalytic activity and good recyclability were achieved for these 

systems.
338

 A water-dispersible catalytic system was also obtained by Zhang et al. using 

poly(N-isopropylacrylamide) (PNIPAM) as a stabilizer (Figure 2.21).
273

 Both hydrophilic 

and hydrophobic reactants could penetrate in this ‘nanoreactor’, and recyclability was 

expected (although not tested). 
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Figure 2.21 Schematic illustration of poly(N-isopropylacrylamide)-stabilized Pd 

nanoparticles, and entrapment of the reactants for the Suzuki-Miyaura reaction. 

Reprinted with permission from Reference 273. Copyright 2008 American Chemical 

Society.  

 

In a similar fashion, Ohtaka et al. prepared polyion complex-stabilized Pd 

nanoparticles by the complexation of poly{4-chloromethylstyrene-co-(4-vinylbenzyl) 

tributylammonium chloride} with poly(acrylic acid). They reported high yields for Suzuki 

coupling reactions with various aryl bromides and arylboronic acids in water with this 

catalytic system.
342

 

 

2.7.3.3 Dendritic polymers 

Investigating the use of dendritic structures, El-Sayed et al. stabilized Pd 

nanoparticles with hydroxyl-terminated PAMAM dendrimers of different generations and 

demonstrated their excellent activity for the SM reaction in ethanol.
192,343

 They found that for 

larger dendrimers (G4), however, extensive encapsulation of the catalyst resulted in loss of 
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catalytic activity. The dendrimers were nevertheless found to be more robust than PVPy for 

the colloidal stabilization of Pd NPs. Unfortunately, their activity in water was deemed 

unsatisfactory. A similar study by Christensen et al. showed that the G4 dendrimers were 

inactive for the more demanding aryl chlorides.
344

 Using a Fréchet-type dendrimer based on 

polyaryl-ether dendrons to stabilize Pd nanoparticles, Fan and co-workers reported good 

catalytic activity in SM reactions and could re-use the catalyst four times by precipitation 

while maintaining a high performance (Scheme 2.5).
289,345

 

 

Scheme 2.5 Suzuki-Miyaura reaction catalyzed by Pd nanoparticles stabilized by 

phosphine-functionalized polyaryl ether dendrons. Reprinted with permission from 

Reference 289. Copyright 2006 American Chemical Society. 

 

2.7.3.4 Homeopathic catalysis 

The very low amounts (0.01–0.1 mol % or lower) of Pd NPs required for some 

catalytic reactions has spurred the term homeopathic doses to refer to these conditions.
346,347

 

Although ligand-free and homeopathic Pd loadings have been successfully used in SM 

reactions without stabilizer, the precipitation of Pd was noted before full conversion could be 

attained.
348
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Astruc and co-workers compared the activity of dendrimer-encapsulated and 

dendrimer-stabilized Pd nanoparticles at metal concentrations ranging from 1 to 0.0001 mol 

%, using 1,2,3-triazole-linked dendrimers with ferrocenyl termini (G0-G2, Figure 2.18).
349

 

They found no difference in catalytic efficiency for dendrimers of different generations, and 

thus concluded on the non-involvement of the dendrimers in the catalytic process. 

Interestingly, the TON of the coupling reaction between iodobenzene and phenylboronic acid 

in chloroform/methanol (2:1 v/v) increased at lower catalyst concentrations: A TON of 

540,000 was obtained for as little as 1 ppm (part per million) of Pd NPs in G0 dendrimers. 

Reduced deactivation of the catalyst at 1 ppm argued in favor of Pd-atoms leaching as 

proposed by Hu et al., whereby extremely active Pd atoms dissociate from the catalyst 

surface during the oxidative insertion of the arylhalide. Rapid quenching of the discrete 

species subsequently takes place on the nanoparticles surface and is therefore more efficient 

at higher Pd concentrations.
350

 Functionalization of the triazole-containing dendrimers with 

sulfonate groups led to the formation of water-soluble dendrimers that, when loaded with Pd, 

were catalytically active for the SM reaction in aqueous media.
351

 Using as little as 

0.01 mol % of Pd in aqueous solution, TONs up to 10,000 were obtained when coupling 

phenylboronic acid with bromobenzene in water/ethanol (1:1 v/v) solutions at 100 °C. At 

25 °C, a TON of up to 9400 and a TOF ca. 1500 mol PhI (mol Pd
-1

) h
-1

 were reached when 

iodobenzene served as substrate. The dendritic catalyst was highly stable in air and moisture, 

and its activity was notably greater than when using the triazol-containing linear polymer 

analogue.
277

 By functionalization of the dendrimers with tri(ethylene glycol) termini, Pd NPs 

with diameters of 1.4 ± 0.7 nm (G0) or 2.1 ± 1 nm (G1) were stabilized in water (Figure 
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2.22).
352

 In this case stabilization resulted from the formation of supramolecular assemblies 

by several dendrimers rather than by the individual molecules. Using only 3 ppm of Pd, the 

system displayed a particularly high catalytic activity in the SM reaction between 

bromoarenes and phenylboronic acid (TON up to 2.7×10
6
, TOF of 4.5×10

4
 h

-1
). Loose intra-

dendritic stabilization coupled with the small size of the particles favoring actuation of the 

leaching mechanism was thought to be responsible for the high performance of these 

catalysts (vide supra). 

 

 

Figure 2.22 Structure of G0 and G1 poly(1,2,3-triazolylferrocenyl) dendrimers 

functionalized with triethylene glycol termini, used for the preparation of Pd NPs. The 

catalytic systems were highly active in the Suzuki-Miyaura reaction in water-ethanol 

mixtures for homeopathic doses (sub-ppm) of Pd catalyst. Reprinted with permission 

from Reference 352. Copyright 2013 The Royal Society of Chemistry. 
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2.8 Conclusions 

 Nanoparticles have emerged as promising materials for a variety of applications, 

notably in catalysis, thanks to their unique size-dependent properties. Transition metal 

nanoparticles in particular show great promise as high performance catalysts, as they exhibit 

a large specific surface area and are highly reactive because of the prominence of low 

coordination surface defects. Intrinsic changes in the electronic properties of nanoclusters 

also have important effects on the interactions between the surface and the substrate 

molecules. In liquid media, nanoparticles require a stabilizer to prevent their aggregation and 

the concomitant decrease in their surface area under the influence of van der Waals 

interactions. Polymers are successful candidates for the steric and/or electrostatic 

stabilization of colloidal metal particles. Polymer-stabilized nanoparticles are a class of 

catalysts that exhibit the advantages of homogeneous systems in terms of catalytic activity 

and selectivity, while allowing the recovery and recycling of the metal particles similarly to 

heterogeneous systems.  

The reduction of a metal salt in solution and in the presence of a polymer is one of the 

most widely employed synthetic strategies because of its simplicity, and the control it offers 

over the size, composition, and structure of the nanoparticles formed. The polymer plays an 

active role in the synthesis as it can i) govern the nucleation and growth of the nanoclusters, 

ii) prevent their aggregation, iii) control their shape, and iv) modulate their dispersibility in 

polar or non-polar solvents. Additionally, the polymer can affect the performance of the 

metal catalyst by interacting with the substrates molecules (polymeric field), and either 

increase their local concentration or screen their access to the active sites.  
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 Palladium is one of the most efficient catalysts available, and Pd nanoparticles are 

particularly active for hydrogenation, oxidation, and carbon-carbon bond-forming reactions.  

A wide range of polymers have been used for the preparation of colloidal Pd nanocatalysts 

including natural, biological, linear, block and dendritic (co)polymers. The latter category is 

noteworthy for the preparation of high performance catalysts, as small Pd nanoparticles with 

narrow size distributions can be obtained with these systems. They exhibit robust colloidal 

stability, while separation and recovery of the catalyst can be achieved by nanofiltration or 

precipitation. Among the dendritic architectures dendrimers have been by far the most 

frequently studied materials, but their synthesis remains a tedious process. More recently, 

hyperbranched and dendrigraft structures have appeared as promising candidates for the 

preparation of colloidal metallic species. The application of polymer-stabilized Pd 

nanoparticles in the Suzuki-Miyaura reaction has been an important area of research, and 

extremely active catalysts have been obtained by using even very low amounts (homeopathic 

doses) of catalysts in dendrimers. 

 The concept of polymer stabilization to increase catalyst activity and stability appears 

to be highly pervasive, as it is applicable to a wide range of metals and chemical 

transformations of industrial significance. The development of new polymeric materials 

providing control over the size, stability, performance and recyclability of the nanoparticles 

will be important to realize the full potential of nanocatalysts. These materials could help 

meet the challenges of current and future industrial applications, as well as further advance 

the scientific understanding of nanocatalysts. 
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3.1 Overview 

 The application of arborescent copolymers of generations G0–G3 to the preparation 

of palladium nanoparticle (Pd NP) catalysts is reported. The copolymers used, incorporating 

a polystyrene (PS) core and a corona of poly(2-vinylpyridine) (P2VP) chains, displayed good 

colloidal stability in ethanol. Nanomorphologies stemming from phase segregation of the PS 

and P2VP blocks were observed by atomic force microscopy (AFM). These copolymers, 

when used as templates for the loading of Pd(II) in ethanol, displayed greater colloidal 

stability for the higher generation polymers. After reduction of the metallic salt, imaging by 

transmission electron microscopy (TEM) revealed the formation of raspberry-type 

nanomorphologies, with Pd nanoparticles of 0.7–3.4 nm diameter and a uniform size 

encapsulated within the polymer matrix. The size of the particles obtained depended upon the 

loading level, the reduction time, and the copolymer generation used. Metal quantification by 

microplasma-optical emission spectrometry confirmed the formation of a 1:1 complex 

between Pd and the pyridine pendants, and the presence of Pd(0). The catalytic activity of the 

nanoparticles was evaluated in the Suzuki-Miyaura cross-coupling reaction between 

phenylboronic acid and 4-bromoanisole in situ using 
1
H NMR spectroscopy in ethanol/D2O 

(85/15 v/v). Good catalytic activity and a positive dendritic effect were evidenced, although 

air-sensitivity and flocculation affected the activity and recyclability of the catalyst. 
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3.2 Introduction 

 The important changes observed in the properties of materials as their size is 

decreased from the macroscopic to the atomic or molecular level have attracted considerable 

interest. The change in surface reactivity of metals, in particular, has led to the development 

of nanocatalysis as a major field of research in nanoscience and nanotechnology.
1
 Atoms at 

the surface of a solid often exhibit high chemical reactivity because of their unsatisfied 

coordination. As the size of a material diminishes, a rapid increase in the fraction of surface 

atoms can promote greater catalytic activity.
2
 However additional intrinsic changes in the 

low nanometer size range, non-scalable from the bulk properties, also distinguish 

nanocatalysts from other large surface-area catalysts.
3,4

 

Transition metals such as palladium have attracted by far the most interest in 

catalysis, and significant efforts have been devoted to the development of synthetic strategies 

offering control over the size but also over the structure, composition and shape of the 

nanoparticles (NPs) obtained. The most commonly employed method consists in the 

reduction of a metallic salt in solution in the presence of a stabilizer. Various stabilizing 

agents have been used including ions, ligands, surfactants, linear polymers, and dendritic 

polymers.
3
 

Dendrimers, hyperbranched and star polymers have attracted much interest over the 

last 20 years, owing to the unique properties displayed by these materials.
1,5–11

 In particular, 

their typically well-defined, three-dimensional branched structure affords tunable templates 

for the formation of monodispersed nanoparticles. Furthermore, the branches of dendritic 

polymers can screen the access of substrate molecules to the metal active centers, while 
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providing dispersibility in the reaction medium.
8
 Ease of separation from the reaction 

products is another advantage of these macromolecules, as they can be easily recovered by 

precipitation
12

 or ultrafiltration.
13

 

While various dendritic structures have been used in the preparation of Pd NPs,
14–21

 to 

the best of our knowledge no report has demonstrated the utilization of arborescent graft 

(dendrigraft) polymers as stabilizers and their application to catalysis. These dendritic 

macromolecules were reported simultaneously in 1991 by Gauthier and Möller,
22

 and by 

Tomalia et al.
23

 Arborescent graft polymers (AGPs) combine features of both dendrimers and 

hyperbranched polymers.
24

 Their synthesis proceeds through generation-based 

functionalization and grafting cycles, leading to the formation of multiple branching levels 

and a cascade-branched structure. In contrast to their dendritic counterparts, however, 

polymeric chains rather than small molecule monomers serve as building blocks. This allows 

a rapid increase in molar mass while maintaining a low molar-mass dispersity (Đ ≤ 1.1). 

Because the synthetic scheme relies on anionic or controlled radical
25

 polymerization, and 

predetermined substrate functionalization levels, good control is achieved over the so-called 

critical molecular design parameters (CMDPs).
26

 In particular, the length of the chains and 

the grafting density can be adjusted, and the number of grafting cycles (generations) 

employed determines the overall branching functionality and the size of the molecules. The 

synthesis of arborescent copolymers (ACPs) with core-shell and core-shell-corona (CSC) 

architectures, based upon a PS core/corona and a P2VP shell, was also reported by Gauthier 

et al.
27–30

 The unimolecular micelle character of these molecules allowed the solubilization of 

polycyclic aromatic hydrocarbons in aqueous solutions.
31

 The large number of 2-
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vinylpyridine units in these molecules also enabled the coordination of metallic compounds 

such as Au and Pd salts in organic solvents.
27,32

 

The control achieved in the synthetic protocol over the CMDPs (structure, shape, 

composition, size, flexibility, surface chemistry) of these macromolecules affords versatile 

templates with tunable density, solubility, and polymeric field, making them promising 

materials for applications in catalysis and microencapsulation. For instance, their open 

structure should not lead to steric crowding of the type observed with dendrimers; and thanks 

to their large size, they are easily recovered after the reaction through ultrafiltration. 

Pd catalysts have been used in many reactions,
33–35

 but carbon-carbon coupling 

represents one of their most important applications in organic synthesis.
36

 Among the Pd-

catalyzed cross-coupling reactions, the Suzuki-Miyaura (SM) reaction allows cross-coupling 

between an aryl- or vinylboronic acid with an aryl or vinyl halide (or triflate), as illustrated in 

Scheme 3.1. This powerful coupling method is particularly interesting for the synthesis of 

complex drug molecules and other bioactive chemicals, owing to the mild and ‘green’ 

conditions that can be employed.
1
 

 

Scheme 3.1 Suzuki-Miyaura cross-coupling reaction. 
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After investigating the solution and solid state properties of ACPs, we will 

demonstrate their utilization in the preparation of stabilized Pd NPs. The influence of the 

polymer generation on catalytic activity in the SM cross-coupling reaction will also be 

examined. Characterization of the catalytic systems was performed using dynamic light 

scattering (DLS) measurements, atomic force microscopy (AFM), UV-visible (UV-vis) 

spectrophotometry, transmission electron microscopy (TEM), as well as microplasma-optical 

emission spectrometry (microplasma-OES). 

 

3.3 Experimental procedures 

3.3.1 Materials 

 Ethanol (undenatured grade, anhydrous, Commercial Alcohols Inc., Brampton, ON, 

Canada) used for the microplasma-OES measurements was distilled in a 

polytetrafluoroethylene (PTFE) apparatus. Palladium(II) acetate (Pd(OAc)2, min. 98%, Strem 

Chemicals Inc., Newburyport, MA, USA), deuterium oxide (D2O, Cambridge Isotopes 

Laboratories Inc., D, 99.8%, Tewksbury, MA, USA), 4-bromoanisole (≥99.0%, Sigma-

Aldrich, Oakville, ON, Canada), phenylboronic acid (≥97.0%, Fluka, Milwaukee, WI, USA), 

potassium carbonate (≥99.0%, ACS reagent, Sigma-Aldrich), acetone (ACS reagent, ≥99.5%, 

Sigma-Aldrich), chloroform (CHCl3, ACS reagent, ≥99.8%, containing 0.5–1.0% ethanol, 

Sigma-Aldrich), N,N-dimethylformamide (DMF, ACS reagent ≥99.8%, Sigma-Aldrich), 

tetrahydrofuran (THF, ReagentPlus
®

, ≥99.0%, containing 250 ppm BHT, Sigma-Aldrich), 

deuterated chloroform (CDCl3, Cambridge Isotopes Laboratories Inc., 99.8% D), and 
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deuterated dimethyl sulfoxide (DMSO-d6, Cambridge Isotopes Laboratories Inc., 99.9% D + 

1% v/v TMS) were used without further purification. 

3.3.2 Arborescent copolymers 

The arborescent copolymers used in this study were synthesized by Munam and 

Gauthier by anionic polymerization and grafting according to a reported procedure.
28

 The 

polymers consisted of different generations of arborescent polystyrene (PS) substrates grafted 

with poly(2-vinylpyridine) (P2VP) chains at their periphery. The characteristics of the 

copolymers used are summarized in Table 3.1 and Table 3.2, and their synthesis is depicted 

in Scheme 3.2. Briefly, linear polystyrene was synthesized by anionic polymerization using 

sec-butyllithium as initiator in toluene and THF. Friedel-Crafts acylation of the polymer was 

carried out with acetyl chloride and anhydrous AlCl3 in nitrobenzene. The functionalized 

polystyrene substrate was then coupled with living polystyryl anions to yield a comb-

branched polymer. Higher generation PS substrates were obtained by repeating cycles of 

functionalization and grafting. Synthesis of the arborescent copolymers proceeded by 

coupling living poly-2-vinylpyridinyl anions, obtained by polymerization of 2-vinylpyridine 

in THF with sec-butyllithium. The red-colored solution was titrated with the PS substrate to 

obtain the copolymer. 

3.3.3 Palladium loading 

An arborescent copolymer was first dissolved overnight in ethanol (0.4 mg∙mL
-1

) in a 

vial. The required amount of Pd(OAc)2 (0.25 to 2.5 equiv per 2VP unit) was then added and 

the solution was diluted with ethanol to the desired concentration (0.3 × 10
-3

–1.0 mg∙mL
-1

). 
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After sonication for about 5 min, the solution turned yellow or translucent brown. The 

ethanol solution was heated at 60 °C for at least 3 h and turned dark brown. Dialysis of the 

polymer-catalyst complex was performed against ethanol (10:1 volume ratio of ethanol per 

volume of solution) with a 1,000 molecular weight cut-off, regenerated cellulose 

Spectra/Por
®

 7 membrane. The solution was recovered after changing the solvent five times 

over 2 days. 

3.3.4 Suzuki-Miyaura reactions 

The Suzuki-Miyaura (SM) cross-coupling reactions were conducted by dissolving 4-

bromoanisole (100 mg, 0.53 mmol, 1 equiv), phenylboronic acid (98 mg, 0.8 mmol, 1.5 

equiv), and K2CO3 (148 mg, 1.1 mmol, 2 equiv) in 9 mL of a mixture of ethanol/D2O (85/15 

v/v) containing acetone (40 µL, 0.5 mmol, 1 equiv) as an internal standard. The polymer-

stabilized Pd catalyst (0.15 mg polymer/mL, Pd/2VP = 0.25–1.0) was then added to the 

solution to obtain a Pd content of 1 mol % (concentration ca. 0.3 mmol∙L-1
). The solution was 

transferred to an NMR tube, sealed and mechanically stirred at room temperature. 

3.3.5 Size-exclusion chromatography (SEC) 

The arborescent copolymers used in the investigation were analyzed by size-

exclusion chromatography (SEC) on a Viscotek GPCmax instrument (VE2001) equipped 

with a TDA 305 triple detector array consisting of refractive index (RI), light scattering at 

low and right angles (LALS and RALS, respectively) and viscometer detectors, as well as a 

UV detector (Viscotek 2600). Three Polyanalytik SupeRes™ Series 300 mm × 8 mm linear 

mixed bed columns having linear polystyrene molar mass ranges of 10
3
 to 10

6
 were used in 
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the analysis. The mobile phase was THF at a flow rate of 1.0 mL∙min
-1

 and a temperature of 

35 ºC. Analysis of the chromatograms was performed with the OmniSEC 4.6.1 software 

package. 

3.3.6 Transmission electron microscopy (TEM) 

Imaging by TEM was performed in the bright-field mode on a Philips CM10 electron 

microscope operated at 60–80 kV accelerating voltage. The samples were prepared by 

depositing two drops of solution (0.07 mg∙mL
-1

) onto a 300 mesh Formvar
®

 carbon-coated 

copper TEM grid (Electron Microscopy Sciences, FCF300-Cu) placed onto a filter paper 

serving as wicking medium. After deposition of the solution, the grid was transferred onto a 

new piece of filter paper in a Petri dish and dried overnight at room temperature. The images 

were recorded with an Advance Microscopy Techniques 11 megapixel digital camera and the 

Image Capture Software Engine version 5.42.558. The feature sizes and size distributions 

were measured with the open source processing program ImageJ (version 1.46r).
37

 

Depending on the contrast and the resolution of the images, either automatic analysis or 

manual selection of the features was used. In either case, at least 50 measurements were 

made. Contrast adjustment was also performed on some of the micrographs to improve 

visualization and help with measurement of the features. 

3.3.7 Atomic force microscopy (AFM) 

Muscovite mica discs (9.9 mm diameter, NanoAndMore GmbH) were adhered onto 

stainless steel discs with a double-sided adhesive tape (NanoAndMore GmbH), and a fresh 

surface was exposed by cleaving with a strip of tape (Scotch
®

 MultiTask tape). Polymer 
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solutions were prepared either in THF or chloroform at concentrations ranging from 0.2 to 

0.05 mg∙mL
-1

. The solutions were deposited on the mica substrates with a Pasteur pipet and 

spin-coated at about 3000 revolutions per minute (rpm) for 60 s under ambient conditions. 

After solvent evaporation, AFM imaging was carried out on a Nanoscope IIIa instrument 

(Digital Instruments, model MMAFM-2, scan stage J) set in the tapping mode to acquire 

simultaneously height and phase data. The instrument was housed in a NanoCube acoustic 

isolation cabinet and mounted on a Halcyonics Micro 40 vibration isolation table. The 

cantilever probes used were VistaProbes, T300 silicon tip (spring constant 40 N∙m-1
, resonant 

frequency 300 kHz), with the following characteristics: length 125 μm, width 40 μm, tip 

height 14 μm, and tip radius < 10 nm. NanoScope Analysis v1.40 software was used for the 

image analysis. The scan rate was typically set between 0.7 and 1 Hz, at a scan angle of 0°, 

acquiring with 512 samples/line. The drive amplitude was varied between 30 and 50 mV, and 

the amplitude set-point between 0.50 and 0.85 V to adjust the force applied on the surface. 

The feedback loop sensitivity was controlled by adjusting the integral gain to 0.5, and the 

proportional gain to 6.0 typically. 

3.3.8 Dynamic light scattering (DLS) 

 Light scattering measurements were performed on a Brookhaven BI-200 SM 

goniometer equipped with a Thorn EMI B2F.BK/RFI photomultiplier tube and a BI-2030AT 

201-channel correlator operated in the exponential sampling mode. The light source was a 

500 mW Claire Quiet-Power-660 laser operating at 660.0 nm. The ACPs were dissolved in 

ethanol, DMF, THF, or chloroform at least 24 h before analysis. The concentration of the 
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solutions was 3 mg∙mL
-1

, 1 mg∙mL
-1

, and 0.2 mg∙mL
-1

 for the G0, G1 and G2–G3 

copolymers, respectively. In this concentration range the solutions of the G0–G2 copolymers 

were clear, while the G3 solution was faintly opalescent. All the solutions were filtered at 

least 3 times with a PTFE membrane filter with a nominal pore size of 0.45 μm prior to the 

measurements, and transferred to a flamed and acetone-washed cylindrical cuvette. The 

scattered light intensity was measured at 25 °C and an angle of 90°, using a 200–400 µm 

aperture. A minimum of 5 analyses were performed for a duration of 300 s each. The decay 

rate Γ was calculated from cumulants analysis of the intensity-weighted autocorrelation 

function g
(2)

(t) (ACF),
38

 after ensuring that the measured and calculated baselines differed by 

less than 0.1%. The z-average translational diffusion coefficient (Dt) was obtained from Γ = 

Dtq², where the magnitude of the scattering vector q = (4πn͂0/λ0)sin(θ/2) and n͂0, θ, and λ0 

represent the refractive index of the medium, the scattering angle, and the wavelength of the 

incident light, respectively. The hydrodynamic diameter (Dh) was then obtained using the 

Stokes-Einstein equation, Dt = kBT/(3πηDh) where kB is the Boltzmann constant, T the 

absolute temperature and η the viscosity of the medium. Size distributions were obtained by 

the Laplace transform inversion of the decay rate distribution function using the CONTIN 

method.
39,40

 

3.3.9 Nuclear magnetic resonance (NMR) spectroscopy 

 
1
H NMR spectra were recorded on a Bruker Avance-300 (300 MHz) nuclear 

magnetic spectrometer equipped with a z-gradient QNP 5 mm sample probe, in CDCl3 or 

DMSO-d6 as solvent. Two-dimensional [
1
H 

1
H] correlation spectroscopy (COSY) spectra 

were recorded on a Bruker Avance-500 (500 MHz). The chemical shift of the lock solvent 



Chapter 3 

 80 

was used as the reference frequency. 

3.3.10 UV-visible spectrophotometry 

 UV-visible (UV-vis) spectra were recorded on a Cary 100 Bio UV-Vis 

spectrophotometer with a spectral bandwidth (SWB) of 2 nm, operated with the Cary Varian 

UV Scan Application (v3.001339). The polymer solutions were added to a quartz cell with a 

1 cm path length. Absorbance measurements at a Pd concentration of 6.0 µg∙mL
-1

 were 

performed in the 200–800 nm range at a scan rate of 600 nm∙min
-1

 and 1 nm intervals. 

Baseline correction was also applied for water or ethanol. 

 

3.4 Results and discussion 

3.4.1 Characterization of the ACP substrates – Solutions properties 

3.4.1.1 Copolymer characteristics 

The ACPs used as templates in this study incorporated a PS core of generation n (Gn; 

n = [-1,2], n ∈ ℕ) and a shell of grafted P2VP chains.
28

 Within this notation G(-1) 

corresponds to a linear polymer, and G0 to a comb-branched polymer. The overall generation 

is denoted as G[n+1]. The sample nomenclature employed (GnPS-g-P2VP) indicates the 

generation number of the PS substrate as well as the composition of the polymer segments 

grafted last (P2VP). The characteristics of the PS homopolymers and the copolymers derived 

from these substrates are reported in terms of absolute number-average molar mass (M̅n), 

molar-mass dispersity (ĐM = M̅w∙M̅n
-1

), branching functionality (f), and composition in Table 

3.1 and Table 3.2, respectively.  The molar mass of the generation n ACPs is expected to 
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increase according to Equation 3.1, 

 

�̅�n(𝑛) = ∑�̅�n,br(𝑖) [∏𝑓(𝑗)

𝑖

𝑗=0

]

𝑛+1

𝑖=0

 (3.1) 

where M̅n,br is the number-average molar mass of the side chains (branches), and the 

branching functionality (f) is defined as: 

 
𝑓(𝑗) =

�̅�n(𝑗) − �̅�n(𝑗 − 1)

�̅�n,br(𝑗)
 (3.2) 

If M̅n,br and f remain constant for each grafting cycle, then M̅n can be expressed as a 

geometric series, such as: 

 
�̅�n(𝑛) = ∑�̅�br𝑓

𝑛 = �̅�br (
𝑓𝑛+2 − 1

𝑓 − 1
)

𝑛+1

𝑛=0

 (3.3) 

The short P2VP chains (5,000 g∙mol
-1

) attached onto the relatively larger PS cores 

confers a spherical shape and micellar characteristics to the AGP molecules, which compare 

to the crew-cut micelle topology (Scheme 3.2).
41

 Small-angle neutron scattering (SANS) 

measurements on these molecules highlighted a non-uniform segmental density consistent 

with a hard core–soft shell morphology.
42

 These results were also confirmed with 

fluorescence quenching measurements.
43

 Such a morphology is also reminiscent of 

poly(amidoamine) (PAMAM) dendrimer structures, characterized by a dense core with 

internal cavities and a more flexible shell (up to G6, after which back-folding of the chains 

pervades the cavities).
44
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Scheme 3.2 Synthesis of arborescent polymers of different generations (Gn). Inset: 

Structure of the polystyrene-graft-poly(2-vinylpyridine) copolymer. 
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Table 3.1 Characteristics of the PS substrates and side chains used in the preparation of 

arborescent copolymers. Adapted from Reference 28. Copyright 2012 The Royal 

Society of Chemistry. 

Polymer 
Side chains  Substrate 

M̅n (g/mol)
a
 M̅w/M̅n

a
  M̅n (10

3
 g/mol)

b
 M̅w/M̅n

b
 fn

c
 

Linear PS n/a n/a  5.2 1.06 - 

G0PS 5,500 1.06  97 1.03 17 

G1PS 4,900 1.07  1,100 1.03 205 

G2PS 4,300 1.25  5,300 1.09 1013 

a
 Absolute values determined from SEC and polystyrene standards calibration curve. 

b
 

Absolute values from SEC-multi-angle laser light scattering (MALLS) analysis. 
c
 Branching 

functionality: Number of branches grafted in the last cycle per molecule. 

 

Table 3.2 Characteristics of the arborescent copolymers templates.  Adapted with 

permission from Reference 28. Copyright 2012 The Royal Society of Chemistry. 

Polymer 

P2VP side chains  Graft copolymer 

M̅n 

(103 g/mol)a 
M̅w/M̅n 

 M̅n 

(103 g/mol)a 
M̅w/M̅n fn

b 
2VP  

(mol %)c 

2VP 

groupsd 

PS-g-P2VP 5.1 1.15  74 1.08 13 96 900 

G0PS-g-P2VP 5.5 1.15  1,100 1.08 182 95 9,600 

G1PS-g-P2VP 6.2 1.10  8,400 1.09 1177 91 66,500 

G2PS-g-P2VP 4.1 1.14  20,400e n/ae 3693 91 144,000 

a
 Absolute values from SEC-MALLS and light scattering measurements. 

b
 Branching 

functionality: Number of branches grafted in the last cycle per molecule. 
c
 From 

1
H NMR 

analysis. 
d
 From M̅n and fn. 

e
 Interaction of the G3 copolymer with the SEC column prevented 

elution. Estimated values obtained from the absolute M̅n of the substrate and the composition 

measured by 
1
H NMR. 
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3.4.1.2 SEC analysis 

Characterization of the copolymers by SEC in THF confirmed the low molar-mass 

dispersity of the samples (ĐM ≤ 1.1, Table 3.2). However, it has been reported that poor 

elution of the larger generation polymer (G3) from the SEC column in THF hampered the 

analysis.
28,29,45

 Similar difficulties were reported even for linear block copolymers, and were 

attributed to interactions of the P2VP component with the SEC stationary phase.
46

 

3.4.1.3 1
H NMR analysis and solubility 

 The 2VP units within the shell of the GnPS-g-P2VP copolymers account for more 

than 90% of the repeating units in the ACPs, as revealed by 
1
H NMR spectroscopy, and 

provide good solubility to the copolymers in ethanol (Table 3.2). The molar fraction of 

styrene increases with the generation number to reach 9 mol % for the G3 molecules. The 

glass transition temperature (Tg) of the PS homopolymer AGPs with branches of about 5000 

g∙mol
-1

, measured previously by differential scanning calorimetry (DSC), was found to range 

from 87–103 °C.
47

 It can thus be inferred that in ethanol at room temperature, the collapsed 

PS core should form a compact glassy domain within the unimolecular micelle. However, 

SANS characterization of the ACPs in methanol-d4 suggested that partial mixing of the P2VP 

chains at the core-shell interface of the molecules hinders the complete collapse of the PS 

core within the micelles.
48

 The solubility characteristics and size determined from DLS 

analysis (Section 3.4.1.4) present circumstantial evidence that a similar behavior is observed 

in ethanol. 

Good solubility of the ACPs is observed in DMF (a good solvent for both blocks), 

although this polar aprotic solvent is better at solubilizing the P2VP than the PS moieties.
46
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On the other hand THF, also a good solvent for both moieties, displays a preference for the 

PS segments and could lead to a low level of aggregation.
46

 Differences in solvent quality 

were indeed invoked when accounting for polymer adsorption onto the stationary phase in 

SEC analysis, particularly for the larger G3 copolymers.
29

 

3.4.1.4 DLS analysis 

Cumulants analysis of the ACF obtained from DLS measurements in DMF revealed a 

relatively low particle-size dispersity (Đp = µ2/Γ²), below 0.16 for all the structures 

investigated (Table 3.3, column 1). Low dispersities were also observed for ACPs of 

generations G1 and above in ethanol, which is a non-solvent for the PS block but a good 

solvent for the P2VP block (Table 3.3, column 2). The comb-branched copolymer (G0) had a 

larger size dispersity in ethanol (Đp = 0.26), presumably due to a low level of aggregation of 

the flexible, open structure of these copolymers. In less polar solvents, viz. THF and CHCl3, 

broader size distributions were observed for all the copolymers (Đp ≈ 0.20), with a size 

dispersity decreasing as the size of the macromolecules increased (Table 3.3, column 3 and 

4). It can be concluded that the lower solubility of the P2VP segments in these solvents 

induces a low level of aggregation, and therefore broadens their size distribution. 

CONTIN analysis of the ACFs supported the results obtained in both THF and CHCl3 

for the G0 copolymer; a broader size distribution was also noted in DMF (Figure 3.1). 

Monomodal and uniform size distributions were nevertheless observed for all the upper 

generation copolymers (G1 and above) in the solvents investigated (Figure 3.1). In ethanol 

even the G0 copolymer displayed a narrow size distribution, in contrast to the Đp determined 

from cumulants analysis (Table 3.3). This discrepancy likely stems from the known 
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sensitivity of these methods to noise levels in the baseline and to dust contamination. These 

issues are particularly pronounced for small particles, as the signal-to-noise ratio decreases 

and leads to broader size distributions.
49,50

 

 

Table 3.3 Hydrodynamic diameter and size dispersity of arborescent GnPS-g-P2VP 

from dynamic light scattering measurements in different solvents.
a
 

Sample 

DMF  Ethanol  THF  CHCl3 

Diameter 

(nm) 
Đp  

Diameter 

(nm) 
Đp  

Diameter 

(nm) 
Đp  

Diameter 

(nm) 
Đp 

PS-g-

P2VP 
10.9 ± 0.2 0.08 

 
10.0 ± 0.1 0.26  9.4 ± 0.1 0.24 

 
8.1 ± 0.3 0.19 

G0PS-g-

P2VP 
23.8 ± 0.1 0.02 

 
28.3 ± 0.2 0.07  22.8 ± 0.6 0.26 

 
24.0 ± 0.1 0.29 

G1PS-g-

P2VP 
50.1 ± 0.2 0.16 

 
55.8 ± 0.2 0.10  53.0 ± 0.7 0.20 

 
61.6 ± 0.6 0.22 

G2PS-g-

P2VP 
98.2 ± 0.7 0.06 

 
107.5 ± 0.6 0.08  109.1 ± 1.1 0.11 

 
117.9 ± 0.6 0.18 

a
 Z-average diameter and size dispersity (Đp) obtained from cumulants analysis. Standard 

deviation obtained from a series of at least 5 measurements. 

 

In conclusion, the copolymers exist as well-dispersed colloidal species in both DMF 

and ethanol; a low level of aggregation was only observed for the relatively open comb-

branched structures. In less polar solvents, decreased solubility of the P2VP segments leads 

to broadening of the size distribution. Interestingly, a similar aggregation phenomenon was 

reported for comb-branched PS-g-P2VP copolymers in methanol
27

 and in aqueous HCl 
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solutions, where the P2VP segments acquire polyelectrolyte character.
29

 The upper 

generation copolymers, characterized by a higher branching functionality, formed more 

uniform dispersions with low size dispersities. 

 

 

 

Figure 3.1 Intensity-weighted size distributions from DLS analysis of different 

generations (Gn) of PS-g-P2VP. From left to right: n = 0 (purple), n = 1 (blue), n = 2 

(red), and n = 3 (black). 
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The hydrodynamic diameter (Dh) increased with the generation number of the 

copolymers as expected, varying from 28 to 108 nm for molar masses ranging from 1×10
6
 to 

2×10
7
 g∙mol

-1
 (Table 3.3). Dh was slightly larger in ethanol than in DMF, pointing to greater 

solvation of the P2VP chains due to hydrogen bonding with the solvent molecules. 

 The molar mass of the G1 copolymer was around 10
6
 g·mol

-1
; for comparison, a 

PAMAM dendrimer equates this molar mass only after generation 10, requiring 20 reaction 

steps for its synthesis.
26

 The theoretical number of nitrogen atoms in a G10 PAMAM is 

16,378,
44

 while a G2PS-g-P2VP molecule contains almost 12 times this amount (Figure 3.2). 

In terms of the number of grafted P2VP chains in the shell, the G3 copolymer also has about 

300 times more side chains than the G0 molecules (Table 3.2). These data clearly illustrate 

the very rapid growth of arborescent polymers over successive generations in comparison to 

dendrimers, as a result of both a high branching multiplicity (ca. 10-15 branching sites per 

side chains) and the use of polymeric segments rather than small molecule monomers as 

building blocks. 

 The amphipolar character of arborescent PS-g-P2VP molecules, reminiscent of 

unimolecular micelles in both polar and relatively non-polar solvents, pave the way to 

applications in areas such as catalysis, drug delivery, and environmental remediation. 

Previous solubilization studies using polycyclic aromatic hydrocarbons already highlighted 

the ability of these copolymers to solubilize hydrophobic compounds in aqueous solutions.
31

 

Sustained release was also demonstrated for bioactive molecules, the release rate being 

controlled by both the polymer generation and the loading level employed.
51
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Figure 3.2 Comparison of the total number of N atoms in PAMAM dendrimers (left, 

blue; and inset) and ACPs (right, red stripes) as a function of the generation number. 

 

3.4.2 Characterization of the ACP substrates – Solid state properties 

The molecular organization and size of the ACPs was visualized by AFM in the 

tapping mode, after casting a monolayer of copolymer onto a mica substrate. All the particles 

displayed equiaxial (spherical) morphologies, but the extent of phase segregation observed 

between the different blocks depended on the generation number and the type of solvent 

used. A geometric increase in the molecular volume of the copolymers was observed up to 

G2 as expected, but the increase was more modest for the G3 copolymer. 

3.4.2.1 Influence of the casting solvent 

Among the different solvents considered the less polar and more volatile solvents, 

viz. chloroform and THF, were favored since they led to the formation of better resolved 
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monolayers. In ethanol for instance, aggregation of the molecules was observed as well as 

poor adhesion on the mica substrate upon spin-casting. Solvent removal was an issue for 

DMF. While chloroform and THF are both good solvents for the PS and P2VP moieties, the 

former is slightly better for P2VP than for PS. This was observed by Kiriy et al. in the 

analysis by AFM of PS-P2VP heteroarm star copolymers, which exhibited intramolecular 

phase segregation when deposited from chloroform solutions, while the PS and P2VP arms 

of these copolymers were randomly distributed when deposited from THF.
52

 These 

experimental observations were supported by solubility parameters calculations in these 

solvents. Figure 3.3 compares G0PS-g-P2VP copolymers deposited from chloroform and 

THF solutions. The structures observed for the latter solvent clearly display lower contrast 

and less defined phase boundaries. This is consistent with better mixing of the PS and P2VP 

segments in THF. On the other hand, smoother and more uniform boundaries are observed 

when the micelles are deposited from chloroform (Figure 3.3, left). Upon deposition, strong 

interactions between the hydrophilic mica surface and the P2VP chains lead to flattening of 

the structures, while the PS core located at the center forms spherical humps. To enhance the 

phase difference, chloroform was therefore preferred for AFM sample preparation. 
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Figure 3.3 AFM imaging in the phase contrast mode for G0PS-g-P2VP in CHCl3 (top, 

left) and THF (top, right), and corresponding height section profiles (bottom). The scale 

bars represent 100 nm; the whole picture is 350 × 350 nm
2
. 

 

Micrographs obtained for the GnPS-g-P2VP sample series in the height mode are 

represented in Figure 3.4, along with the height profiles derived from section analysis of the 

images. The corresponding phase images are provided in Figure 3.5. The overall dimensions 

of the polymers measured in the height mode are summarized in Table 3.4, and the core-shell 

features measured in the height and phase modes are provided in Table 3.5. 
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Figure 3.4 AFM imaging of the arborescent copolymer templates in the height mode 

(top), and corresponding height profiles (bottom). The scale bars are, for G0: 100 nm, 

inset 20 nm; and for G1-G3: 200 nm, inset 50 nm. The picture size for G0 is 500 × 500 

nm
2
, inset 80 x 80 nm

2
; the picture size for G1-G3 is 1 × 1 µm

2
, inset 250 × 250 nm

2
. 
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Figure 3.5 AFM imaging of the arborescent copolymer templates (G0–G3) in the phase 

contrast mode (top) and the corresponding phase profiles (bottom). 
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Table 3.4 Size of arborescent copolymers measured by AFM in the height mode. 

Sample 
Width, d  

(nm) 

Height, h  

(nm) 

Volume 

(nm
3
) 

Equivalent 

sphere  

diameter (nm) 

Bulk 

diameter 

(nm) 

PS-g-P2VP 14.2 ± 3.5  0.43 ± 0.03 48 ± 25 4.4 ± 0.8 5.9 ± 0.8 

G0PS-g-P2VP 52.8 ± 2.2  1.4 ± 0.2 2000 ± 390 15.6 ± 1.1 14.5 ± 2.0 

G1PS-g-P2VP 67.9 ± 7.7  10.5 ± 1.4 25600 ± 6300 36.4 ± 2.9 28.6 ± 4.2 

G2PS-g-P2VP 77.1 ± 4.1  10.4 ± 3.1 33000 ± 12000 39.2 ± 4.8 40.5a 

a
 The molar-mass dispersity of the G3 copolymer could not be obtained by SEC (column 

interactions). 

 

Table 3.5 Dimensions of the core-shell arborescent copolymers measured by AFM in 

the height and phase modes. 

 Height mode  Phase mode 

Sample 
Core 

(nm) 

Shell  

(nm) 

Overall 

diameter 

(nm) 

 Core  

(nm) 

Shell 

(nm) 

Overall 

diameter 

(nm) 

PS-g-P2VP 6.1 ± 1.0 4.3 ± 1.6 14.2 ± 3.5  4.6 ± 0.9 7.4 ± 1.3 12.0 ± 1.3 

G0PS-g-P2VP 22.6 ± 4.1 14.4 ± 2.5 52.8 ± 2.2  21.8 ± 3.4 14.8 ± 2.0 51.3 ± 4.5 

G1PS-g-P2VP n/a n/a 67.9 ± 7.7  57.1 ± 4.5 5.2 ± 3.9 67.4 ± 4.0 

G2PS-g-P2VP n/a n/a 77.1 ± 4.1  72.9 ± 6.3 6.8 ± 4.1 86.4 ± 3.7 

 

3.4.2.2 Comb-branched (G0) copolymer 

Individual molecules of the comb-branched copolymer deposited from chloroform 

were imaged by AFM in the height mode and are represented at different magnifications in 



Chapter 3 

 95 

Figure 3.4. The isolated molecules formed irregular disk-like structures with a protruding 

central globule and a seemingly shallower corona. The cross-sectional profile reveals a very 

flat topology with a maximum height of 0.43 ± 0.03 nm and a diameter of 6.1 ± 1.0 nm, 

while the corona, appearing as a shallow layer, has a diameter of 14.2 ± 3.5 nm (Table 3.4). 

The P2VP chains within the corona therefore extend about 4.3 ± 1.6 nm from the core, with a 

thickness below 0.22 ± 0.06 nm (Table 3.5). The protrusion presumably corresponds to the 

rigid PS core, while the surrounding P2VP chains form a flat corona with dimensions lower 

than the end-to-end distance (rs) calculated for a fully elongated P2VP chain (13.2 ± 7.2 

nm).
*
 Measurements by AFM and X-ray photoelectron spectroscopy (XPS) previously 

confirmed that P2VP has strong polar interactions with mica, forcing the chains to adopt a 

highly stretched conformation. It was estimated that every second to third 2VP unit was 

chemisorbed on the mica surface, as illustrated in Scheme 3.3.
53

 It was proposed that phase 

segregation was favored by the selectivity of chloroform for the P2VP chains, as well as the 

unfavorable interactions between the P2VP and PS chains,
54

 although van der Waals 

interactions originating from the substrate were also invoked.
53

  

The phase lag measured on the AFM instrument in the phase mode, presented in 

Figure 3.5, confirms the presence of spheroidal nodules and more diffuse areas. While AFM 

alone cannot be used to assign clearly a domain to a specific component,
55

 knowledge of the 

copolymer structure can be used to attribute the nodular regions to the spherical PS core and 

the compliant, adhesive component to the P2VP chains surrounding the core. In comparison 

                                                      
* rs = 2nb sin(θ/2), where the number-average degree of polymerization, n = 52 (M̅n = 5500 g.mol-1, 

ĐM = 1.15), the C–C bond distance b = 0.154 nm, and the bond angle θ = cos-1(-1/3). 
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to the height measurements, the core of the sample was found to be slightly smaller (4.6 ± 0.9 

nm diameter) while the outer layer, spanning 7.4 ± 1.3 nm, was slightly larger (the 

differences are however insignificant when considering the error limits on the 

measurements). 

 

Scheme 3.3 Polar interactions between the 2VP units of the ACPs and the mica surface. 

Adapted with permission from Reference 53. Copyright 1997 American Chemical 

Society. 

 

3.4.2.3 First generation (G1) copolymer 

A monolayer film of G0PS-g-P2VP, obtained by spin-casting of the copolymer from 

a chloroform solution, is shown in Figure 3.4 at two different magnifications. Similarly to the 

G0 copolymer, the G1 sample displays disk-like structures, but better resolved and larger in 

size. The protruding globule, presumably formed by the PS core, and the flat P2VP shell are 

reminiscent of a fried-egg morphology.
56

 From the cross-sectional profile measurements 

shown in Figure 3.4, the overall diameter of the molecules is about 52.8 ± 2.2 nm. The 

protruding core extends to a height of 1.4 ± 0.2 nm and a diameter of 22.6 ± 4.1 nm (Table 

3.4 and Table 3.5). The thickness of the adsorbed P2VP layer was 0.85 ± 0.23 nm, extending 
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14.4 ± 2.5 nm from the core. Interestingly, this distance is comparable to the end-to-end 

distance (rs) calculated for the fully elongated P2VP chains (13.2 ± 7.2 nm). These results 

corroborate the favorable interactions of the P2VP chains with the polar mica substrates 

noted earlier, causing the ACP molecules to spread as a monolayer composed of “pancake-

like” macromolecules. The narrow size distribution of the molecules promotes the formation 

of hexagonal packing with a lattice parameter of 50.5 ± 3.8 nm (section profile in Figure 3.4). 

The distance measured between the particles was below 2.0 ± 0.4 nm. The close packing is 

consistent with the narrow size distribution of the macromolecules, the inherent molar-mass 

dispersity of the molecules being responsible for long-range defects such as dislocation and 

point defects. Such molecular organization could be interesting for applications requiring 

nanoscale patterning of surfaces.
57

 

 Phase mode imaging of the G1 molecules, shown in Figure 3.5, delineates a relatively 

rigid core and a more deformable corona. Phase segregation was already noted between the 

P2VP and PS domains from the height profile corresponding to a fried-egg morphology. 

Phase imaging revealed a difference in terms of adhesive properties between the non-polar 

PS and the polar P2VP fractions of the copolymer. Determination of the size of the core and 

the corona in the G1 molecules, using this imaging mode, indicated dimensions comparable 

to the ones measured in the height mode (Table 3.4). 

 

3.4.2.4 Second generation (G2) copolymer 

Deposition of the G1PS-g-P2VP copolymer solutions also led to the formation of a 

monolayer (Figure 3.4), where some local ordering into a hexagonal lattice could be 
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observed by AFM near the center of the image. The insets in Figure 3.4 represent the G2 and 

G1 molecules at the same magnification. As expected, the G2 copolymer molecules are 

larger than their lower generation counterpart. The cross-sectional profile displayed in Figure 

3.4 reveals spheroidal structures extending to a height of about 10.5 ± 1.4 nm, and a diameter 

of about 67.9 ± 7.7 nm. It is noteworthy that the large G2 copolymers display a more uniform 

oblate topology rather than the fried-egg topology observed for the smaller copolymers. 

Phase imaging revealed a broad inner domain with a large positive phase shift, 

slightly depressed at the center of the domain (Figure 3.5). Interestingly, a large phase lag is 

noted at the periphery of the structures, revealing a secondary domain. The domain 

separation, reminiscent of the G1 copolymer structures, is attributed to a hard PS core 

surrounded by a more adhesive P2VP corona. As expected, the G1 PS core is larger than for 

the lower generation copolymers (Figure 3.5). The overall size measured in phase mode 

imaging is comparable to the size obtained from the height mode (Table 3.5). The former 

mode, which discriminates between the different phases, allows size estimations for the PS 

core (57.1 ± 4.5 nm) and the P2VP corona (5.2 ± 3.9 nm). The core size, corresponding to a 

G1 PS molecule, is larger than the G0 PS core; however, the corona has a span almost 3 

times smaller. The rigid PS core presumably prevents stretching of the P2VP chains, which 

are forced to form more compact domains at the core periphery. 

 

3.4.2.5 Third generation (G3) copolymer 

 The structures observed for the G3 (largest) copolymers are spheroidal and analogous 

to the G2 molecules (Figure 3.4; the magnification is the same as for the G1-G3 copolymers). 
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From the cross-sectional profile of Figure 3.4, the overall diameter is 77.1 ± 4.1 nm (Table 

3.4). However the maximum height is comparable to the G2 copolymer at 10.4 ± 3.1 nm. 

Partial flattening of the molecules could be a consequence of the strong interactions of the 

P2VP shell with the mica surface. Also apparent in the AFM image are a few smaller 

particles, which could be G1 and/or G2 copolymer contaminants. These species could not be 

removed even after 4 successive cycles of precipitation fractionation from THF/methanol 

(4/1 v/v) mixtures and n-hexane. From the particle count on the AFM image, the 

contaminants correspond to a number fraction of 23% of the macromolecules present. Given 

their smaller size, their corresponding weight fraction would be much smaller however. 

 Phase mode imaging of the structures reveals a rigid ring-like domain circumscribed 

by a more adhesive domain. It is proposed that in this system, the outer P2VP shell near the 

mica surface can phase-separate and adsorb on the surface, as for the G1 and G2 copolymers. 

The P2VP chains covering the PS core are not able to interact with the mica surface, 

however, and may also phase separate in the interior of the structure. The feature sizes 

measured in this imaging mode are larger than in the height mode (Table 3.5). Better 

resolution of the outer P2VP domain could account for the discrepancy. The core diameter 

thus obtained was 72.9 ± 6.3 nm, while the thickness of the P2VP shell (6.8 ± 4.1 nm) was 

comparable to the G2 copolymer (Table 3.5). 

 

3.4.2.6 Phase segregation 

The phase segregation observed between the PS and P2VP segments is in agreement 

with the well-documented phase behavior of diblock copolymers (DBCs). Phase separation 
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depends on the number of monomer units in the different blocks A and B (NA, NB) and on the 

Flory-Huggins segment-segment interaction parameter (χA-B). In the case of DBCs phase 

segregation occurs above the weak segregation limit (χA-BN ≥ 10), while entropy-driven 

phase mixing is favored below this limit.
58,59

 Although structurally different, ACPs are 

expected to qualitatively display comparable phase behavior;
59

 that is an increase in the 

molar mass of the chemically distinct polymer segments should promote microphase 

segregation. 

 

3.4.2.7 Bulk dimensions 

The dimensions of the ACP macromolecules as measured by AFM can be compared 

with their theoretical bulk dimensions. The unimolecular micelles of generations G0 to G3 

exhibited very flat morphologies, with heights of 0.4 to 11 nm and widths ranging from 14 to 

77 nm. The polymers can thus be approximated by hemi-oblate spheroids with a width, d 

(length of the major axis) and a height, h (length of the semi-minor axis) determined from the 

analysis of the cross-sectional profiles of the AFM images acquired in height mode, and 

reported in Table 3.4. The volume (V) of the structures was calculated from: 

 𝑉 =
𝜋

6
𝑑2ℎ (3.4) 

The diameter (deq) of an equivalent sphere having the same volume as the hemi-oblate 

macromolecules was then obtained from: 

 

𝑑eq = 2(
3𝑉

4𝜋
)

1
3
= (𝑑2ℎ)

1
3 (3.5) 
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The results obtained are summarized in Table 3.4, with statistical deviations determined by 

analysis of the full images. As expected from Equation 3.3, the volume initially increases in a 

geometric fashion within the copolymers series but tapers off after the second generation. 

The theoretical bulk diameters were calculated using Equation 3.6, where NA 

represents Avogadro’s constant, ρ the average bulk density, and M̅n the number-average 

molar mass of the copolymer. The average density was determined from the molar 

composition of the copolymers (where xP2VP represents the molar fraction of 2VP), and the 

density of the PS (ρPS = 1.04 g.cm
-3

)
60

 and P2VP moieties (ρP2VP = 1.153 g·cm
-3

)
60

 according 

to Equation 3.7. Of course in this particular case, the molar fraction of PS, xPS = 1 – xP2VP. 

 

𝑑𝑏𝑢𝑙𝑘 = 2 × (
3

4𝜋

�̅�n

𝑁A𝜌
)

1
3

 (3.6) 

 𝜌 = 𝑥P2VP(𝜌P2VP − 𝜌PS) + 𝜌PS (3.7) 

As can be seen in Table 3.5, the bulk diameter and the equivalent-sphere diameter were in 

good agreement, clearly indicating the presence of single macromolecules deposited onto the 

mica surface. The size uncertainties were evaluated from the molar-mass dispersity of the 

copolymers, since:
61

 

 �̅�w

�̅�n

= 1 +
𝜎2

�̅�n
2
 (3.8) 

Unfortunately, poor elution of the G3 copolymer from the SEC column (Section 3.4.1.2) 

forbade such estimates for the largest macromolecules. 
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3.4.3 Loading of the arborescent copolymers with Pd in ethanol 

3.4.3.1 Metal loading and reduction 

 Loading of the arborescent copolymers was achieved by co-dissolution of the 

macromolecules with the Pd(II) salt in ethanol. As noted previously, ethanol can act both as 

solvent and reducing agent for Pd(OAc)2. As a matter of fact, the reduction of Pd(OAc)2 to 

Pd(0) according to Scheme 3.4
62

 was observed in the absence of a polymeric stabilizer and 

led to the deposition of Pd black at the bottom of the vial within 2 h at room temperature 

(Figure 3.6a).
63

 In presence of the ACP, however, the ethanolic solutions remained 

translucent yellow (Figure 3.6b and Figure 3.6c) or dark brown (Figure 3.6d and Figure 3.6e) 

for a period of at least 5 months. To investigate the role of the polymer and its interactions 

with the Pd species, characterization of the colloidal solutions was performed by DLS, TEM, 

and UV-vis analysis. Determination of the Pd loading in the copolymers was also achieved 

by a novel technique based on microplasma-optical emission spectrometry (OES – Chapter 

4). 

 

 

Scheme 3.4 Reduction of Pd(OAc)2 to Pd(0) in ethanol. Reprinted with permission from 

Reference 62. Copyright 2004 Springer. 
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Figure 3.6 Solutions of (a) Pd(OAc)2 in ethanol after 2 h, and G0PS-g-P2VP (G1) in 

ethanol after 1 week with the following molar equivalents of Pd(OAc)2:  (b) 0.25 equiv, 

(c) 0.5 equiv, (d) 1.0 equiv, and (e) 1.5 equiv. 

 

3.4.3.2 DLS analysis 

The solution properties of the arborescent copolymers in ethanol, after addition of 0.5 

molar equiv of Pd(II) per 2VP unit, were investigated by DLS and analysis of the 

autocorrelation function by the cumulants and CONTIN methods. The sizes and size 

distributions obtained from cumulants analysis are summarized in Table 3.6 for the metal-

polymer complexes. Up to the second generation, the copolymers with Pd displayed 

somewhat broader size distributions (Đp ≈ 0.2) than the bare copolymers (Đp ≈ 0.1, Table 

3.3). Since the analysis of non-monomodal distributions by the method of cumulants may 

lead to significant errors in the calculated hydrodynamic diameters,
50

 values are not reported 

in this case. Clearly, the addition of Pd induced some level of aggregation, even though all 

the organic–inorganic hybrids remained dispersible in ethanol. The Pd-loaded G3 copolymer, 

on the other hand, had a low size dispersity and its hydrodynamic diameter was comparable 

to that of the native copolymer (Table 3.3). The large arborescent copolymer therefore seems 

to provide enhanced steric stabilization for the Pd species in ethanol. 
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Table 3.6 Size and size distributions obtained from DLS and TEM analysis of 

arborescent GnPS-g-P2VP loaded with 0.5 molar equiv of Pd(OAc)2 in ethanol (see text 

for details).
a
 

Description  Dh,z (nm)
a
 Đp

 a
 Dh,c  (nm)

b
 

DTEM 

(nm) 

Dh,c polymer 

(nm)
c
 

      PS-g-P2VP-Pd(II) n/a 0.18 12.8 ± 1.7 3.2 ± 0.8 10.0 ± 0.1 

G0PS-g-P2VP-Pd(II) n/a 0.23 68.7 ± 27.9 21.2 ± 2.4 28.3 ± 0.2 

G1PS-g-P2VP-Pd(II) n/a 0.20 80.9 ± 22.2 36.1 ± 3.2 55.8 ± 0.2 

G2PS-g-P2VP-Pd(II) 104.9 ± 0.5 0.10 108.9 ± 14.2 50.8 ± 5.9 107.5 ± 0.6 

a
 Z-average diameter and size dispersity (Đp) from cumulants analysis. Standard deviations 

estimated from a series of 5 measurements. Average diameters cannot be calculated for 

bimodal distributions of G0-G2 polymer by cumulants analysis. 
b
 Hydrodynamic diameter 

from CONTIN analysis. 
c
 Data reported in Table 3.3, hydrodynamic diameter from 

cumulants analysis for the polymer alone, included for convenience. 

 

Size distributions were also obtained from CONTIN analysis and are shown in Figure 

3.7. The results are in agreement with the cumulants analysis, with broader and bimodal size 

distributions for generations below G3 in presence of Pd. Small particles, with a diameter 

below 8 nm, were also detected in the G1-Pd solutions. This suggests that the G1 copolymer 

provided relatively poor steric stabilization, and that unbound Pd could have resulted in the 

formation of free nanoparticles in solution. The intensity-weighted size distribution of both 

the G0-Pd and G2-Pd samples show a small amount of large aggregates (>100 nm), that 

would be insignificant on a number basis however. In both systems, bridging between the 

micelles through intermolecular bonding of the Pd species could favor aggregate formation. 
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The larger G2 copolymers appear to provide better steric stabilization than the G1 

copolymers, since no small particle contaminant was evidenced. CONTIN analysis of the 

G3-Pd solutions yielded a narrow size distribution, similarly to cumulants analysis (Table 

3.6). The larger copolymer therefore likewise provided greater steric stabilization for the Pd 

NPs in ethanol than the smaller ACPs. 

Interestingly, a similar trend was reported for Pd-loaded PAMAM dendrimers: Lower 

generation (G2) dendrimers were found ineffective for the steric stabilization of Pd NPs in 

ethanolic aqueous mixtures, while good stabilization was achieved with G3 and G4 

dendrimers.
16

 As the generation number of the dendrimers increased, the more compact and 

closed structure of the macromolecules was thought to provide greater protection against 

aggregation of the Pd NPs. In another study using DLS measurements, the size of hydroxyl-

terminated PAMAM dendrimers at neutral pH was found to double after the encapsulation of 

Pt NPs. Although the mechanism at play was not fully understood, electrostatic interactions 

involving the metallic NPs were thought to induce aggregation.
64
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Figure 3.7 Intensity-weighted DLS size distributions for different generations (Gn) of 

PS-g-P2VP loaded with 0.5 molar equiv of Pd(OAc)2 in ethanol. 

 

3.4.3.3 TEM analysis 

Imaging by TEM of the Gn-Pd composites confirmed the presence of Pd within the 

copolymer templates, as can be seen from the contrast caused by differences in electron 

density between the Pd-rich regions and Pd-poor regions on the electron micrographs of 

Figure 3.8–Figure 3.11. The Pd-loaded micelles are spherical particles with overall diameters 

ranging from 3.2 ± 0.8 nm to 50.8 ± 5.9 nm, from G0-Pd to G3-Pd, respectively (Table 3.6). 
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The diameters determined from the electron micrographs are smaller than the hydrodynamic 

diameters measured by DLS in solution (Table 3.6). Individual micelles were observed for all 

the samples except for G3-Pd, suggesting aggregation as noted by DLS (Section 3.4.3.2). 

To investigate the influence of the Pd content on NP formation, the amount of metal 

added was varied from 0.25 to 1.0 molar equiv per 2VP unit (Pd/2VP).  The image contrast 

of the particles increased with the amount of Pd added as expected. For Pd/2VP ≥ 0.5, the 

formation of small NPs occurred within the micelles, the number of which increased with the 

loading level. 

Reduction of the Pd(II) species was achieved by heating the polymer-metal 

composites in ethanol at 60 °C for at least 3 h.
65

 Reduction of the Pd ions led to the formation 

of a larger number of Pd NPs (Figure 3.8–Figure 3.11) clearly confined within the G1-G3 

micelles, confirming their stabilization within the copolymers. Only G0-Pd had larger Pd 

NPs in solution, presumably formed by aggregated Pd(0). Interestingly, the size of the Pd 

NPs formed from the G0 samples was largest at Pd/2VP = 0.5, with a diameter of 14.5 ± 1.9 

nm (Figure 3.12, and Appendix A3.1). Loading of the micelles with 1.0 equiv of Pd led to the 

formation of smaller Pd NPs, 3.0 ± 1.1 nm in diameter. The stabilization mechanism in these 

systems may be akin to the intermicellar stabilization observed for small G0 PAMAM 

dendrimers, with several dendritic polymers stabilizing the NPs on their surface.
66

 

Alternatively, a depletion stabilization mechanism between the polymer and the metal 

species may be at play.
67
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Figure 3.8 Transmission electron micrographs for PS-g-P2VP (G0-Pd) from ethanolic 

solutions and in the presence of different molar equivalents of Pd(OAc)2: (a) 0.25 equiv, 

(b) 0.5 equiv, and (c) 1.0 equiv. The same samples are shown after heating for 3 h at 60 

°C in (d)-(f), respectively. Inset: Magnification of individual micelles. 

 

(a) (b) (c) 

(d) (e) (f) 
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Figure 3.9 Transmission electron micrographs for G0PS-g-P2VP (G1-Pd) from 

ethanolic solutions and in the presence of different molar equivalents of Pd(OAc)2: (a) 

0.25 equiv, (b) 0.5 equiv, and (c) 1.0 equiv. The same samples are shown after heating 

for 3 h at 60 °C in (d)-(f), respectively. Inset: Magnification of individual micelles. 

 

 

(a) (b) (c) 

(d) (e) (f) 
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Figure 3.10 Transmission electron micrographs for G1PS-g-P2VP (G2-Pd) from 

ethanolic solutions and in the presence of different molar equivalents of Pd(OAc)2: (a) 

0.25 equiv, (b) 0.5 equiv, and (c) 1.0 equiv. The same samples are shown after heating 

for 3 h at 60 °C in (d)-(f), respectively. Inset: Magnification of individual micelles. 

 

(a) (b) (c) 

(d) (e) (f) 
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Figure 3.11 Transmission electron micrographs for G2PS-g-P2VP (G3-Pd) from 

ethanolic solutions and in the presence of different molar equivalents of Pd(OAc)2: (a) 

0.25 equiv, (b) 0.5 equiv, and (c) 1.0 equiv. The same samples are shown after heating 

for 3 h at 60 °C in (d)-(f), respectively. Inset: Magnification of individual micelles. 

 

In the larger copolymers with 0.25–1.0 equiv of Pd per 2VP, small-size NPs ranging 

from 0.7 ± 0.04 to 3.4 ± 1.0 nm in diameter can be observed (Figure 3.12). As expected, 

increasing the Pd content led to the formation of larger NPs, these being located primarily at 

the periphery of the micelles. At 1.0 Pd equiv, the size of the Pd NPs increased with the 

(a) (b) (c) 

(d) (e) (f) 
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copolymer generation, but at lower Pd loadings the particle size varied as G1 < G3 < G2, 

which may suggest lower chain mobility in the larger G3 ACP hindering particle growth. The 

detailed size and size distribution data for the Pd NPs are reported in Appendix A3.1 

 

 

Figure 3.12 Size of the Pd NPs formed within the copolymer templates. 

 

While various topologies have been observed for Pd NPs,
65

 the solution-phase 

synthesis of small particles (<5 nm) typically results in the formation of cuboctahedral 

shapes.
68,69

 If the commonly observed face-centered cubic (fcc) structure for equidimensional 

particles imaged by TEM
70,71

 is assumed, the number of atoms in each complete shell m 

beyond the first atom in a cuboctahedron (m+1) is given by the progression 10 m
2
 + 2, and 

the total number of atom (Ntot) is given by ⅓(2m - 1)(5m
2
 - 5m + 3).

72,73
 If one considers the 
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atomic volume of a Pd atom (VPd) in such structures to be 14.7 Å
3
,
70,74

 then the total number 

of Pd atoms can be obtained from Equations 3.9 and 3.10, where Vtot represents the volume 

of a single NP. The number of shells can be obtained by solving a cubic equation (Equation 

3.11). 

 𝑉tot = 𝑁tot × 𝑉Pd (3.9) 

 
𝑉tot =

4

3
𝜋 (

𝑑

2
)
2

 
(3.10) 

 4
3
𝜋 (

𝑑
2
)
2

𝑉Pd
=
1

3
(2𝑚 − 1)(5𝑚2 − 5𝑚 + 3) 

(3.11)  

Table 3.7 provides the average number of shells calculated for the Pd NPs formed 

within the arborescent templates, if the presence of organic material (2VP units) within the 

nanoparticles is ignored. The number of shells was found to increase with micelle loading, 

and ranged from 1 to 7 for copolymers of generations G ≥ 1. The maximum number of NPs 

that can be encapsulated within an arborescent structure was estimated from the measured 

NPs diameter and the number of 2VP units (Table 3.7). The G3 polymer with 0.5 equiv Pd 

was found to encapsulate the maximum number of NPs, with up to 1190 ± 920 NPs per 

micelle, while the G2 with 0.25 equiv Pd was lowest with 67 ± 38 NPs per micelle. The large 

standard deviations in the number of particles arise from the uncertainties on the measured 

diameters which approach the resolution limit of the TEM instrument (ca. 1 nm). 
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Table 3.7 Calculated number of NPs per micelle and shells per NP, assuming a 

cuboctahedral shape and an fcc structure. 

Generation/ Number of NPs per micelle  Number of shells 

Loading 0.25 0.5 1.0  0.25 0.5 1.0 

G0 0.02 ± 0.008  0.03 ± 0.002  2 ± 2  13 31 6 

G1 240 ± 60  80 ± 70  140 ± 180  1 2 3 

G2 70 ± 40  200 ± 170  90 ± 40  4 4 6 

G3 570 ± 400  1200 ± 900  240 ± 250  3 3 7 

 

3.4.3.4 Phase segregation 

The distribution of small particles within the arborescent PS-g-P2VP micelles is 

reminiscent of the sphere-on-sphere morphology (also known as raspberry,
75

 football,
76

 or 

red currant morphology, Figure 3.13).
77

 Within polymeric materials, the raspberry 

morphology is commonly observed for multicompartment micelles
78

 assembled from linear 

triblock terpolymers
79–82

 or miktoarm star terpolymers.
83–85

 While analytical theories 

describing the self-assembly of these macromolecular structures are far less developed than 

for diblock copolymers
86

 their qualitative description involves the interplay of factors 

including the incompatibility of the polymeric blocks; electrostatic, hydrophobic, and/or van 

der Waals interactions; constraints imposed by the covalent connectivity of the blocks; and 

the non-ergodicity of these systems.
84

 Similar morphologies were also observed for various 

hybrid metal-containing polymer systems. For instance, small gold NPs were synthesized 

within inverse micelles of linear PS-b-P2VP in toluene by Spatz et al.
87

 Interactions between 
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the metal species and the 2VP units were shown to enhance the segregation parameter (χcore-

shell) and to promote the formation of micellar structures. The presence of metallic species 

generally promotes microdomain formation by directing the behavior of the system into the 

superstrong segregation regime.
87

  

Using PS-b-P2VP with various metals including Pd, the strength of the reducing 

agent was shown to be an important parameter influencing the nucleation step. Stronger 

reducing agents favored rapid nucleation (seed formation) at several sites and the formation 

of raspberry-like morphologies.
88,89

 Raspberry structures were also obtained by Jiang et al. by 

the complexation of PS-b-P4VP onto microspheres of polystyrene-co-poly(methacrylic acid) 

and subsequent Pd loading.
90

  

 

             

       (a)                                                        (b) 

Figure 3.13 (a) Raspberry and (b) red currant morphologies of metal-amphiphilic 

copolymer systems. Adapted with permission from Reference 77. Copyright 1998 

Elsevier. 
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3.4.3.5 Nanoparticle formation mechanism 

Nanoparticle formation generally follows a stepwise process of nucleation, growth 

and agglomeration.
91

 The balance between the rate of nucleation and growth is particularly 

important for the resulting size and size distribution of the NPs.
92

 Fast nucleation, leading to 

a high seed concentration, accompanied by a rapid reduction rate, promotes the formation of 

small NPs. In the present case, the nucleation of a large number of particles was evidenced 

by TEM. Particle growth is expected to follow an Ostwald ripening process, where the 

growth of larger clusters occurs at the expense of the smaller ones. The Pd atoms migrate 

from the high energy surface of small clusters to the lower energy surface of growing NPs.
19

 

In this case the diffusion length of the Pd atoms is limited by interactions with the polymeric 

chains, thereby providing some control over the growth process and the cluster size. 

Moreover, Ostwald ripening is typically accompanied by narrowing of the particle size 

distribution. 

Even though transmission electron micrographs provide useful information about the 

structure and composition of the hybrid micelles, it is understood that the equilibrium 

structures observed on the deposited films may differ from the thermodynamically stable 

configurations in dilute solutions. It is likely that rearrangements can take place after transfer 

of the polymer-Pd nanocomposites from the solution to the bulk phase.
87

 Furthermore, 

reduction of the Pd(II) species to Pd(0) has been reported to occur upon irradiation with the 

electron beam during the TEM measurements.
93,94

 It is therefore useful to measure solution-

state properties by UV-visible spectroscopy to characterize the formation of the NPs within 

the copolymers templates. 
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3.4.3.6 UV-visible spectrophotometry 

UV-visible absorbance spectra for dilute solutions of the copolymers in ethanol 

displayed absorption maxima at 263 and 203 nm, as shown in the inset of Figure 3.14. Both 

bands correspond to π → π* transitions of isolated phenyl groups of the PS chain
95,96

 and of 

the pyridine pendant groups of P2VP.
97,98

 The transitions have been assigned to the vibronic 

transition bands 
1
A1g → 

1
B2u and 

1
A1g → 

1
B1u at the longer and lower wavelengths, 

respectively.
99,100

  

Absorbance spectra for Pd(II) acetate in ethanol were acquired at concentrations 

ranging from 0.02 to 0.3 mg∙mL
-1

 and are displayed in Figure 3.14. The characteristic 

absorbance at 400 nm has been attributed to a charge transfer-band,
101

 but also more recently 

to the formation of interatomic chemical bonds between neighboring Pd atoms.
102

 

 

 

Figure 3.14 UV-visible absorbance spectra for Pd(OAc)2 in ethanol at different 

concentrations. Inset: Absorbance spectra of GnPS-g-P2VP (n = -1, 0, 1, 2) in ethanol 

(15 µg∙mL
-1

), normalized at 263 nm. 
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3.4.3.7 Pd(II) reduction in ethanol 

The trimer formed by palladium acetate has been reported to dissociate in methanol 

(or water) upon dechelation of one or more acetate anion;
66

 a similar mechanism is expected 

to favor metal reduction and complexation in ethanol. In the absence of polymer, the Pd(II) 

species in ethanol were indeed reduced to Pd(0) within 1 hour according to Scheme 3.4, 

resulting in the deposition of Pd black at the bottom of the vial. This was evidenced 

spectrophotometrically by the disappearance of the absorption band at 400 nm and a 

hyperchromic shift (at longer wavelengths; Figure 3.15). The broad and featureless 

absorption at long wavelengths is characteristic for Pd(0) metal clusters, which do not display 

pronounced surface plasmon resonance due to considerable d–d interband transitions.
103

 

Differential spectroscopy can be used to quantify the formation of Pd(0) clusters, by 

subtracting the influence of the baseline shift;
104

 however, the weak absorbance of the metal-

to-ligand charge transfer (MLCT) at the concentrations employed in the current work and 

scattering from the NPs resulted in large signal-to-noise ratios. Alternatively, the variation in 

absorbance with the wavelength has been shown to be sensitive to particle size for Pt colloids 

below 4 nm.
105,106

 A decrease in the slope k (with k = - dlog A/dlog λ) was shown to be 

indicative of an increase in particle size. The slope k obtained from the log–log plot of the 

absorbance spectra of Pd(OAc)2 in ethanol at different times is shown in the inset of Figure 

3.15. The gradual decrease in k with time confirms the reduction of Pd(OAc)2, and the 

concomitant nucleation and growth of Pd NPs. 
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Figure 3.15 UV-visible absorbance spectra for Pd(OAc)2 in ethanol (0.03 mg∙mL
-1

) after 

different times. Inset: Slope (k = –dlog A/dlog λ) of the absorption spectra from 400–800 

nm for the same samples. Changes in k are indicative of particle size variations. 

 

3.4.3.8 Polymer-stabilized Pd 

After the addition of Pd(II), complexation by the 2VP units within the corona of the 

molecules was evidenced by UV-visible spectrophotometry: The absorption band for Pd(II) 

was red-shifted and appeared as a shoulder at 432 nm (Figure 3.16). The bathochromic shift 

is characteristic for complex formation between the Pd(II) species and the 2VP units of 

polymers.
107,108

 In analogy to complexes formed by 2-methylpyridine and PdCl2, the 

absorption band can tentatively be attributed to dπ-π* transitions from metal-to-ligand charge 

transfer.
107

 The complexes formed were stable for an extended period of time. For instance, 

the absorption spectrum for G0PS-g-P2VP with 0.25 equiv Pd was unchanged after 2 days. 

Complex formation between Pd and the ACPs was further investigated for 3 different 
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Pd loadings, namely 0.25, 0.5, and 1.0 Pd/2VP molar ratios. The MLCT absorption band was 

observed for all the nanocomposites but was less pronounced at higher loadings (Figure 

3.16). The increase in long wavelength absorbance at higher Pd contents indicates the 

presence of a greater amount of Pd(0) species within the micelles. It is expected that the 

ability of the polymer template to stabilize the Pd(II) species should decrease as the Pd 

concentration is increased.  Additionally, there is evidence that nucleated Pd(0) species 

acting as seeds can promote further reduction of the ionic species and the concomitant NPs 

formation via an autocatalytic pathway.
91

 Such a mechanism would be favored at higher Pd 

concentrations. These results are also in agreement with the TEM data discussed above. 

Nonetheless, all the solutions remained yellow and translucent for several months without 

indication of Pd black formation. 

After reduction of the Pd(II) species at 60 °C, a gradual change in coloration from 

bright yellow to orange was observed for solutions with lower Pd loadings (Pd/2VP  = 0.25–

0.5), while samples with an equimolar amount of Pd per 2VP units turned brown (Figure 3.8–

Figure 3.11). Reduction was confirmed by UV-visible spectrophotometry and the 

disappearance of the MLCT absorption band. The brown copolymer samples displayed a 

significant baseline shift revealing the presence of larger Pd(0) clusters (Figure 3.16). 
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Figure 3.16 UV-visible absorbance spectra for GnPS-g-P2VP with (a) n = -1, (b) n = 0, 

(c) n = 1, (d) n = 2, in ethanol with different Pd/2VP ratios ([Pd] = 0.07 mg∙mL
-1

). 

Samples freshly prepared (solid lines) and after 3 h at 60 °C (dashed/dotted lines). 

 

The size of the NPs increased with the loading level of the copolymers. For instance, 

spectrophotometric analysis of the G0PS-g-P2VP template revealed a linear decrease in the 

size-dependent parameter k as the loading level increased from 0.25 to 1.0 Pd equivalent 
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(Figure 3.17). These results further substantiate the reduced stability at higher loading levels 

and the formation of larger nanoclusters. A plateau was reached above 1.0 Pd equiv, 

however, suggesting the presence of a limiting NP size when the unimolecular micelles were 

fully loaded. The variation in size of the NPs was corroborated by TEM measurements, as 

shown in Section 3.4.3.3. 

 

 

Figure 3.17 UV-visible absorbance spectra for G0PS-g-P2VP (G1) with various Pd/2VP 

ratios in ethanol. Inset: Variation of the slope (k = –dlog A/dlog λ) with the Pd content 

loaded in the G0PS-g-P2VP (G1) in ethanol. 

 

Aside from the loading level, the growth of Pd clusters could be controlled by 

adjusting the duration of the reduction step. For instance, since the G3 copolymers provided 

the greatest stabilization for the Pd(II) species, longer reduction times were required for the 

solution to turn orange or brown. Figure 3.18 provides UV-visible absorption spectra for 
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G2PS-g-P2VP with 0.5 molar equiv of Pd at different reduction times. Analysis of the slope 

k showed a gradual increase until a maximum was reached after 12 h (Figure 3.19). This 

change is related to the reduction of Pd(II) and the concomitant formation of small NPs, as 

observed in the TEM images. At longer reaction times the small Pd(0) clusters aggregated 

into larger NPs, as seen from the baseline shift in the absorption spectra. The electron 

micrographs also revealed the formation of larger NPs, and the solution turned brown after 

58 h (Figure 3.19). For comparison, the solutions prepared from lower generation 

copolymers and 0.5 equiv Pd turned brown after only 12 h of reduction time. It is worth 

noting that no Pd black deposition was observed in any of these samples even after several 

months. 

 

 

Figure 3.18 UV-visible absorbance spectra for G2PS-g-P2VP (G3) with 0.5 equiv of 

Pd/2VP in ethanol at various reduction times. Inset: Plots of log A against log λ for the 

same solutions from 450-560 nm. 

 



Chapter 3 

 124 

 

Figure 3.19 Particle size variation characterized by the slope (k = –dlog A/dlog λ) at 

different reduction times for G2PS-g-P2VP (G3) in ethanol at a molar ratio Pd/2VP = 

0.5. The corresponding transmission electron micrographs and sample appearance are 

also provided. 

 

3.4.3.9 Pd content determination 

Quantification of the Pd content in the arborescent copolymers was performed by a 

novel characterization technique based on microplasma-atomic emission spectrometry. 

Details on this characterization technique and the experimental procedure employed are 

provided in Chapter 4. In this study, measurements with G1PS-g-P2VP revealed that the 

pyridine units can complex up to one equiv of Pd(II) in ethanol (Figure 3.20). Furthermore, 

when loading the copolymer template with 0.25 equiv of Pd/2VP unit, 92.8 ± 1.1 mol % of 

the Pd remained bound within the macromolecules (Figure 3.20). 
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Figure 3.20 Pd loading capacity of copolymers G0PS-g-P2VP (G1) and G2PS-g-P2VP 

(G3) in ethanol measured by microplasma-OES. 

 

The maximum loading capacity for G2PS-g-P2VP with Pd(OAc)2 in ethanol was also 

determined by the same technique and is reported in Figure 3.20. A maximum loading 

capacity of 1.44 ± 0.30 mol % Pd/2VP was measured when using both 1.5 and 2.5 Pd equiv. 

In contrast to the G1 copolymer, the Pd loading capacity of the G3 copolymer is greater than 

the number of 2VP units present. 

The higher chain segment density, closer to that of brushes, may account for the 

excess of Pd present with respect to the complexing species. A similar excess of Pd was 

noted by Fernandes et al. for polymer brushes containing dipyridylamine ligands.
109

 

However, the presence of zerovalent species was proposed to account for the excess of metal 

atoms loaded within the polymeric support. Analogous behavior could be expected for the 

arborescent systems where the reduction of Pd(II) is promoted by ethanol, as well as other 

ligands,
110

 and where Pd(0) species could act as nucleation sites for the formation of 
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nanoparticles. Indeed, the presence of reduced Pd was detected within the arborescent 

systems at the highest loading levels (Pd/2VP = 1) by spectrophotometry (vide supra). 

Moreover, XPS analysis by Fernandes et al. revealed that Pd(0) species may also be present 

in the Pd(OAc)2 precursor, up to 33 mol % of Pd(0) being reported for some commercial 

Pd(OAc)2 samples.
109

 The formation of NPs was likewise found in other Pd precursors.
111

 

 

3.4.4 Catalytic activity 

3.4.4.1 Conversion and turnover frequency 

The activity of the GnPS-g-P2VP-stabilized Pd(0) catalysts was investigated in the 

SM cross-coupling reaction between phenylboronic acid (PBA) and 4-bromoanisole (BA) in 

a mixture of ethanol/D2O (85/15 v/v) as shown in Scheme 3.5, and compared with a linear 

P2VP-Pd sample (M̅n = 5000 g∙mol
-1

, ĐM = 1.4). The Pd/2VP ratio was maintained constant 

at 0.5 and the reaction was performed at room temperature. The conversion of the reagents to 

4-methoxy-1,1’-biphenyl (MBP) was monitored in situ by 
1
H NMR spectroscopy, as 

illustrated with a representative set of spectra in Figure 3.21. A 2D [
1
H 

1
H] COSY spectrum 

is also displayed in Appendix A3.2 for that reaction. 
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Scheme 3.5 Suzuki-Miyaura cross-coupling reaction between 4-bromoanisole and 

phenylboronic acid with 1 mol % of Pd catalyst in a mixture of ethanol/D2O (85/15 v/v). 

 

 

Figure 3.21 Time-dependent 
1
H NMR spectra for the Suzuki-Miyaura reaction 

catalyzed with G1PS-g-P2VP-Pd[0.5 eq]. The peak assignments are indicated for each 

signal. 
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When using the catalyst precursor Pd(OAc)2 without a stabilizer, a substrate 

conversion of 51% was attained within 1 h before reaching a plateau (Figure 3.22). At longer 

reaction times, deactivation occurred as the catalyst precipitated as Pd black. Using GnPS-g-

P2VP as stabilizer, conversions over 50% were observed in less than 2 h in all cases. Pd 

black formation was only observed for the G0 copolymer. The conversions displayed 

asymptotic profiles and the maximum conversion reached varied in the order G0 ≈ G1 < G2 

< G3, suggesting a positive dendritic effect (Figure 3.22a). These results suggest that 

deactivation of the catalyst occurs during the reaction. Indeed, similar trends were observed 

for dendrimer-encapsulated (DEN) and dendrimer-stabilized (DSN) Pd NPs.
112

 The loss of 

activity was found to occur through leaching of the Pd catalyst from the polymer stabilizer, 

and the concomitant formation of Pd black. Much lower conversions were attained when 

using the P2VP homopolymer stabilizer (<40 mol % after 7 h) and Pd black formation was 

observed, which highlights its lower stabilizing effect. 

The mechanism for the SM reaction catalyzed by NPs has been postulated to proceed 

via leaching of Pd species after oxidative addition of the aryl halide onto the NP surface. 

Following transmetalation and reductive elimination, discrete Pd(0) species were proposed to 

rapidly redeposit onto the NP surface.
7
 The reaction rate constants (kSM) were determined by 

assuming a pseudo-first order reaction rate (r) for the MBP product formation, such that: 

 
𝑟 = −

𝑑[MBP]

𝑑𝑡
= 𝑘SM[MBP] (3.12) 

and therefore, 
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ln (

[1 − MBP]

1 − [MBP]0
) = 𝑘SM𝑡 (3.13) 

where [MBP]0, and [MBP] correspond to the initial MBP concentration and the concentration 

at time t, respectively. The reaction rate constants were determined from the linear portion of 

the semi-logarithmic plots. The turnover frequencies (TOF), obtained as k
SM

 × (mole of BA / 

mole of Pd catalyst), are summarized in Figure 3.22b. The TOF of the arborescent 

copolymer-stabilized catalyst ranged from 34 to 59 h
-1

, and increased with the generation 

number of the copolymers. The TOF was lowest (11 h
-1

) for the P2VP-Pd catalyst, while it 

was highest for the Pd precursor alone (124 h
-1

). 

Neither linear P2VP nor the G0 copolymer provided sufficient steric stabilization for 

the Pd(0) species, and aggregation to Pd black was observed during the reaction. The small 

hydrodynamic diameter of the linear polymer (Dh = 2.2 ± 0.1 nm by DLS) and of the G0 

copolymer (Dh = 10.0 ± 0.1 nm) proved insufficient for the steric stabilization of the metallic 

species in the SM reaction. For the larger copolymers (G1–G3), there was no evidence for Pd 

black formation and higher conversions and TOFs were obtained. It should be pointed out 

that no catalytic activity was displayed by the copolymers alone, and similar profiles were 

obtained using a Pd/2VP ratio of 0.25. 

The selectivity of the different catalytic systems was compared regarding the 

formation of 1-1’-biphenyl (BP) as a side product (Figure 3.21) after 3 h of reaction. In all 

the cases, less than 4 mol % of side product formed in the reaction. 



Chapter 3 

 130 

 

Figure 3.22 (a) 4-Methoxy-1,1’-biphenyl formation in the Suzuki-Miyaura cross-

coupling reaction between phenylboronic acid and 4-bromoanisole in ethanol/D2O 

(85/15 v/v), with 1 mol % Pd, in the presence of arborescent polymers (G0-G3), linear 

P2VP (LP2VP) and without stabilizer (Pd(OAc)2). (b) Turnover frequency (TOF) 

obtained from kSM × (mole of BA / mole of Pd catalyst). 

 

3.4.4.2 Oxidation state 

The activity of the polymer-stabilized catalysts in their different oxidation states was 

also compared. For instance, the G2PS-g-P2VP-stabilized Pd was tested before and after 

reduction in ethanol at 60 °C. The conversion attained before reduction was lower than when 

using the reduced catalyst, as shown in Figure 3.23. While both reactions displayed 

comparable asymptotic profiles, an induction time was noticeable for the pristine catalyst; 

suggesting the forgoing reduction of the catalyst to Pd(0), then operating as the catalytically 

active species.  
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Figure 3.23 4-Methoxy-1,1’-biphenyl product formation in the Suzuki-Miyaura cross-

coupling reaction between phenylboronic acid and 4-bromoanisole with 1 mol % Pd 

stabilized by G2PS-g-P2VP in ethanol/D2O (85/15 v/v). The Pd catalyst was used prior 

to and after reduction, and after 5 months of aging. Electron micrographs after the 

reaction of (a) the reduced catalyst, and (b) the non-reduced catalyst.  

 

These observations are in accordance with the leaching mechanism and the nature of 

the active species proposed in the Heck and SM reactions.
7,112–118

 It was shown that during 

these coupling reactions a Pd(II) precursor such as Pd(OAc)2 is first reduced to Pd(0) NPs. 

The nanosized pre-catalyst species can leach a small amount of Pd(0) during the oxidative 

addition of the aryl halide. The soluble and ligandless mono- or diatomic Pd species are 

extremely active and act as catalyst. The leached species are eventually quenched by re-

deposition on the surface of the NPs or by the formation of Pd black. The prevalent 

quenching mechanism depends on the type of  catalytic system and the metal concentration 

(following Le Chatelier’s principle).
10,112

 

(a) 

(b) 
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3.4.4.3 Aging 

The stability of the catalytic systems was also compared after 5 months of storage in 

solution and in contact with air under ambient conditions (Figure 3.23). Unfortunately, 

complete loss of catalytic activity was observed for Pd(0) in the G3 copolymer. A higher 

catalytic activity was displayed by the non-reduced Pd(II) complexes after 5 months, 

although decreased performance was also noted. In both cases there was no evidence for Pd 

black deposition. These results suggest that while the ACP-stabilized Pd NPs may aggregate 

or oxidize upon storage, the Pd species remain coordinated with the polymer host. 

Interestingly, oxidation of the Pd NPs in air was reported in DENs and DSNs.
112

 Scott et al. 

also presented UV-vis spectrophotometry and XPS evidence for the oxidation of Pd(0) to 

salt-coordinated Pd(II) rather than a Pd oxide under these conditions.
17

 

3.4.4.4 Recycling 

 Due to their large size, the polymer-stabilized catalysts were easily separated from the 

reaction products of the SM reaction by dialysis. The recovered G2PS-g-P2VP-Pd(0) catalyst 

was reused in 5 consecutives runs as shown in Figure 3.24. An exponential decrease in 

catalyst activity was observed, likely due to flocculation of the polymeric species during 

dialysis. The floc formed in ethanol was easily redispersed by stirring the solution, however. 

The TEM images shown in Figure 3.24 reveal the presence of polymeric aggregates with Pd 

domains (6.0 ± 1.9 nm) constituted of small NPs (1.4 ± 0.3 nm). Larger aggregates were 

formed after the second and fourth cycles, but the size of the embedded NPs remained 

unchanged. Flocculation is expected to impact negatively the colloidal dispersion of the 

catalyst and the diffusion rate of the substrate to the catalytic sites. Leaching of the catalytic 
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metal and/or Ostwald ripening are other routes to account of the progressive loss in activity 

observed. Additionally, possible oxidation of the Pd NPs upon exposure to air or inorganic 

salts (e.g., K2CO3, B(OH)2Br) in the reaction medium may also account for the loss of 

activity observed. Certain salts (KCl in particular) were found to promote the oxidation of Pd 

DENs and the formation of salt-coordinated Pd.
17

 It is noteworthy that no changes in size of 

the Pd DENs were observed after several cycles of oxidation and reduction. 

 

 

Figure 3.24 Recovery and recycling of G1PS-g-P2VP-Pd(0) in 5 different reaction 

cycles. The apparent rate constant is for 4-methoxy-1,1’-biphenyl formation in the SM 

cross-coupling reaction between phenylboronic acid and 4-bromoanisole, with 1 mol % 

Pd in ethanol/D2O (85/15 v/v). Electron micrographs for the recovered catalyst after (a) 

the 1
st
 cycle, (b) the 2

nd
 cycle, and (c) the 4

th
 cycle are also provided. 

 

 

 

(a) 

(b) 

(c) 
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3.5 Conclusions 

The utilization of well-defined arborescent copolymers, GnPS-g-P2VP, (n = [-1,2], n 

∈ ℕ) with sizes varying from 28 to 108 nm was demonstrated to synthesize Pd NPs. The 

copolymers had a number of 2VP units per micelle ranging from about 900 to 133,000 and 

displayed good solubility in ethanol, THF, DMF, and CHCl3. Monomodal and narrow size 

distributions were observed in DLS measurements. The micellar structures could be 

deposited as monolayers on mica and characterization by AFM revealed flat, pancake-like 

topologies. Phase segregation between the polymeric blocks was found to depend upon the 

generation number, varying from fried-egg, uniform, to strongly phase-segregated 

morphologies.  

Loading of the arborescent structures with Pd was performed in ethanol, which served 

as both solvent and reducing agent. By selecting the loading level, the reduction time and the 

generation number (Gn), control was achieved over the size of the nanoparticles formed. 

DLS measurements demonstrated the formation of stable colloidal solutions with broadening 

of the particle size distribution for the lower copolymer generations. Analysis by TEM 

revealed the formation of NPs with a diameter ranging from 0.7 to 3.4 nm within the 

micelles; the size of the NPs increased with both the loading level and the generation 

number. When assuming a cuboctahedron and fcc structure, the number of shells in the NPs 

ranged from 1 to 7. The polymer-metal hybrids displayed a raspberry-type morphology. UV-

vis spectrophotometry confirmed complexation of the Pd(II) species by the 2VP units, and 

reduction was evidenced by both the disappearance of the MLCT band and a hyperchromic 

shift. The formation of the NPs was also monitored qualitatively by measuring the slope of 
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the absorbance spectra. Measurement of the Pd-loading by microplasma-OES indicated 

quantitative complexation of the 2VP unit with Pd(II). Loading of the G3 copolymer reached 

a maximum at a Pd/2VP ratio of 1.44 ± 0.33, which was explained by the presence of Pd(0) 

species.  

Catalytic testing of the polymer-stabilized Pd species was performed in the SM cross-

coupling reaction. The kinetics of the reaction were monitored by 
1
H NMR spectroscopy and 

revealed a positive dendritic effect. The smaller G0 arborescent copolymer could not provide 

sufficient steric stabilization under the reaction conditions used and displayed the lowest 

catalytic activity. The larger arborescent copolymers (G1–G3) were more effective stabilizers 

and displayed good catalytic activities. However loss of activity was observed after 5 months 

of storage in contact with air, as well as after recycling of the catalyst, possibly due to 

oxidation. While further work is required to improve the stability and recyclability of the 

arborescent polymer-loaded Pd catalysts, it is clear that these hybrid materials present 

interesting properties for application in catalysis. The synthesis of bimetallic or multi-

metallic NPs within such dendritic structures could also represent an interesting venue for the 

formation of catalysts with improved activity, stability, and recyclability 
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Chapter 4 

 

Determination of the Loading and Stability of Pd in an 

Arborescent Copolymer in Ethanol by Microplasma-Optical 

Emission Spectrometry  
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4.1. Overview 

We report, for the first time, the utilization of a microplasma-optical emission 

spectrometry system for the determination, without sample digestion, of the concentration of 

Pd loaded in a dendritic graft (arborescent) copolymer dissolved in ethanol. The preparation 

of polymer-stabilized colloidal Pd particles was achieved by adding palladium acetate to a 

solution of the copolymer, viz. arborescent polystyrene-graft-poly(2-vinylpyridine), in 

ethanol. No acid digestion was needed prior to the analysis, and only micro-amounts (µL) of 

sample were required. Calibration curves obtained for Pd in ethanol were linear in the 

concentration range of interest and the precision was better than 5%. The Pd detection limit 

was 28 pg (absolute) or 3 ng∙mL
-1

 (when using 10 μL samples). The average Pd loading per 

mole of 2-vinylpyridine units was determined to be 99.5 ± 3.9 mol %. The kinetics of 

aggregation of the metallic species to Pd black were also determined. The Pd concentration 

in ethanol without polymer was found to abate to about one third of its initial value after 5 

days. In presence of the copolymer, however, the concentration of Pd in solution remained 

constant for at least 10 days. The low electric power and gas consumption of the 

microplasma device, its low operating cost and detection limit, compatibility with organic 

solvents, and the small sample amount required make this system a greener and cheaper 

alternative to the inductively coupled plasma (ICP) spectrometers commonly used for Pd 

quantification. 
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4.2. Introduction 

The unique and size-dependent properties of metallic nanoparticles (NPs) present 

great opportunities for a wide array of applications ranging from sensing to optoelectronics, 

medicine, and catalysis.
1,2

 Since the first report by Faraday in 1857,
3
 various methods have 

been developed for the preparation of colloidal metallic particles.
4
 One of the most 

commonly used strategies involves the reduction of a salt precursor in the presence of a 

stabilizer in solution. Hirai et al. showed that alcohols could serve as reducing agents,
5
 and 

that in the presence of a polymeric stabilizer Pd NPs could be prepared.
6
 Using a similar 

strategy, poly(2-vinylpyridine) (P2VP) in the form of linear homopolymer,
7–10

 block 

copolymers,
11–13

 or nanospheres
14

 was shown to complex with palladium species, even at 

high temperatures and pressures,
15

 and to lead to the formation of Pd NPs after reduction of 

the metallic species. Gauthier et al. rather synthesized arborescent (dendritic graft) 

copolymers incorporating a branched polystyrene (PS) core and a corona of P2VP chains
16,17

 

to serve as templates for the complexation of Au(III) salts,
18

 but also for the preparation and 

the stabilization of Pd NPs in ethanol (Chapter 3).
19

 Polymer-stabilized Pd nanocatalysts 

were shown to be useful for a wide range of organic reactions such as carbonylation, 

hydrogenation, oxidation, reduction, and carbon-carbon cross-coupling reactions.
20–23

 

An important way to assess the ability of a polymer to sequester a metal is by 

determining its loading capacity; that is, by determining the amount of metal loaded per unit 

amount of stabilizer. This is a key figure of merit for the evaluation of a catalyst system, 

which makes its precise and accurate determination essential. In cross-coupling reactions for 

instance, the Pd nanocatalyst concentrations used are typically in the low µg∙mL
-1

 (parts per 
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million, or ppm) range, to even the ng∙mL
-1

 (parts per billion, or ppb) range.
24–26

 However, 

the determination of such low Pd concentrations in polymers dissolved in organic solvents 

has been reported to be challenging.
26–29

 

Many analytical techniques have been applied to the determination of Pd 

concentrations in colloidal systems. This includes cyclic voltammetry,
30

 UV-visible 

spectrophotometry,
31

 neutron activation analysis (NAA),
32

 X-ray fluorescence (XRF) – such 

as energy-dispersive (EDX)
33,34

 or wavelength-dispersive (WDX)
35

 X-ray spectroscopy, 

atomic absorption spectroscopy (AAS),
13,29,36

 and inductively coupled plasma-optical 

emission spectrometry (ICP-OES).
33,34,37–39

 Among these, ICP-OES is most widely used
 
due 

to its desirable analytical performance characteristics, such as limits of detection (LODs) in 

the low-ppb to sub-ppb range for many elements. Despite their applicability, ICP systems are 

expensive to operate and have a relatively large carbon footprint. For example, a typical ICP 

instrument consumes about 20 L∙min
-1

 of Ar gas and 1–2 kW of electric power.
40

 In many 

cases the high cost-per-analysis prohibits the characterization of a large number of samples, 

as it would be essential for instance for the systematic “evaluation of catalysts and recycling 

systems before and after reaction and continuous monitoring of changes during reactions”, as 

recommended by Molnár.
26

 Furthermore, when using the most widely employed method to 

introduce samples into an ICP, viz. a pneumatic nebulizer, the total volume of sample 

required per analysis ranges from a few to several milliliters. The sample introduction 

efficiency of a nebulizer is low (1–5%); therefore over 95% of a sample must be collected 

and disposed of properly. Other issues also arise when using a nebulizer to introduce 

nanoparticles or polymers directly into an ICP. For instance clogging of the nebulizer by 
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nanoparticles, and sample-to-sample carry-over from polymer adhering to the walls of the 

spray chamber or on the tubing (memory effects) have been reported.
41

 To overcome these 

issues polymer-stabilized nanocatalysts must be digested (or dissolved), typically with an 

acid. Although effective, acid digestion increases the risks of both analyte loss during sample 

processing and contamination from the digestion reagents.
42

 Furthermore, if organic solvents 

are introduced into an ICP, the use of a mixed-gas Ar-O2 plasma is required to eliminate 

plasma instability and to prevent carbon deposits from the solvents.
43

 Such procedures 

further increase the complexity, cost-per-analysis, as well as the carbon footprint of the 

analytical procedure. 

Weagant and Karanassios developed a low-cost and greener analytical method (vis-à-

vis ICP) using microplasmas (16 × 2 × 9 mm
3
, length × width × height) that have a low gas 

flow rate (0.23 L∙min
-1

) and a low power consumption (<15 W).
44

 The same group 

demonstrated its applicability to solid, liquid, and gaseous samples;
45

 so far eleven elements 

have been characterized by that technique, primarily using dry residues derived from aqueous 

microsamples.
40

 The LODs achieved ranged from 5 to 650 picograms (pg).  

In this work, we demonstrate for the first time that this microplasma-based analytical 

method can be used for the direct determination (i.e., without digestion) of Pd loading in 

arborescent copolymers dissolved in organic solvents. We also apply this method to 

determine the kinetics of aggregation and the stability of palladium acetate, and of 

arborescent polymer-stabilized Pd nanoparticles in ethanol. 
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4.3. Experimental procedures 

4.3.1. Materials 

ICP-grade Pd standard solutions (Pd-Std) in 10% HCl, 1000 µg∙mL
-1

 ± 0.5% 

(PlasmaCAL, ICP-AES/MS standard, SCP Science, Baie d’Urfé, QC, Canada) were used.  

The solutions were freshly diluted using either ethanol (undenatured grade, anhydrous, 

Commercial Alcohols Inc., Brampton, ON, Canada) or Milli-Q water (18.2 MΩ∙cm, EMD 

Millipore Systems, Billerica, MA, USA). The ethanol was distilled in a 

polytetrafluoroethylene (PTFE) apparatus, to eliminate the possibility of metal contamination 

from glassware.  All the samples were stored in acid-washed low density polyethylene 

(LDPE, Nalgene
®

) bottles.  All the polypropylene micropipette tips (Bevel Point, 1–20 µL, 

VWR, Mississauga, ON, Canada), LDPE bottles and vials used were acid-washed by soaking 

for at least 48 h in a 5% (w/v) nitric acid solution, and then rinsed with Milli-Q water. Drying 

was subsequently performed in a ventilated dust-free enclosure at room temperature for a 

minimum of 48 h. A Mettler-Toledo XS205 semi-micro balance with a 0.01 mg display was 

used for sample preparation. Pd-containing microsamples were pipetted with a Corning 

Lambda
TM

 micropipette (1–20 µL, 1.0–5.0% accuracy, and better than 1.5% precision). The 

carrier gas, also used as the microplasma support gas, was a mixture of 97% Ar–3% H2, v/v, 

(Praxair Canada Inc., Mississauga, ON, Canada). Palladium(II) acetate (Pd(OAc)2, min. 98%, 

Strem Chemicals Inc., Newburyport, MA, USA) was the source of Pd. 
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4.3.2. Copolymer synthesis 

A first-generation polystyrene-graft-poly(2-vinylpyridine) (G0PS-g-P2VP) 

arborescent copolymer was synthesized by Gauthier and Munam, by anionic polymerization 

and grafting techniques, according to a reported procedure.
17

 The PS core of the copolymer 

was a comb-branched (or generation 0, G0) polymer prepared by grafting randomly about 17 

PS side chains (each with M̅n = 5500 g∙mol
-1

) onto a linear PS substrate (M̅n = 5200 g∙mol
-1

). 

The comb-branched polymer was further grafted with 182 P2VP side chains (M̅n = 5500 

g∙mol
-1

), corresponding to a 2-vinylpyridine (2VP) units content of 91 mol % in the 

copolymer obtained. The molar-mass dispersity (M̅w∙M̅n
-1

) of the sample was 1.08. The 

structure of the copolymer obtained, referred to as G1 (overall generation 1), is depicted in 

Scheme 4.1. 

 

 

Scheme 4.1 Loading of the G1 arborescent copolymer (G0PS-g-P2VP) with Pd(OAc)2 in 

ethanol. 
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4.3.3. Loading of Pd in the copolymer 

Loading of the Pd catalyst was achieved by co-dissolution of Pd(OAc)2 with the 

arborescent copolymer in ethanol solutions as follows: The polymer was dissolved overnight 

in ethanol (0.2 mg∙mL
-1

) in a LDPE vial. Immediately after the dissolution of Pd(OAc)2 in 

ethanol (0.25 mg∙mL
-1

) and sonication for 2 minutes, the desired amount of catalyst solution 

(either 0.25 or 1.5 molar equiv of Pd per 2VP unit) was added to the polymer solution to 

obtain a yellow translucent solution (Scheme 4.1). The separation of free Pd from the 

polymer-bound Pd was achieved by transferring 15 mL of the polymer-catalyst solution to a 

dialysis membrane (1,000 molecular weight cut-off Spectra/Por
®

 7 regenerated cellulose), 

and stirring for 6 h in 200 mL of ethanol while changing the solvent thrice. The polymer-

catalyst solution was then recovered from the dialysis membrane and diluted to obtain a 2VP 

unit concentration of 0.7 µg∙g-1
 (0.7 ppm). 

 

4.3.4. Transmission electron microscopy imaging 

Imaging by transmission electron microscopy (TEM) was performed in the bright-

field mode on a Philips CM10 electron microscope operated at an accelerating voltage of 60 

kV. The samples were prepared by depositing two drops of Pd-containing solution (0.07 

mg∙mL
-1

) onto a 300-mesh Formvar
®

 carbon-coated copper TEM grid (Electron Microscopy 

Sciences, FCF300-Cu). 
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4.3.5. Instrumentation and operating conditions 

A block diagram of the instrumentation used for the quantitative determination of Pd 

is shown in Figure 4.1a, while further details about the operating conditions used are reported 

in Table 4.1. Conceptually, the instrumentation consists of 5 parts: 1) a microsample 

introduction system; 2) a microplasma device; 3) a scanning monochromator (Heath, 0.35 m 

Czerny–Turner design equipped with a 1200 groove∙mm
−1

 grating); 4) a photomultiplier tube 

(PMT) detector (Hamamatsu model R928 fitted inside a Heath EU-701-30 PMT module); 

and 5) an amplifier (SRS 570) with a data acquisition sub-system (National Instruments 

DAQCard 1200) including a computer running a locally developed LabVIEW program for 

data acquisition. 

The electrothermal vaporization microsample introduction system (Figure 4.1a) 

consisted of a vaporization chamber and a cylindrical ceramic support equipped with a 

rhenium coiled filament at one end. Cables running through conduits in the ceramic support 

connected the filament to an external electric power supply. Deposition of the microsamples 

was performed by retracting the ceramic support from the vaporization chamber and 

pipetting a few microliters (between 3.0–10.0 µL) of solution onto the coil. The ceramic 

support, along with the sample-carrying coil, was then re-inserted into the vaporization 

chamber. 
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Figure 4.1 (a) Diagram of the microplasma-optical emission device used for the 

quantification of Pd (illustration not to scale). (b) Data points acquired within the time 

of one measurement. 
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Table 4.1 Operating conditions for the microplasma-optical emission spectrometry 

system. 

Microplasma device Settings 

Microplasma channel length 16.3 mm 

Microplasma channel width 2.0 mm 

Microplasma channel depth 8.7 mm 

Inter-electrode orientation Anti-parallel 

Inter-electrode distance 12 mm 

Grounded needle electrode diameter 1.2 mm 

High-voltage electrode diameter 1.6 mm 

Nominal dc power applied to the MPD 4 W 

High-voltage ac frequency 66 kHz 

Microplasma warm-up time 60 s 

  

Microsample introduction system  

Ar – H2 flow rate 230 mL∙min
-1

 

Maximum drying power 2.21 W 

Vaporization power 44.8 W 

  

Photomultiplier tube  

Slit width 250 µm 

Wavelength 340.458 nm 

Sensitivity 500 nA∙V-1
 

 

 Solvent removal from the sample prior to the analysis was found essential to avoid 

microplasma instability: In the presence of ethanol, the plasma took on a purple color and 

displayed erratic background emission. It is well known that plasmas (regardless of their 

size), when unaided by mixing oxygen gas, do not tolerate organic solvent vapors. The 
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drying procedure used for such samples was the following: The electric power applied to the 

coil was first set to 0 W for 1 min (to allow for the bulk of the volatile solvent to vaporize at 

room temperature). The electric power was then increased to 0.12 W for 30 s. When the 

copolymer was present in the sample, an additional step was performed to char the dried 

polymer remaining on the coil. This was accomplished by applying progressively higher 

electric power levels; for example, 0.27 W for 15 s, then 0.44 W for 15 s, and subsequently 

0.72 W for 30 s. After sample drying (and charring if required) the coil was allowed to cool 

for 60 s, with the Pd-containing residue remaining on the coil. 

The microplasma was subsequently ignited and the visually stable, blue-colored 

microplasma was allowed to thermally equilibrate for 60 s. A higher electric power was then 

applied to the coil (e.g., 44.8 W corresponding to ca. 2500 C) to vaporize the Pd-containing 

residue. This temperature was found sufficient to vaporize the residues from the finely 

dispersed Pd samples (vide infra), which are expected to display a lower vaporization 

temperature than their bulk counterparts.
46

 The gas-phase metal atoms exited the vaporization 

chamber and were transported to the microplasma by the carrier gas (230 mL∙min
-1

, Ar–H2). 

Argon mixed with hydrogen (3% v/v) was used to prevent oxidation of the Re coil by the 

low-ppm levels of water and oxygen typically present in commercial compressed gas 

cylinders.
47

 Interaction of the vaporized sample residue with the microplasma led to the 

atomic emission from Pd I at 340.458 nm which was measured by the PMT detector (Figure 

4.1a). The output of the detector was amplified, digitized, and stored onto a computer system. 

An example of a representative signal so obtained is shown in Figure 4.1b. 



Chapter 4 

 148 

Although the emitted signals lasted for only about 0.5 s, data were acquired for 5 s to 

monitor microplasma background emission during the pre-vaporization and post-vaporization 

time intervals (Figure 4.1b). Furthermore, when a polymer was present, the electric power 

was applied to the coil for an additional 5 s to remove any carbonaceous material potentially 

remaining on the coil. At the end of this sequence, the electric power was turned off and the 

coil was allowed to cool for 60 s before any subsequent run. A minimum of 3 consecutive 

runs were performed for each sample volume. It is worth noting that the above steps (drying, 

charring, and coil-cleaning procedure when applicable) were repeated for more than 1700 

vaporization cycles (i.e., analytical runs) without evidence of carbon deposition, fouling of 

the microplasma electrodes, or coil alteration. The microplasma background emission was 

also stable for more than 10 h of continuous operation (Figure 4.2). It is estimated that the 

operating cost of the microplasma is roughly 100 times lower than for that of a current ICP-

OES instrument. 

 

4.4. Results and discussion 

4.4.1. Pd standard solutions in water and ethanol 

Both aqueous and ethanolic solutions, prepared from a Pd standard solution, were 

analyzed for the first time using the microplasma set-up shown in Figure 4.1a. A typical 

optical emission signal and stable microplasma background obtained during the pre- and 

post-vaporization time intervals are also displayed in Figure 4.1b. Calibration curves, 

obtained using the integrated area of the optical emission peaks, were linear and comparable 
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in the concentration range of interest (with typically R
2
 = 0.99998 in ethanol, Figure 4.2 and 

Figure 4.3). 

To improve the statistical confidence, three different injection volumes were used 

(viz. 3.0, 6.0 and 10.0 µL) for each standard solution or sample. In absolute units, the amount 

of Pd injected ranged between 3.0 and 10.0 ng. The precision, expressed in percent relative 

standard deviation (%RSD), was determined from at least triplicate runs for each of the 

injection volumes used (Figure 4.2). The %RSD obtained for the solution of Pd-Std in water 

was below 1.7% and for the Pd-Std solution in ethanol it ranged between 7.4 and 0.7% 

(Table 4.2). For the samples of Pd and polymer dissolved in ethanol, the %RSD was below 

3.8%. In general, the %RSD was lower for the aqueous solutions, and for larger injection 

volumes. Solvent blanks (i.e., without any Pd added) did not show any emission signals. 

 

Figure 4.2 Emission signals acquired with the microplasma device over 5 successive 

runs for a Pd standard solution in water, using injection volumes of 3.0, 6.0 and 10.0 

µL, respectively. The precision of the signals, and the stability of the background 

emission from the microplasma are noteworthy. Even though the latter was observed 

for more than 10 h, only a time-fraction is shown here. 
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Figure 4.3 Calibration curves for Pd standard solutions in (a) water (blue diamonds) 

and (b) ethanol (red squares). 

 

Table 4.2 Precision
a
 and detection limit

b
 for solutions of Pd-Std in water and ethanol, 

and G1-Pd(OAc)2 in ethanol, determined for a Pd mass ranging from 3–10 ng. 

Injection 

volume 

(µL) 

Pd-Std in water 
 

Pd-Std in EtOH 
 G1-Pd(OAc)2 in 

EtOH 

Precision 

(%RSD) 

Detection 

limit (pg) 

 Precision 

(%RSD) 

Detection 

limit (pg) 

 Precision 

(%RSD) 

Detection 

limit (pg) 

3.0 0.1 33  7.4 62  3.8 28 

6.0 1.7 16  5.7 62  1.3 29 

10.0 0.5 44  0.7 65  2.1 26 

Average
c
  31 ± 14   63 ± 2   28 ± 2 

a
 The precision was determined in terms of the peak area percent relative standard deviation 

(%RSD), and is the average of at least 3 measurements. 
b
 The detection limit was estimated 

using the 3σ criterion, and from a minimum of 3 measurements. 
c
 Average and standard 

deviation for all the injection volumes, determined from a minimum of 9 measurements. 
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4.4.2. Copolymer-stabilized Pd solutions in ethanol 

The LOD (using the 3σ criterion) for Pd was estimated from the standard deviation of 

the background before the peak when using the same number of data points as for the peak.
48

 

The average LOD obtained using Pd standards diluted with ethanol and Pd-loaded polymers 

was 28 pg (expressed in absolute amount). When using 10 µL of Pd standard, this LOD 

corresponds to 3 ng∙mL
-1

 (3 ppb, in relative concentration units). This limit of detection is 

about 15 times lower, for instance, than the concentration at which Pd impurities were found 

to be catalytically active (50 ppb).
49

 This is also well below some of the “homeopathic” 

concentrations used (>500 ppb) in a variety of Heck and Suzuki cross-coupling 

reactions.
36,50–52

 

4.4.3. Quantification of Pd loading in the arborescent copolymer 

To determine the maximum amount of Pd that can be loaded inside the arborescent 

copolymer described earlier (G0PS-g-P2VP, Scheme 4.1), an excess of Pd atoms (1.5 molar 

equiv) with respect to the number of 2VP units was added. Dialysis of the polymer-Pd 

solution in ethanol was then used to remove any unbound metal. The residual Pd content in 

the polymer was measured and quantified based on a calibration curve constructed from non-

dialyzed polymer-Pd solutions diluted in ethanol (R² = 0.9920). The calibration curve 

obtained and the amount of Pd measured are shown in Figure 4.4. The average Pd content per 

2VP unit was found to be 99.5 ± 4.2 mol %, with %RSD below 3.3% (Table 4.3). In the 

remaining of the discussion, this Pd-loaded polymer sample will be referred to as G1-Pd[100 

mol %]. 
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Figure 4.4 Calibration curve for Pd in a solution of G1-Pd(OAc)2[1.5 equiv] in ethanol 

(blue diamonds), and analysis of the dialyzed sample G1-Pd(OAc)2 using the following 

injection volumes: 3.0 µL (red square), 6.0 µL (green triangle) and 10.0 µL (purple 

circle). 

 

Table 4.3 Pd quantification with 3.0, 6.0 and 10.0 µL injection volumes for solutions 

prepared with 1.5 molar equivalent of Pd per 2VP unit (G1-Pd[100 mol %]). 

Injection 

volume (µL) 

Calculated Pd mass 

(ng)
a
 

Calculated Pd/2VP 

(mol %) 

Pd attached 

(mol %)
b
 

Precision 

(%RSD)
c
 

3.0 2.12 98.4 66.1 2.3 

6.0 4.09 96.3 64.6 3.3 

10.0 7.42 103.9 69.7 3.0 

Average
d
  99.5 ± 4.2 66.8 ± 2.8 4.2 

a
 Mass measured with the microplasma-OES instrument, obtained from a minimum of 3 

measurements. 
b
 Mole percent of Pd remaining after dialysis. 

c
 The precision is expressed in 

terms of the percent relative standard deviation, in relation to the mol % of Pd/2VP. 
d
 

Average and standard deviation for all the injection volumes, determined from a minimum of 

9 measurements. Based on pooled standard deviation and a t-test, it was found statistically 

valid (at the 95% confidence level) to retain the Pd mass (ng) determined using 3 µL volumes 

despite the slight extrapolation of the calibration curve to lower concentrations. 
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 The Pd concentration was also determined in a polymer-stabilized Pd sample 

containing 0.25 equiv of Pd per 2VP unit. The amount of Pd was selected to insure complete 

loading of the micelles, and has been shown to lead to the formation of stable Pd(II)-polymer 

hybrid systems (Chapter 3). After dialysis, the overall Pd content measured using a minimum 

of 9 runs was 23.7 mol %, with a %RSD ≤ 5.4% (Figure 4.5, and Table 4.4). This 

corresponds to 93.3 mol % of the Pd added prior to dialysis. This sample will be referred to 

as G1-Pd[24 mol %] in the rest of the discussion. 

 

 

Figure 4.5 Calibration curve for Pd in a solution of G1-Pd(OAc)2[0.25 equiv] in ethanol 

(blue diamonds), and analysis of dialyzed sample G1-Pd(OAc)2 using injection volumes 

of 3.0 µL (red square), 6.0 µL (green triangle) and 10.0 µL (purple circle). 
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Table 4.4 Pd quantification with 3.0, 6.0 and 10.0 µL injection volumes for solutions 

prepared with 0.25 molar equivalent of Pd per 2VP units (G1-Pd[24 mol %]). 

Injection 

volume (µL) 

Calculated Pd mass 

(ng)
a
 

Calculated Pd/2VP 

(mol %) 

Pd attached 

(mol %)
b
 

Precision 

 (%RSD)
c
 

3.0 2.85 23.8 93.9 5.4 

6.0 5.59 23.4 92.1 4.9 

10.0 9.47 23.7 93.6 2.7 

Average
d
  23.7 ± 0.9 93.3 ± 3.7 3.9 

a
 Mass measured with the microplasma-OES instrument, obtained from a minimum of 3 

measurements. 
b
 Mole percent of Pd remaining after dialysis. 

c
 The precision is expressed in 

terms of the percent relative standard deviation, in relation to the mol % of Pd/2VP. 
d
 

Average and standard deviation for all the injection volumes, determined from at least 9 

measurements. The Pd mass (ng) determined from 3 µL was retained despite the slight 

extrapolation of the calibration curve (based on statistical tests detailed in the caption of 

Table 4.3). 

 

Imaging by TEM of the polymer-Pd solutions confirmed the presence of Pd in the 

copolymer templates displaying an overall diameter of ca. 18 nm, as shown in Figure 4.6. Pd 

NPs 2–7 nm in diameter, presumably formed through an Ostwald ripening process, are also 

visible within G1-Pd[100 mol %]. 

It was thus concluded that the arborescent copolymer can successfully complex with 

the Pd(II) species present in solution. It also appears that all the 2VP units in the G1 

arborescent copolymer are accessible to the metallic ions and can contribute to forming 

stable colloidal dispersions. These conclusions are in accordance with earlier work reporting 

the fast coordination of Pd(II) species,
53

 and strong interactions
10,13,14

 of Pd with the lone 
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electron pair of the nitrogen atom in the 2-vinylpyridine units in aqueous media, and even at 

high pressures and temperatures in organic solvents.
15

 However the exact nature of the 

complex formed still requires further investigation. Bekturov et al. suggested a model for the 

complexation of PdCl2 by P2VP which accounts for a 1:1 molar ratio of 2VP units and Pd.
7
 

However, more recently Fernandez et al. claimed that up to 1/3 of the Pd in commercial 

Pd(OAc)2 could be in the form of Pd(0). These reduced species accounted for an excess of Pd 

measured in polymer brushes decorated with dipyridylamine ligands, when compared to the 

stoichiometric complexation expected with Pd(II) species.
54

 The results obtained in the 

current study are consistent with the formation of a 1:1 complex between the 2VP units and 

Pd as suggested by Bekturov et al. 

  

Figure 4.6 TEM images obtained from ethanol solutions of G1-Pd[24 mol %] (left), and 

G1-Pd[100 mol %] (right). The brightness and contrast were adjusted for better 

visualization (scale bars represent 50 nm). Inset: Magnification of a single micelle with 

a dotted circle added to help visualization; the scale bars represent 20 nm. 
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4.4.4. Stability and kinetic studies 

4.4.4.1. Stability of Pd(II) in ethanol and water, and kinetics of aggregation 

A solution of Pd(OAc)2 in ethanol was prepared and its Pd concentration was 

determined daily over 6 consecutive days. The vial containing Pd(OAc)2 in ethanol was 

stored in the dark, since light exposure has been reported to enhance the reduction rate of 

Pd(II).
55

 The change in Pd concentration in the ethanolic solution was determined by 

calibrating the instrument with freshly prepared solutions of a Pd standard in water, these 

solutions being more easily prepared for rapid analysis (vide infra). 

From the results shown in Figure 4.7, it can be concluded that even for a Pd 

concentration as low as 2.4 × 10
-6

 M (0.25 µg∙mL
-1

), there is a rapid decrease in the amount 

of Pd remaining dispersed in solution. After 5 days, for instance, only about one third of the 

initial Pd content was left in solution. Assuming a first-order rate process, one can write the 

aggregation rate as: 𝑟 = −d[Pd]/d𝑡. The apparent rate constant kapp is then obtained from 

ln([Pd]/[Pd]0) = −𝑘app𝑡, where [Pd]0 and [Pd] represent the initial concentration of Pd in 

solution and the concentration at time t, respectively. The graphical method seems to confirm 

the validity of the first order assumption, and the apparent rate constant calculated for Pd 

aggregation from Pd(OAc)2 in ethanol was (kapp)EtOH = 9.89 × 10
-3

 h
-1

 (Figure 4.8).  
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Figure 4.7 Evolution of the mass concentration of Pd in ethanol solutions of Pd(OAc)2 

(red squares), and G1-Pd(OAc)2[0.25 equiv] (green triangles) as measured by 

microplasma-optical emission spectrometry. 

 

 

Figure 4.8 Graphical analysis of the first-order rate of aggregation of Pd(OAc)2 in 

ethanol (red squares), and Pd in a standard solution in water (blue diamonds). 
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In more concentrated solutions and in the absence of a polymeric stabilizer, a deposit 

of Pd black was observed after only two hours, as shown in Figure 4.10b. The reduction of 

Pd(II) to Pd(0) in ethanol according to Scheme 4.2 is well-known; in fact this was taken 

advantage of in the preparation of various polymer-stabilized Pd nanoparticles.
6,10,14,34

 

 

Scheme 4.2 Reduction of Pd(II) to Pd(0) in ethanol. 

 

It should be noted that aqueous solutions prepared from a Pd standard solution (by 

dilution with Milli-Q water to 1 µg∙mL
-1

 in Pd (9.40 µM) and pH 2.7) displayed a similar 

decrease in concentration, but a plateau was reached after 2 days at about 72 wt % of the 

initial Pd concentration (Figure 4.9). The first-order apparent rate constant of aggregation, 

determined before reaching the plateau, was (kapp)water = 6.41 × 10
-3

 h
-1

. The diluted solutions 

remained yellow and translucent, as shown in Figure 4.10a; however, the formation of a 

chlorohydroxypalladium(II) precipitate has indeed been reported for Pd(II) at concentrations 

above 1 ppm, but this was thought to be less predominant at lower Pd concentrations.
56–58

 

Clearly, the solutions used for calibration purposes should be freshly prepared before use. 
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Figure 4.9 Evolution of the mass concentration of Pd in a standard solution in water as 

measured by microplasma-optical emission spectrometry. 

 

4.4.4.2. Stability of Pd(OAc)2 in the arborescent copolymer in ethanol 

The analysis of G1-Pd[24 mol %] in ethanol revealed that the Pd concentration 

remained constant for at least 10 days (Figure 4.10). In the presence of the polymer, the 

solutions remained yellow (G1-Pd[24 mol %]) or brown (G1-Pd[100 mol %]) and 

translucent, with no indication of precipitate formation, as shown in Figure 4.10c and Figure 

4.10d. This contrasts with the rapid drop in Pd concentration and the formation of Pd black 

observed in ethanolic solutions without polymer. Hoogsteen and Fokkink made a similar 

observation with linear P2VP-stabilized Pd, and showed that the polymer delayed the 

reduction of Pd(II) in water.
10

 The arborescent P2VP template obviously also acts as a 

stabilizer to prevent the reduction and aggregation of the Pd(II) species in ethanol. 
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Figure 4.10 Appearance of (a) a Pd standard solution in water, and ethanolic solutions 

of (b) Pd(OAc)2, (c) G1-Pd[24 mol %], and (d) G1-Pd[100 mol %]. 

 

4.5. Conclusions 

We demonstrated the use of a microplasma-based method as an attractive alternative 

to the more expensive and widely employed ICP technique for Pd quantification. This 

method fulfills the requirements spelled out by Manning and Grow for a versatile atomic 

emission source,
59

 and contributes to the greening of plasma spectrochemistry. The 

implementation of a charring step alleviated the need for oxygen-containing gas mixtures. 

The Re coiled filament was used for more than 1700 analytical runs without any noticeable 

degradation, and the microplasma emission background was stable for more than 10 h of 

continuous operation. The use of microsamples for the analysis also means that smaller 

amounts of reagents and catalysts are required. The %RSD achieved ranged from 7.4% to 

0.1%, and the average Pd LOD (3σ) was estimated to be 28 pg (in absolute amount) or 3 

ng∙mL
-1

 (when using 10 μL volumes). Such a LOD was amply sufficient for the 

determination of Pd loading in microsamples of arborescent copolymers in ethanol. The 

maximum average Pd content per 2VP unit was determined to be 99.5 mol %. 
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The method developed also enabled kinetic studies of the stability of palladium 

acetate in ethanol. It was thus found that the apparent rate constant of aggregation in ethanol 

was 9.89 × 10
-3

 h
-1

, with about 70% of the Pd precipitating out of solution after 5 days. A 

rapid drop in the Pd concentration before reaching a plateau was also observed in aqueous 

samples of a Pd standard solution. Clearly, Pd calibration standards must be freshly prepared 

prior to their use if meaningful Pd concentrations are to be obtained. In the presence of the 

arborescent copolymer, however, the Pd concentration in ethanol remained stable for at least 

10 days. 

Overall, the microplasma-based approach described above will help address the need 

for greener and cheaper quantitative analytical methods, and thus facilitate more widespread 

use of such methods in catalysis, as articulated by Molnár.
26

 Work is in progress to evaluate 

other organic solvents (e.g., THF) and aqueous systems, with the aim of making the overall 

catalytic process greener and cheaper. 
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Water-soluble Arborescent Copolymers by Complexation 

with Double-Hydrophilic Block Copolymers 
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5.1 Overview 

The preparation of water-soluble micelles by complexation of an arborescent graft 

copolymer, viz. arborescent polystyrene-graft-poly(2-vinylpyridine) (GnPS-g-P2VP, n = 

[-1,2]), and a double-hydrophilic block copolymer, viz. poly(acrylic acid)-block-poly(2-

hydroxyethyl acrylate) (PAA-b-PHEA), is reported. The block copolymer was prepared by 

hydrolysis of poly(tert-butyl acrylate)-block-poly(2-trimethylsilyloxyethyl acrylate) [PtBA-

b-P(HEA-TMS)], synthesized by atom transfer radical polymerization (ATRP). Polyion 

complex (PIC) micelles formed in ethanol at room temperature upon interaction between the 

acrylic acid and pyridine units of the polymers. The complexes aggregated into 

supramolecular micelles, exhibiting hydrodynamic diameters ranging from 132 to 354 nm 

and a size dispersity below 0.03 for n ≥ 0. PIC micelles derived from a comb-branched 

copolymer (PS-g-P2VP) formed larger aggregates. The multi-molecular aggregates displayed 

reversible thermo-responsive properties in ethanol, dissociating upon heating to ca. 35 °C and 

reforming upon cooling. The aggregates were stable in water to at least 50 °C and displayed 

hydrodynamic diameters ranging from 110 to 306 nm, and a size dispersity ≤ 0.24. 

Characterization of the onion-type micelles was performed by dynamic light scattering 

(DLS), atomic force microscopy (AFM), and transmission electron microscopy (TEM). 

Loading of the PIC micelles with Pd yielded aqueous colloidal dispersions useful as catalysts 

for the Suzuki-Miyaura reaction in water. 
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5.2 Introduction 

Micellar polymeric architectures are expected to contribute significantly to the 

development of applications such as vectors for polymeric therapeutics,
1,2

 phase transfer 

catalysis,
3,4

 metallic nanoparticle synthesis,
5
 surface modification,

6
 and other areas.

7
 The 

combination of a hydrophobic core and a hydrophilic corona is often obtained by the self-

assembly of amphiphilic block copolymers, a process that is entropically driven in water and 

enthalpically driven in organic solvents.
7
 More recently the formation of polyion complex 

(PIC) micelles, obtained from charged block copolymers, has been reported.
8–10

 The chain 

association, driven by electrostatic interactions or hydrogen bonding, was shown to conduce 

stable and narrowly distributed micelles in both aqueous and organic solvents.
11–13

 

A wide range of block copolymers have been used for the preparation of PIC 

micelles.
10

 For instance, block copolymers of poly(acrylic acid) (PAA) and poly(2-

vinylpyridine) (P2VP) or poly(4-vinylpyridine) (P4VP) were shown to assemble through 

hydrogen bonding and electrostatic interactions. Zhang et al. also prepared micelles with a 

narrow size distribution by the complexation in ethanol of P4VP and poly(ethylene glycol)-

block-poly(acrylic acid) (PEG-b-PAA),
14

 P4VP and polystyrene-block-poly(acrylic acid) 

(PS-b-PAA),
15

 and PEG-b-P4VP and PS-b-PAA.
16

 Lefèvre et al. likewise obtained micelles 

in N,N-dimethylformamide from PAA and PS-b-P4VP.
17

 Fourier transform infrared (FTIR) 

and X-ray photoelectron spectroscopy (XPS) measurements on films of the PAA/P2VP 

complexes deposited from ethanol/water (1/1 v/v) mixtures confirmed the formation of 

hydrogen bonding and ionic interactions.
18

 In water, thermo-responsive micelles were 
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prepared by the complexation of poly(N-isopropylacrylamide-co-4-vinylpyridine) onto core-

shell microspheres of poly(styrene-co-methacrylic acid)  by Wang et al.
19

 

Branched polymers such as star copolymers,
20

 comb-branched copolymers,
21

 and 

dendritic polymers
22–26

 have also been employed in the preparation of PIC micelles that 

proved promising for drug delivery. For instance, complexes derived from poly(amidoamine) 

(PAMAM) dendrimers and poly(ethylene glycol)-block-poly(n-propyl methacrylate-co-

methacrylic acid) could be loaded with nucleic acids,
26

 and the complexation of 

poly(ethylene glycol)-block-poly(L-lysine) with phthalocyanine-based aryl ether dendrimers 

served in the preparation of photosensitive PIC micelles for photodynamic therapy.
23

 PIC 

micelles were also used to stabilize Pd nanoparticles as catalysts for hydrogenation
27

 and 

aqueous Suzuki and Heck reactions.
28

 

Another interesting approach for the preparation of supramolecular micelles consists 

in the utilization of double-hydrophilic block copolymers (DHBC) to induce stimuli-

responsive properties.
29,30

 These polymers have received rapidly growing interest
29

 since the 

first report detailing their synthesis in 1972.
31

 This is largely motivated by their ability to 

interact with both ionic and non-ionic drugs, and their anticipated biomedical applications.
32

  

Poly(2-hydroxyethyl acrylate) (PHEA) is both biocompatible and hydrophilic,
33–35

 

similarly to the more widely used poly(2-hydroxyethyl methacrylate) (PHEMA);
36

 however,  

the former has found limited applications in the formation of PIC micelles.
37

 Many 

techniques have been reported for the polymerization of HEA including free radical 

polymerization,
37–40

 atom transfer radical polymerization (ATRP),
41–45

 reversible addition-

fragmentation transfer (RAFT),
46

 and nitroxide-mediated polymerization (NMP).
47–49

 The 
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polymerization of 2-trimethylsilyloxyethyl acrylate (HEA-TMS), followed by the hydrolysis 

of the trimethylsilyl group, is sometimes preferred to limit the occurrence of side reactions. 

This approach has been reported for both free radical polymerization
50

 and ATRP.
42,51–53

 The 

preparation of DHBC with a PHEA block has been reported by copolymerization with PAA 

using controlled radical polymerization. PHEA-b-PAA was used for the preparation of water-

soluble hybrid PIC micelles by complexation with various metal polycations.
52,54,55

  

Gauthier et al. reported the synthesis of amphiphilic arborescent copolymers 

incorporating an arborescent PS core grafted with P2VP side chains.
56–58

 The arborescent 

(dendrigraft) polymer core, synthesized by successive grafting cycles of polymeric chains 

(Scheme 5.1), have a cascade-branched architecture akin to that of dendrimers. However, the 

utilization of polymeric chains rather than small molecules in the synthetic protocol allowed 

a rapid increase in molar mass while maintaining a low molar-mass dispersity (ĐM ≤ 1.1).
59

 

Dissolution of the macromolecules in aqueous HCl solutions yielded cationic 

polyelectrolytes behaving like unimolecular micelles
56,57

 that could solubilize polycyclic 

aromatic hydrocarbons.
60

 Complexation with Au(III)
61

 and Pd(II)
62

 was also demonstrated in 

organic solvents. Interestingly a second generation arborescent copolymer, obtained by 

grafting a first generation PS core with P2VP chains (G1PS-g-P2VP), displayed reversible 

thermo-responsive properties in toluene. Aggregation of the unimolecular micelles to 

supramolecular assemblies was induced by lowering the temperature below a critical self-

assembly temperature.
63

 

In this Chapter, we report the formation of PIC micelles by complexation of 

arborescent polystyrene-graft-poly(2-vinylpyridine) (GnPS-g-P2VP, n = [-1,2]) copolymers 
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with a double-hydrophilic PAA-b-PHEA copolymer. The block copolymer was obtained by 

sequential ATRP of tert-butyl acrylate (tBA) and 2-trimethylsilyloxyethyl acrylate (HEA-

TMS), followed by acid hydrolysis. The solubility characteristics of the PIC micelles were 

examined in ethanol and water by dynamic light scattering (DLS), and films were imaged by 

transmission electron microscopy (TEM) and atomic force microscopy (AFM). The 

formation of supramolecular aggregates with reversible thermo-responsive properties was 

observed in ethanol. The micelles were used to solubilize Pd in water, to yield useful 

catalysts for the Suzuki-Miyaura cross-coupling reaction in that medium. 

 

 

Scheme 5.1 Schematic representation of the formation of a polyion complex between 

PAA-b-PHEA and G0PS-g-P2VP in ethanol. 
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5.3 Experimental procedures 

5.3.1 Materials 

Copper(I) bromide (CuBr, Sigma-Aldrich, 99.999%) was purified by stirring 

successively in glacial acetic acid (Caledon, >99.7%), absolute ethanol (Commercial 

Alcohols Inc.), and diethyl ether (Sigma-Aldrich, anhydrous, ACS reagent, ≥99.0%). The 

white powder was then dried under vacuum for 5 h and stored under N2. Triethylamine 

(Et3N, EMD, ≥99.5%), tert-butyl acrylate (tBA, Sigma-Aldrich, 98%) and N,N,N′,N″,N″-

pentamethyldiethylenetriamine (PMDETA, Sigma-Aldrich, 99%) were distilled under 

reduced pressure and stored under N2. Methyl-2-bromopropionate (Sigma-Aldrich, 98%), 

acetone (Caledon, >99.7%), trimethylsilyl chloride (TMS-Cl, Sigma-Aldrich, ≥98.0%), 

dichloromethane (Caledon, >99.8%), ethyl acetate (Caledon, >99.8%), tetrahydrofuran (THF, 

Caledon, >99%), ethanol (Fisher, reagent, 88-91%, 4-5% methanol, 4.5-5.5% 2-propanol), 

and trifluoroacetic acid (TFA, Caledon, reagent, >99.9%) were used as received from the 

suppliers. Milli-Q water (18.2 MΩ∙cm) was obtained from a Milli-Q RG (EMD Millipore 

Systems) deionized water purification system with a QPAK 2 purification pack. 

The monomer 2-hydroxyethyl acrylate (HEA, Sigma-Aldrich, 96%) was first purified 

by extraction as follows to remove diacrylates and acrylic acid impurities.
42

 HEA (300 mL, 

2.6 mol) was first dissolved in deionized water (100 mL, 25% v/v) and washed 10 times with 

n-hexanes (Sigma-Aldrich, ACS reagent, ≥98.5%). The aqueous phase was then saturated 

with sodium chloride (ca. 80 g) before extraction of the HEA with diethyl ether (Sigma-

Aldrich, ACS reagent, ≥99.0%, 4 × 500 mL). The ethereal solution was dried by adding 

anhydrous MgSO4 (Fisher, Powder certified), and concentrated by rotary evaporation. The 
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monomer was stored at -15 °C after the addition of hydroquinone (BDH Chemicals, ≥99.0%, 

300 mg, 3 mmol, 0.1% w/w) used as an inhibitor. The monomer was further purified by 

distillation under reduced pressure before use. 

The arborescent graft copolymers used in this study were synthesized earlier by 

anionic polymerization and grafting.
58

 The polymers consisted of different generations of 

arborescent polystyrene substrates grafted with poly(2-vinylpyridine) chains. Purification 

from low molar mass contaminants was performed with at least 3 successive cycles of 

precipitation/fractionation from 5 g∙L-1
 solutions in THF/methanol (4/1 v/v) with n-hexane. 

The characteristics of the copolymers are provided in Table 5.1, and their structure is 

depicted in Scheme 5.1. 

Table 5.1 Characterization data for the arborescent copolymers templates. Adapted 

with permission from Reference 58. Copyright 2012 The Royal Society of Chemistry. 

Sample 

P2VP side chains   Graft copolymer 

M̅n 

(10
3
 

g/mol)
a
 

M̅w/M̅n 

 M̅n 

(10
3
 

g/mol)
a
 

M̅w/M̅n fn
b
 

2VP  

(mol %)
c
 

2VP 

groups
d
 

PS-g-P2VP 5.1 1.15  74 1.08 13 96 900 

G0PS-g-P2VP 5.5 1.15  1,100 1.08 182 95 9,600 

G1PS-g-P2VP 6.2 1.10  8,400 1.09 1177 91 66,500 

G2PS-g-P2VP 4.1 1.14  20,400
e
 n/a

e
 3693 91 144,000 

a
 Absolute values from SEC-MALLS and light scattering measurements. 

b
 Branching 

functionality: Number of branches grafted in the last cycle per molecule. 
c
 From 

1
H NMR 

analysis. 
d
 From M̅n and fn. 

e
 Interaction of the G3 copolymer with the SEC column prevented 

elution. Estimated values obtained from the absolute M̅n of the substrate and the composition 

measured by 
1
H NMR spectroscopy. 
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5.3.2 Synthesis of poly(tert-butyl acrylate) macroinitiator 

The synthesis of a low molar mass PtBA-Br was performed via ATRP, by adapting a 

procedure reported by Davis and Matyjaszewski
64

 as illustrated in Scheme 5.2 and in 

Appendix A5.1. Briefly, CuBr (0.225 g, 1.6 mmol, 0.4 equiv), methyl-2-bromopropionate 

(0.4 mL, 3.6 mmol, 1 equiv), acetone (2.7 mL), tBA (10.3 mL, 70 mmol, 20 equiv), and 

PMDETA (0.32 mL, 1.5 mmol, 0.4 equiv) were added in an oven-dried round-bottomed flask 

(rbf). The reagents were degased with 3 freezing-evacuation-thawing cycles as follows: The 

rbf was placed in liquid nitrogen for 15 min, then evacuated for 10 min, and the solution was 

thawed in a water bath. After filling the rbf with N2, the solution was stirred at room 

temperature for 10 min. The cycle was repeated two additional times. The dark green mixture 

was then placed in an oil bath at 60 °C for 3 h before cooling to room temperature. 

Dichloromethane (30 mL) was then added to the rbf and the Cu catalyst was extracted with 

deionized water (6 × 250 mL) until a clear organic phase remained. After removal of the 

organic solvent by rotary evaporation, the polymer was dissolved in acetone (15 mL) and 

further purified by dialysis (1,000 MWCO Spectra/Por
®

 7 regenerated cellulose) against 600 

mL of acetone. The solvent was changed three times over 1 day, and the polymer was 

recovered by removal of the solvent under vacuum. M̅n (SEC) = 1660, M̅n∙M̅w
-1

 = 1.06. 
1
H 

NMR (CDCl3, 300 MHz): M̅n = 1660, �̅�n = 13, δ (ppm): 1.06-1.17 (b, 3H), 1.18-1.25 (b, 1H), 

1.28-1.67 (b, 125H), 1.71-2.02 (b, 6H), 2.03-2.62 (b, 14H), 3.63 (s, 3H), 4.00-4.19 (m, 1H); 

13
C NMR (CDCl3, 300 MHz) δ (ppm): 27.71 (CH2), 28.03 (C-(CH3)3), 30.33 (CH2-CH-Br), 

34.24 (CH-CH3), 80.53 (C-(CH3)3), 168.27 (CO). 



Chapter 5 

 171 

5.3.3 Silylation of 2-hydroxyethyl acrylate 

The protection of HEA was performed according to a procedure by Mühlebach et 

al.,
42

 illustrated in Scheme 5.3. Briefly, the monomer HEA (46 mL, 0.40 mol, 1.0 equiv), 

purified as described in Section 5.3.1 was added to dichloromethane (500 mL) and 

triethylamine (85 mL, 0.61 mol, 1.5 eq) in a 1-L rbf, and the solution was cooled to 0 °C in 

an ice bath. The drop-wise addition of trimethylsilyl chloride (70 mL, 0.55 mol, 1.4 equiv) 

was performed under N2, and the formation of a white precipitate (Et3N∙HCl) was observed. 

The solution was then allowed to warm to room temperature and the precipitate was removed 

by suction filtration (Whatman
®

 filter paper, grade 4). The solvent was removed by rotary 

evaporation and the liquid residue was filtered once more. The product, 2-

trimethylsilyloxyethyl acrylate (HEA-TMS), was then dissolved in ethyl acetate (300 mL) 

and washed with water (300 mL) three times. Anhydrous MgSO4 (ca. 5 g) was added to the 

solution and the solvent was removed under vacuum. 
1
H NMR (CDCl3, 300 MHz) δ (ppm): 

0.07 (s, 9H), 3.76 (t, J = 4.8 Hz, 2H), 4.17 (t, J = 4.8 Hz, 2H), 5.77 (d, J = 9.0 Hz, 1H), 6.04 

(d, J = 10.1 Hz, 1H), 6.11 (d, J = 10.1 Hz, 1H), 6.36 (d, J = 15.9 Hz, 1H). 
13

C NMR (CDCl3, 

300 MHz) δ (ppm): -0.62 (Si-(CH3)3), 60.55 (CH2-O-SiMe3), 65.60 (CH2-O-CO), 128.24 

(CH), 130.72 (CH2-CH), 166.01 (CO). 

5.3.4 Synthesis of poly(tert-butyl acrylate)-block-poly(2-trimethylsilyloxyethyl 

acrylate) [PtBA-b-P(HEA-TMS)] 

The polymerization of HEA-TMS was performed by ATRP using PtBA-Br (M̅n = 

1600) as a macroinitiator. In a 25-mL Schlenk tube were added CuBr (10.8 mg, 75 µmol, 1.1 

equiv), PtBA-Br (109.2 mg, 66 µmol, 1.0 equiv), and freshly distilled HEA-TMS (4.5 mL, 
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24.2 mmol, 325 equiv). The addition of PMDETA (34 mg, 19.6 mmol, 2.6 equiv) resulted in 

a light blue solution, which was degased by three successive freezing-evacuation-thawing 

cycles as described in Section 5.3.2. The tube was then filled with N2 and heated to 90 °C for 

3.5 h. The dark green viscous solution was then cooled to room temperature, diluted with 

dichloromethane (50 mL), and the copper catalyst was removed by extraction with deionized 

water (3 × 100 mL). After removal of the solvent by rotary evaporation and redissolution of 

the solid in acetone (10 mL), the polymer was further purified by dialysis against acetone 

(500 mL). The solvent was changed thrice over 2 days and a clear solution was obtained. 

M̅n,abs (SEC) = 28000, and M̅n∙M̅w
-1

 = 1.18. 
1
H NMR (CDCl3, 300 MHz): �̅�n,PHEA-TMS = 141, δ 

(ppm): 0.14 (s, 1371H), 1.38-1.50 (b, 125H), 1.50-1.59 (b, 49H), 1.59-1.84 (b, 197H) 1.84-

2.14 (s, 78H), 2.14-2.22 (b, 13H), 2.22-2.55 (b, 152H), 3.77 (b, 329H), 4.11 (b, 341H); 
13

C 

NMR (CDCl3, 300 MHz), δ (ppm): -0.55 (Si-Me3), 1.21 (CH3-CH2), 27.92 (CH2-CH), 41.11 

(CH), 60.08 (CH2-O-SiMe3), 65.14 (CH2-O-CO), 174.04 (CO). 

 

5.3.5 Hydrolysis of PtBA-b-P(HEA-TMS) 

A solution of PtBA-b-P(HEA-TMS) (527 mg, 26% w/w) in THF (1.5 g) was 

transferred to a 20-mL screw-cap vial with a magnetic stirring bar and ethanol (7.3 g, 85% 

v/v). After placing the vial in an ice-water bath and with vigorous stirring, trifluoroacetic acid 

(9.6 g, 30 equiv) was added drop-wise. A white precipitate formed during the addition of the 

first 3 g (2 mL) of TFA, but the solution cleared up and turned slightly cloudy afterwards. 

After about 1.5 h the solution turned white again, but was left stirring for 24 h. The solvent 

was then evaporated under vacuum. A solvent change was performed by adding Milli-Q 
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water (5 g) and evaporating the solution under vacuum. Another 5 g aliquot of Milli-Q water 

was then added (9.5% w/w), and the viscous solution was transferred to a dialysis bag 

(Spectra/Por
®

 CE, MWCO 500) for dialysis against a mixture of methanol/H2O (50/50 v/v, 

500 mL) for 48 h with 6 solvent changes. The polymer was then dialyzed against 500 mL of 

methanol for another 24 h, changing the solvent thrice. The clear solution was recovered and 

stored at 10 °C. Complete removal of the acid was confirmed by 
19

F NMR analysis, by the 

absence of peak at δ = -75.0 ppm (relatively to the reference signal of CFCl3). M̅n,app [SEC, 

DMF LiCl (1 g∙L
-1

)] = 96800, and M̅n∙M̅w
-1

 = 1.29. 
1
H NMR (DMSO-d6, 300 MHz) δ (ppm): 

1.21-1.67 (b, 243H), 1.67-1.93 (b, 75H), 2.07-2.39 (b, 164), 3.08-3.16 (b, 14H), 3.16-3.40 (b, 

64H), 3.40-3.68 (b, 337H), 3.80-4.13 (b, 329 H), 4.56-4.85 (b, 147H); 
13

C NMR (DMSO-d6, 

300 MHz), δ (ppm): 34.74 (CH), 59.19 (CH2-O), 66.02 (CH2-OH), 174.44 (CO). 

 

5.3.6 Complexation of the arborescent copolymer with PAA-b-PHEA 

Coupling of PAA-b-PHEA with the arborescent copolymers (GnPS-g-P2VP) was 

achieved by adding 1.5 g of the DHBC ethanolic solution (1.3% w/w, 20 mg of polymer) to 

2.6 g of a solution of the arborescent copolymer in ethanol (0.76% w/w, 20 mg, 1 mass 

equiv). After stirring for 1 h, 7.5 mL of Milli-Q water were added to obtain a 25/75 v/v 

water/ethanol mixture (0.3% w/w in G[n+1]). After stirring vigorously for another 2.5 h, the 

solution was transferred to a dialysis bag (Spectra/Por
®

7, MWCO 25,000), and dialyzed 

against water/ethanol 25/75 v/v (500 mL), changing the solvent every 3 h, 3 times; and 

against Milli-Q water (500 mL) for 48 h, changing the solvent 6 times. 



Chapter 5 

 174 

5.3.7 Pd loading and Suzuki-Miyaura cross-coupling reaction 

The arborescent copolymer GnPS-g-P2VP and PAA-b-PHEA were first dissolved 

overnight in ethanol in separate vials (1 mg∙mL
-1

, and 10 mg∙mL
-1

, respectively). Pd(OAc)2 

(ca. 10.6 mg, 0.5 mol equiv) was then added to the first solution, which was heated to 40 °C 

in an oil bath and stirred for 1 h. The arborescent copolymer/Pd solution was then added 

drop-wise to 1 mL of the PAA-b-PHEA solution to obtain a ratio mGnPS-g-P2VP/mPAA-b-PHEA = 

1. After stirring overnight, the solvent was removed by rotary evaporation to obtain a brown 

powder which was soluble in Milli-Q water. 

The Suzuki-Miyaura (SM) cross-coupling reactions were conducted by dissolving 4-

bromoanisole (187 mg, 1 mmol), phenylboronic acid (183 mg, 1.5 mmol), and K2CO3 (277 

mg, 2 mmol) in 4 mL of D2O. The polymer-stabilized Pd catalyst prepared above (3 mg, mPd 

= 1 mg, nPd/n2VP = 0.5) was then added to the solution to obtain a Pd content of 0.5 mol % 

(concentration ca. 1.2 mmol∙L-1
). The solution was stirred at room temperature and 0.3 mL 

aliquots of the solution were removed at predetermined time intervals. After dilution in 

ethanol (1.0 mL) and D2O (0.5 mL), the sonicated samples were analyzed by 
1
H NMR 

spectroscopy to monitor the progress of the reaction. 

 

5.3.8 Characterization 

5.3.8.1 Size-exclusion chromatography (SEC) 

The absolute molar mass of the PtBA macromonomer, and the apparent molar mass 

of PtBA-b-P(HEA-TMS) were determined by size-exclusion chromatography (SEC) analysis 
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on a Viscotek GPCmax instrument (VE2001) equipped with a TDA 305 triple detector array 

consisting of refractive index (RI), light scattering at low (7°) and right angles (LALS and 

RALS, respectively; λ = 670 nm), and viscometer detectors, as well as a UV photodiode 

array detector (Viscotek 2600). The instrument was calibrated with a polystyrene standard 

with a peak molar mass M̅p = 99,500 and M̅n∙M̅w
-1

 = 1.03 (Viscotek); reported values of the 

refractive index increment (dn/dc) = 0.185 mL∙g
-1

, and of the intrinsic viscosity = 0.477 

dL∙g
-1

. Three PolyAnalytik SupeRes™ Series (PAS-103-L, PAS-104-L, PAS-105-L),  8 mm 

(I. D.) × 300 mm (L) linear mixed-bed columns having a linear polystyrene molar mass range 

of 10
3
 to 10

6
 were used in the analysis. The mobile phase was THF at a flow rate of 1.0 

mL∙min
-1

 and a temperature of 35 ºC. The specific refractive index increment (dn/dc) for 

PtBA in THF was taken as 0.0593 mL∙g
-1

.
65

 Analysis of the chromatograms was performed 

with the OmniSEC 4.6.1 software package. 

The PAA-b-PHEA copolymers were analyzed by SEC on an analytical system 

consisting of a Waters 510 HPLC pump, a 50-µL injection loop, and a Waters 2410 

differential refractometer (DRI) detector in series with a 3-angle (45°, 90°, 135°) Wyatt 

MiniDAWN laser light scattering detector (λ = 690 nm) used for absolute molar mass 

characterization. Separation was achieved on a 500 mm × 10 mm Jordi Gel DVB mixed-bed 

linear column with a linear PS molar mass range of 10
2
–10

7
. The mobile phase was DMSO 

with LiCl (1 g∙L
-1

) at room temperature, at a flow rate of 1.0 mL∙min
-1

. The analysis was 

performed using the software package Astra
®

, version 4.70 (Wyatt Technology Corp.). 
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5.3.8.2 Nuclear magnetic resonance (NMR) spectroscopy 

The silylation of HEA, the composition of the polymers, and the Suzuki-Miyaura 

reaction were monitored by 
1
H and 

13
C NMR spectroscopy analysis on Bruker Avance-300 

(300 MHz) or Avance-500 (500 MHz) nuclear magnetic spectrometers equipped with a z-

gradient QNP 5 mm sample serving as the reference frequency. Each spectrum comprised 16 

scans, and the concentration of the samples for the analysis ranged from 10–30 mg∙mL
-1

. 

 

5.3.8.3 Transmission electron microscopy (TEM) 

Imaging of the arborescent copolymers and PIC micelles was achieved by 

transmission electron microscopy (TEM) on a Philips CM10 electron microscope operated at 

60-80 kV accelerating voltage in the bright-field mode. The samples were prepared by 

depositing two drops of solution (ca. 0.1 mg∙mL
-1

) onto 300-mesh Formvar
®

 carbon-coated 

copper TEM grids (Electron Microscopy Sciences, FCF300-Cu) placed onto a filter paper 

used as a wicking medium. After deposition of the solution, the grid was transferred onto a 

new piece of filter paper in a Petri dish and dried overnight at room temperature. Staining of 

the samples in a closed container was done by exposure to iodine vapors for 15 h, or RuO4 

vapors for 30 min. The images were recorded with an Advance Microscopy Techniques 11 

megapixel digital camera and the Image Capture Software Engine version 5.42.558. The 

feature size and size distribution were measured with the open source processing program 

ImageJ (version 1.46r).
66

 Fifty measurements were made for the determination of the average 

micelle size and size distribution. Contrast adjustment was also performed on some of the 

micrographs to improve visualization and help with the feature size measurements. 



Chapter 5 

 177 

5.3.8.4 Dynamic light scattering (DLS) 

The light scattering measurements were performed on a Zetasizer Nano ZS90 

(Malvern Instruments) equipped with a 4 mW He-Ne laser operating at 633 nm. The 

temperature was varied from 25.0 to 50.0 ± 0.1 °C and the scattering angle was 90°. Each 

sample was measured in triplicate. The samples were prepared at least 24 h before the 

measurements unless otherwise stated, and were filtered at least four times either through a 

PTFE membrane with a nominal pore size of 0.45 μm (ethanolic solutions) or a mixed 

cellulose ester membrane with a nominal pore size of 0.8 µm (aqueous solutions). A quartz 

cuvette (ethanolic solutions) or disposable PS cuvettes (aqueous solutions) with a 1-mL 

capacity were used for the measurements. The concentration of the samples ranged from 5 

mg∙mL
-1

 (linear polymers) to 0.1 mg∙mL
-1

 (G3 arborescent copolymer solutions). The 

refractive index of ethanol at 25 °C was taken as 1.361,
67

 and was calculated up to 50 °C 

using the temperature dependence factor dn/dt = -4.29 10
-4

 °C
-1

.
68

 The viscosity of ethanol 

was calculated from the quasi-polynomial equation ln(η) = -6.21 + 1614T
-1

 + 0.00618T 

−1.132×10
-5

 T², with η in cP and T in K.
69

 The refractive indices of the water-ethanol 

mixtures were calculated with the Wiener equation.
70

 The viscosity of the mixtures was 

obtained by calculating the viscosity deviation with the Redlich-Kister equation and the 

fitting parameters determined by Gonzáles et al.
71

 

The intensity-weighted autocorrelation function g
(2)

(t) (ACF) was measured by the 

correlator of the instrument, and analyzed by the methods of cumulants
72,73

 by the proprietary 

software Zetasizer Software 6.32 (Malvern Instruments). The size dispersity, calculated by 

the software using cumulants analysis, is given by µ2/ Γ ², where µ2 represents the second 
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moment from cumulants analysis and Γ is the decay rate. The size distributions, also obtained 

from the Zetasizer software, were calculated by the non-negatively constrained least-squares 

method (NNLS).
74

 

5.3.8.5 Atomic force microscopy (AFM) 

Muscovite mica discs (9.9 mm diameter, NanoAndMore GmbH) were adhered onto 

stainless steel discs with a double-sided adhesive tape (NanoAndMore GmbH), and a fresh 

surface was exposed by cleaving with a strip of tape (Scotch® MultiTask tape). Polymer 

solutions were prepared either in ethanol, Milli-Q water or a mixture thereof at 

concentrations ranging from 0.2 to 0.05 mg∙mL
-1

. The solutions were deposited on the mica 

substrates with a Pasteur pipet and spin-coated at about 3000 rpm for 60 s under ambient 

conditions. After solvent evaporation, AFM imaging was carried out on a Nanoscope IIIa 

instrument (Digital Instruments, model MMAFM-2, scan stage J) in the tapping mode to 

acquire simultaneously height and phase data. The instrument was housed in a NanoCube 

acoustic isolation cabinet and mounted on a Halcyonics Micro 40 vibration isolation table. 

The cantilever probes used were VistaProbes, T300 silicon tip (spring constant 40 N∙m
-1

, 

resonant frequency 300 kHz), with the following characteristics: length 125 μm, width 40 

μm, tip height 14 μm, and tip radius < 10 nm. NanoScope Analysis v1.40 software was used 

for the image analysis. The scan rate was typically set between 0.7 to 1.0 Hz, at a scan angle 

of 0°, acquiring 512 samples/line. The drive amplitude was varied between 30–50 mV, and 

the amplitude set-point was between 0.50–0.85 V to adjust the force applied on the surface. 

The feedback loop sensitivity was controlled by adjusting the integral gain to 0.5, and the 

proportional gain to 6.0 typically. 
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5.4 Results and discussion 

5.4.1 Block copolymer synthesis 

The synthesis of PAA-b-PHEA was performed via ATRP in a multistep process. This 

polymerization technique allows the preparation of well-defined homopolymers and 

copolymers with narrow size distributions, and has been widely used in the preparation of 

various polyacrylates.
64,75

 A low molar mass PtBA sample was first prepared by ATRP, 

using methyl 2-bromopropropionate and CuBr/PMDETA at 60 °C as shown in Scheme 5.2. 

Acetone was also added to obtain a homogeneous solution.
64

  

 

Scheme 5.2 Synthesis of PtBA via ATRP. 

 

Based on SEC-triple detection array analysis the polymer obtained had M̅n, = 1660 

g∙mol
-1

 (corresponding to 13 repeat units) and M̅n∙M̅w
-1

 = 1.06 (Figure 5.1). 
1
H NMR 

spectroscopy analysis of PtBA (Figure 5.2) confirmed the M̅n obtained by SEC.
76

 The 

methine proton geminal to the terminal bromine atom has a distinct chemical shift at 4.00-

4.19 ppm (a) as compared to the methine protons in the repeat units at δ 2.03-2.62 ppm (c), 

the isotactic and syndiotactic
77

 methylene protons at δ 1.83 and 1.53 ppm (d) and (e), and the 
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tert-butyl protons at δ 1.43 ppm (f). The ratio of the sum of the peak areas (c) to (f) to the 

peak area (a) yielded M̅n = 1660 g∙mol
-1

 (�̅�n = 13), which is identical to M̅n obtained by SEC 

analysis. Additionally, the peak area ratio for the methoxy proton at δ 3.63 ppm (b) to (a) is 

exactly 1/3, indicating the termination of every polymer chain with an ω–bromine group. 

 

Figure 5.1 Size-exclusion chromatograms for (a) PtBA (bottom), and PtBA-b-PHEA-

TMS (top) in THF, and (b) PAA-b-PHEA in DMSO-LiCl (1 g∙mL
-1

). 

 

The secondary bromine end-group allowed further reaction of the oligomer, as a 

macroinitiator, for the preparation by ATRP of a block copolymer. HEA was first protected 

with a trimethylsilyl group as shown in Scheme 5.3, to limit the occurrence of side reactions 

and promote higher conversions (vide infra).
42,43

  

The synthesis of PtBA-b-(PHEA-TMS), illustrated in Scheme 5.4, was performed 

with the same catalyst system employed in the preparation of PtBA; however, acetone was 

not required in that case, as the CuBr/PMDETA complex was soluble in the reaction 
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medium. The polymer obtained, based on a PS standard calibration, had M̅n, = 28,000 g∙mol
-1

 

(corresponding to 141 HEA-TMS repeat units) and M̅n∙M̅w
-1

 = 1.18. The SEC chromatograms 

shown in Figure 5.1 confirm the narrow size distribution of the polymers obtained and the 

increase in molar mass after the second polymerization reaction. 

 

Figure 5.2 
1
H NMR (300 MHz) spectra for PtBA, PtBA-b-P(HEA-TMS) in CDCl3, and 

PAA-b-PHEA in DMSO-d6 (from bottom to top). 
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Scheme 5.3 Silylation of HEA. 

 

 

Scheme 5.4 Synthesis of PtBA-b-PHEATMS via ATRP and deprotection with TFA to 

yield PAA-b-PHEA. 
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Characterization of the copolymer by 
1
H NMR,

37,41
 shown in Figure 5.2, clearly 

reveals the presence of the methylene protons for the HEA-TMS block at δ 3.71 (i) and 4.07 

ppm (j), as well as the trimethylsilyl protons at δ 0.10 ppm (p). The peaks corresponding to 

the methyl groups at δ 1.11 ppm (o), and the methine group geminal to the bromine atom at δ 

5.28 ppm (h) are also observed and can be used for the determination of the absolute number-

average degree of polymerization. From the ratio of the peak areas for (p) to (o), the 

calculated M̅n was 28,140 g∙mol
-1

, which is similar to the value obtained by SEC analysis.  

The direct synthesis of PtBA-b-PHEA was also attempted by ATRP, by reacting the 

PtBA macroinitiator with the HEA monomer under the same conditions employed for the 

HEA-TMS monomer (Section 5.3.4). Although the molar mass of the copolymer (M̅n,app = 

29,700 g∙mol
-1

) was comparable to the silylated copolymer, a broader size distribution 

(M̅n∙M̅w
-1

 = 1.34) and gel formation also resulted. Similar observations and limited monomer 

conversions (<50%) have been reported previously in the ATRP of HEA.
42,43

 Reactions with 

the protected monomer were therefore preferred. 

 The hydrolysis of both the tBA and TMS pendant groups was accomplished by 

reacting the copolymer with an excess of TFA in a THF/ethanol (15/85 v/v) mixture for 24 h. 

The acid was removed by evaporation and azeotropic distillation under reduced pressure, and 

the polymer further purified by dialysis. The latter step was found to be essential for the 

complete removal of TFA, as confirmed by the absence of a resonance at δ -75.0 ppm in 
19

F 

NMR analysis. As shown in Figure 5.2, quantitative removal of the tert-butyl group was 

evidenced by 
1
H NMR analysis in DMSO-d6, and the absence of a peak at δ 1.43 ppm (f). 

The labile TMS group was likewise readily hydrolyzed by TFA, as indicted by the 
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disappearance of the resonance at δ 0.10 ppm (p) in Figure 5.2. After the deprotection 

reaction the size distribution remained relatively narrow (M̅n∙M̅w
-1

 = 1.29), as seen on the 

SEC chromatogram obtained in DMSO (Figure 5.1). The apparent molar mass (M̅n,app = 

96,800 g∙mol
-1

) was however larger than for the protected polymer by a factor of about 3.5. 

Matyjaszewski et al. reported a similar increase, by a factor of 2-3, in the apparent molar 

mass of P(HEA-TMS) after deprotection when measured by SEC analysis in DMF, as well as 

broader size distributions.
41,42

  The formation of secondary structures (aggregates) in DMF 

was hypothesized by this group to account for the broader mass dispersities.
42

 It is expected 

that a comparable difference exists in DMSO between the hydrodynamic volume of PAA-

PHEA and PS chains with an equivalent molar mass, which renders the PS standards 

calibration inappropriate for the analysis. From end-group analysis by 
1
H NMR, the 

calculated M̅n,NMR = 18,500 g∙mol
-1

 – corresponding to 152 HEA repeat units, and obtained 

from the ratio of the peak area (j) to (k) – compares well with the value obtained for the 

protected polymer. 

5.4.2 Polyion complex micelles 

5.4.2.1 PAA-b-PHEA in ethanol 

As a hydrophilic copolymer, PAA-b-PHEA is soluble in aqueous media without 

micelle formation.
78

 The DHBC synthesized was also soluble in ethanol at 25 °C at a 

concentration of 5.9 mg∙mL
-1

, with a single size population having a hydrodynamic diameter 

of 6.4 ± 1.5 nm measured by DLS on a volume basis (Figure 5.3b), while 2 populations were 

detected on an intensity basis (Figure 5.3a). 
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Figure 5.3 Temperature dependence of the (a) intensity- and (b) volume-weighted 

hydrodynamic diameter distributions for PAA13-b-PHEA140 in ethanol (5.9 mg∙mL
-1

).  

 

The molecular dimensions for the smaller population are comparable to the 

hydrodynamic diameter calculated for a chain with restricted bond rotations, Dh,calc = 6.2 nm, 

as delineated in Appendix A5.2. The aggregates with Dh = 280 ± 84 nm observed in the 

intensity-weighed distributions (Figure 5.3a) are absent in the volume distributions shown in 

Figure 5.3b, and the photon counting rate was low during the acquisition (21 kilocounts per 

second – kc∙s
-1

). It can therefore be inferred that a very small amount of aggregates exist in 

the sample at 25 °C. The contribution from large particles in intensity-weighted distributions 

is dominant, as it is proportional to Dh
6
.
79

 The aggregates dissociated when the temperature 

was increased to 50 °C, and a homogeneous solution resulted as evidenced by the absence of 

scattered light (Figure 5.3). By cooling to 25 °C micelle formation was promoted, and 

aggregates with Dh = 273 nm and a size dispersity Đp (µ2/Γ²) = 0.15 were obtained by 
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cumulants analysis of the DLS signal. The photon count rate also increased to 252 kc∙s
-1

. The 

micelles dissociated readily when the solution was warmed again to 50 °C, and reformed at 

25 °C with a comparable size (Dh = 282 nm) and a somewhat narrower size distribution (Đp = 

0.09). 

Although both polymer blocks are soluble in ethanol,
35,80

 it can be argued that the 

poly(acrylic acid) block had less favorable interactions with the solvent molecules than 

PHEA. Calculations of the interaction parameters between PAA and ethanol, χ
PAA

 = 0.42, 

and PHEA and ethanol, χ
PHEA

 = 0.33, were performed using the Hansen solubility parameters 

of the solvent and the polymers blocks as detailed in Appendix A5.3. Both values satisfy the 

Flory-Huggins condition, (χ ≤ 0.5)
81

 for polymer-solvent miscibility. The lower value of 

χ
PHEA

 suggests better solvency for PHEA than for PAA in ethanol, however. As a matter of 

fact, limited solubility of high molar mass PAA in the acid form has been reported in 

ethanol.
82

 Additionally, the segregation of block copolymers in common good solvents has 

been observed for various poly(meth)acrylate copolymers by AFM and viscometry 

measurements. In these systems, transitions between segregated conformations and pseudo-

Gaussian (non-segregated) conformations was induced by a change in temperature over a 

narrow range.
83–85

 For the PAA13-b-PHEA140 copolymer, comparable molecular segregation 

induced by conformational transitions below a critical temperature in the 25-50 °C range may 

also account for the low aggregation level observed. 

Hydrogen bonding between the carboxylic acid groups of the PAA segments and the 

hydroxyl groups of the PHEA segments is also expected to contribute to aggregate formation. 

Hydrogen bonding between hydroxyl groups and carbonyl groups, as well as between the 
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hydroxyls groups of PS-b-PHEA
86

 and PHEMA
87

 was indeed evidenced by FTIR 

measurements on films deposited from chloroform and methanol solutions, respectively.  

The influence of the solvent on intermolecular association in solution is also 

important.
88,89

 Aliphatic alcohols such as ethanol may favor polymer aggregation due to their 

lower hydrogen bonding ability than the polymer.
89–91

 The dielectric constant ε of solvents is 

useful to evaluate the strength of polymer-solvent interactions. For protic solvents, a lower ε 

reflects decreased hydrogen-bonding ability between the solvent molecules and increased 

interactions between the polymer and the solvent.
89

 Since increasing the temperature from 25 

to 50 °C decreases the dielectric constant of ethanol from ε = 24.43 to 20.78,
92

 greater 

interactions between the polymer chains and ethanol are expected at higher temperatures,
89

 

thereby favoring aggregate dissociation as observed experimentally (vide supra). 

 

5.4.2.2 Polyion complex micelles in ethanol 

5.4.2.2.1 Room temperature 

Characterization of the arborescent copolymers in ethanol by DLS yielded Dh values 

ranging from 14.2 to 112 nm, as shown in Table 5.2 and Figure 5.4. The size of the 

arborescent macromolecules determined on the Zetasizer Nano was comparable to the results 

obtained on a Brookhaven BI-2030AT 201 instrument, reported in Chapter 3. The size 

distribution was narrow for all the arborescent copolymers investigated (GnPS-g-P2VP, with 

n = [0,2]), with Đp < 0.1. The comb-branched copolymer had a slightly broader size 

distribution, with Đp = 0.23, suggesting a low level of aggregation in the alcoholic solvent. 
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This is attributed to the relatively open structure of the comb (G0 overall) copolymer as 

compared to the arborescent copolymers (G1  1 overall).
57

 

After the addition of 10 mass equivalents of PAA13-b-PHEA140 to the arborescent 

copolymers in ethanol the solutions turned opalescent, indicating the rapid formation of 

larger polymer complexes in solution. This composition corresponds to a molar ratio of 

acrylic acid to 2-vinyl pyridine units, nAA/n2VP, ranging from 1.2 to 1.4 for the GnPS-g-P2VP 

series with n = -1 to 2 respectively, i.e. mixing ratios f+ = 0.45 to 0.42, respectively; f+ being 

the fraction of positively ionizable monomers n2VP in the mixture:
10

  

 𝑓+ =
𝑛2𝑉𝑃

𝑛2𝑉𝑃 + 𝑛𝐴𝐴
 (5.14) 

 

Table 5.2 Hydrodynamic diameter and size dispersity of PAA-b-PHEA, GnPS-g-P2VP, 

and GnPS-g-P2VP/PAA-b-PHEA complexes in ethanol measured by DLS.
a
 

Generation 

number 

(n) 

PAA-b-PHEA
b
 

 

GnPS-g-P2VP 

 GnPS-g-P2VP/ 

PAA-b-PHEA 

(25 °C, initial)
c
 

 GnPS-g-P2VP/ 

PAA-b-PHEA 

(25 °C, final)
d
 

Dh 

 (nm) 
Đp 

 Dh 

 (nm) 
Đp 

 Dh 

 (nm) 
Đp 

 Dh 

 (nm) 
Đp 

-1 6.4 0.13  14.2 0.23  488 0.17  817 0.08 

0 6.4 0.13  32.3 0.09  258 0.01  180 0.10 

1 6.4 0.13  57.3 0.04  354 0.03  348 0.13 

2 6.4 0.13  111.7 0.06  132 0.03  169 0.03 
a
 Z-average diameter and size dispersity (Đp) from cumulants analysis. 

b
 From NNLS 

analysis. 
c
 For freshly prepared complexes at 25 °C. 

d
 After heating to 50 °C and cooling to 

25 °C. 

 



Chapter 5 

 189 

 

Figure 5.4 Size distributions for PAA-b-PHEA (2.5 mg∙mL
-1

), PS-g-P2VP (3 mg∙mL
-1

), 

GnPS-g-P2VP, n = [0,2] (0.1 mg∙mL
-1

), and GnPS-g-P2VP/PAA-b-PHEA, n = [-1,2] (0.1 

mg∙mL
-1

/1.0 mg∙mL
-1

) PIC micelles in ethanol at 25 °C. 
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It is expected that interaction between the P2VP and the PAA segments should occur 

rapidly in solution through hydrogen bonding and electrostatic interactions. Although 

hydrogen bonding between the 2VP units and PHEA is possible, the strong interactions 

between the polyacid and the polybase should dominate complex formation. This mechanism 

is akin to the rapid interactions reported by Matějíček et al. between P2VP and polystyrene-

block-poly(methacrylic acid) in a 1,4-dioxane/water mixture,
93

 or between PS-b-PAA and 

PEG-b-P4VP in ethanol by Zhang et al.
94

 This mechanism was also suggested for complex 

formation between PEG-b-PAA and PS-b-P4VP in ethanol.
16

 Zhou et al. presented evidence 

for the formation of hydrogen bonds and ionic interactions between P2VP and PAA by FTIR 

and XPS analysis, for powders precipitated from water/ethanol solutions.
18

 In the present 

study, the PAA chains were assumed to penetrate the P2VP corona of the arborescent 

copolymers in ethanol to form compact interpolymer complexes as illustrated in Scheme 5.1.  

Characterization results for the solutions by DLS, provided in Table 5.2 and Figure 5.4, 

indicate the presence of large aggregates with hydrodynamic diameters ranging from 132 to 

488 nm. The size of the aggregates for GnPS-g-P2VP (n = -1 to 2) increased by factors of 34, 

8, 6, and 1.2, respectively, in comparison to the size of the arborescent copolymers alone. 

The size distribution remained narrow for all the aggregates, with Đp ≤ 0.03, although a 

broader size distribution was again observed for the comb-branched copolymer (Đp = 0.17). 

An estimate of the overall Dh of the micelles formed by complexation of one layer of PAA-b-

PHEA can be made on the basis of a low surface coverage approximation (mushroom 

regime). In this regime, the chains in the corona adopt a distribution approximating their 

preferred random-coil conformation, measured to be 6.4 ± 1.5 nm by DLS for PAA-b-PHEA 



Chapter 5 

 191 

in ethanol (vide supra). The aggregation numbers (number of polyion complex micelles per 

aggregate; calculated by assuming spherical morphologies) are reported in Table 5.3, and 

strongly suggest the presence of supramolecular aggregates. The aggregation number 

decreases from 5890, 187, 129 to 1 for the G0 to G3 complexes, respectively. Similar 

calculations on the basis of a high-density surface coverage (brush regime) can be made by 

estimating the chains dimension as the fully-extended length (38.5 nm). The aggregation 

numbers in this case are about 3 to 38 times lower (Table 5.3). It is noteworthy that the 

aggregation number decreases with the generation number. For complexes formed by the G3 

copolymer, Dh approaches the values calculated for the mushroom regime. Complexes with 

the G0 copolymer formed significantly larger aggregates in ethanol, suggesting poor steric 

stabilization. This trend correlates with the rigidity of the arborescent structures, and reveal 

the influence of the generation number on the stability of the interpolymer complexes and 

their aggregation: Increased rigidity of the PIC micelles favored greater colloidal stability 

and limited the formation of multi-molecular aggregates.  

The narrow size distributions for complexes of arborescent copolymers G1 to G3 (Đp 

≤ 0.03) hint at the formation of supramolecular aggregates according to a closed association 

model. According to this model, a dynamic equilibrium exists in solution between aggregated 

and non-aggregated species, the former being characterized by a uniform size distribution.
95

 

As shown in Figure 5.5, the relative independence of Dh for the aggregates of G1/PAA-b-

PHEA complexes on the concentration below 0.13 mg∙mL
-1

 is further indication of a closed 

association mechanism. Deviations from the model are however noted at higher 

concentrations, with broadening of the size distribution. 
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Table 5.3 Calculated hydrodynamic diameters and aggregation numbers for GnPS-g-

P2VP/PAA-b-PHEA complexes in ethanol, assuming low-density (mushroom regime) 

and high-density (brush regime) surface coverages. 

Generation 

number (n) 

Dh 

measured
a
 

(nm) 

Dh calculated (nm)
b
  Aggregation number

c
 

Mushroom 

regime 

Brush 

regime 
 Mushroom 

regime 

Brush 

regime 

-1 488 27 91  5890 153 

0 258 45 109  187 13 

1 354 70 134  129 18 

2 132 125 189  1 0.3 

a
 From DLS analysis (Table 5.2). 

b
 Dh = Dh(Gn) + 2 × Dh(PAA-b-PHEA). 

c
 [(4π/3) × (0.5 × 

Dh,calculated)
3
]/[(4π/3) × (0.5 × Dh,measured)

3
]. 

 

 

Figure 5.5 Hydrodynamic diameter and size dispersity for the G0PS-g-P2VP/PAA-b-

PHEA complexes as a function of the concentration of G0PS-g-P2VP. In all cases mG0PS-

g-P2VP/mPAA-b-PHEA = 1/10. 
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5.4.2.2.2 Critical temperature 

The temperature dependence of the supramolecular aggregate diameter in ethanol was 

monitored by DLS. Figure 5.6 depicts the variations in size and scattered intensity upon 

heating from 25 to 50 °C, and then cooling back to 25 °C, for the different samples.  

For all the complexes investigated, a large drop in Dh and scattered intensity was 

observed upon reaching a critical temperature Tc. The size distributions of the aggregates in 

the vicinity of Tc are also depicted in Figure 5.6 (left). Most multi-molecular aggregates 

dissociated at Tc, heating = 35 °C, while Tc, heating = 40 °C was obtained for the G2 arborescent 

copolymer (Figure 5.6f). Interpolymer complex and multi-molecular aggregate formation 

relies on two opposite contributions to the Gibbs free energy of mixing, viz. (i) a favorable 

enthalpy of mixing driven by acid/base interactions and hydrogen bonding, and (ii) an 

unfavorable entropy of mixing stemming from constrained chain conformation.
87

 An increase 

in solvent quality for the PAA and PHEA segments as the temperature was raised may 

account for the dissociation observed above Tc, by lowering the contribution of the negative 

enthalpic term. The aggregates formed by G2 and G3 complexes recovered their size as the 

temperature was decreased below Tc, cooling = 35 °C. The multi-molecular species formed by 

G0 and G1 were larger and smaller, respectively, as the temperature returned to 25 °C. Apart 

from G1PS-g-P2VP, which displayed a Tc differing by 5 °C upon heating and cooling, both 

the hydrodynamic diameter and scattered intensity of the aggregates were generally 

reproducible in cooling the solutions. This behavior is suggestive of good thermodynamic 

stability of the complexes and illustrates the rapid and reversible response of the aggregates 
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to temperature changes. The hysteresis observed for the second generation polymer may be 

explained in terms of the structure rigidity of the arborescent copolymer as discussed below. 

 

 

Figure 5.6 Size distributions for PAA-b-PHEA in ethanol in the presence of (a) PS-g-

P2VP and (c) G0PS-g-P2VP near the critical temperature. The corresponding plots of 

the hydrodynamic radii (circles) and scattered intensity (in counts per seconds, squares) 

when heating from 25 °C to 50 °C (solid line), and then cooling back to 25 °C (dotted 

line), are shown on the right (b and d, respectively). In all cases mG0PS-g-P2VP/mPAA-b-PHEA 

= 1/10, and G0PS-g-P2VP concentration c = 0.1 mg∙mL
-1

. (continued) 
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Figure 5.6 (continued) Size distributions for PAA-b-PHEA in ethanol in the presence of 

(e) G1PS-g-P2VP, and (g) G2PS-g-P2VP near the critical temperature. The 

corresponding plots of the hydrodynamic radii (circles) and scattered intensity (in 

counts per seconds, squares) when heating from 25 °C to 50 °C (solid line), and then 

cooling back to 25 °C (dotted line), are shown on the right (f and h, respectively). In all 

cases mG0PS-g-P2VP/mPAA-b-PHEA = 1/10, and G0PS-g-P2VP concentration c = 0.1 mg∙mL
-1

. 
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5.4.2.2.3 PS-g-P2VP/PAA-b-PHEA complexes 

As illustrated in Figure 5.6a and Figure 5.6b, the light scattering intensity from a 

mixture of PS-g-P2VP and PAA-b-PHEA became negligible when the temperature reached 

Tc = 35 °C. When taking into account the influence of the temperature dependence of dn/dc 

and the refractive index of the solvent on the scattered intensity, the intensity would be 

expected to decrease by about 9%;
68,96

 while a drop by over 98% was observed 

experimentally, clearly indicating dissociation of the multi-molecular aggregates in solution. 

Because of the relatively low molar mass of the individual polymeric components, no 

significant scattering was detected at arborescent copolymer and DHBC concentrations in 

ethanol of 0.09 mg∙mL
-1

 and 0.9 mg∙mL
-1

, respectively (Figure 5.6a, and Figure 5.6c). 

It is noteworthy that the scattered intensity for the PS-g-P2VP/PAA-b-PHEA solution 

only decreased by about 2/3 from 25 to 30 °C, hinting at the presence of residual aggregates 

of lower mass at the higher temperature, while Dh increased by about 1/3 (from 488 to 653 

nm). One can expect that the relatively open structure of the (comb-branched) G0 copolymer 

led to the formation of poorly stabilized multi-molecular aggregates at 25 °C. Upon 

increasing the temperature and the solvent quality for PAA-b-PHEA, the dissociation of a 

fraction of the chains occurred and less compact aggregates resulted. Rearrangements may 

also have occurred between the PAA-b-PHEA chains and the outer 2VP shell, leading to 

aggregates with a lower aggregation number (i.e., overall mass). A similar mechanism 

involving partial dissociation and rearrangement was invoked by Topouza et al. to account 

for the behavior of PS-b-P2VP/PMAA complexes in 1,4-dioxane as a function of 

temperature.
97

 While the initial scattered intensity was recovered upon cooling the solution 
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from 35 to 30 °C, multi-molecular aggregates with lower Dh and narrower size distributions 

resulted (Dh = 653 nm, Đp = 0.16 initially versus Dh = 535 nm, Đp = 0.08 upon cooling). 

Further cooling to 25 °C yielded larger aggregates with a narrower size distribution (Dh = 

817 nm, Đp = 0.08) and a slightly lower scattering intensity (1058 kc∙s
-1

 initially versus 787 

kc∙s
-1

). This can be explained by rapid cooling favoring the formation of larger but less 

compact aggregates, as thermodynamic equilibrium was not achieved under these conditions. 

 

5.4.2.2.4 G0PS-g-P2VP/PAA-b-PHEA complexes 

As shown in Figure 5.6c and Figure 5.6d, the G0PS-g-P2VP/PAA-b-PHEA system 

also displayed a critical temperature Tc = 35 °C above which complete dissociation of the 

aggregates occurred. A bimodal particle size distribution was noted as T was lowered to 

30 °C. A population with a relatively large Dh (190 nm) corresponds to supramolecular 

micelles, while the second population with Dh = 28.2 nm is for individual interpolymer 

complexes. The size of the PIC micelles was comparable to that of the substrate at this 

temperature (Dh(G1) = 32.3 nm). A 53% drop in scattered intensity for G0PS-g-P2VP/PAA-

b-PHEA was also noted from 25 to 30 °C, but the decrease in size of the aggregates was 

modest (6%). This suggests that the small complexes favored the formation of compact 

aggregates with a relatively low aggregation number in ethanol. While dissociation of the 

aggregates still occurred above Tc, only limited size variations were observed for these more 

rigid structures as the temperature was decreased below Tc. This is consistent with the 

compact structure of the PIC micelles limiting multi-molecular aggregate reformation. The 

monomodal particle size distribution obtained as the temperature was further decreased to 25 



Chapter 5 

 198 

°C could be explained by redistribution of the hydrophilic chains, taking place through a fast 

insertion/ expulsion mechanism and a slower merging/splitting mechanism as proposed by 

Holappa et al.
98

 The decreased scattering intensity at 25 °C also indicates a mass decrease for 

the aggregates in solution. 

 

5.4.2.2.5 G1PS-g-P2VP/PAA-b-PHEA complexes 

The aggregates of G1PS-g-P2VP and PAA-b-PHEA had a critical temperature 

Tc, heating = 40 °C, above which Dh and the scattered intensity decreased by 83% and 93%, 

respectively (Figure 5.6e, and Figure 5.6f). This Tc is higher than for the other arborescent 

copolymers and suggests the formation of particularly stable aggregates with a compact 

structure, hindering their dissociation. Above Tc, heating, dissociated PIC micelles with a size 

ranging from 51.3 nm at 50 °C to 58.8 nm at 35 °C were detected by DLS (see inset of 

Figure 5.6f). The size measured from 40 to 50 °C was lower than for the substrate (Dh(G2) = 

57.3 nm), which was independent of the temperature in that range. These results are in 

agreement with the more compact structure observed for the PIC micelles obtained with the 

G1 copolymer, decreasing in size as the temperature was increased. Interestingly a Dh = 

58.8 nm, larger than for the substrate, was measured at Tc, cooling = 35 °C in the cooling cycle, 

which is likely associated with the onset of multi-molecular aggregation. Hysteresis was 

noted upon cooling the solution, with supramolecular aggregates reforming at Tc, cooling < 

Tc, heating. As noted earlier, the denser structure of the larger PIC micelles may have hindered 

the reformation of supramolecular aggregates. Indeed, slow molecular rearrangements have 

been invoked to account for the hysteresis in temperature-responsive diblock PIC micelles.
99
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Below Tc, cooling, the size of the aggregates remained constant with a narrow size distribution 

(Table 5.2), although the scattered intensity continued to increase by 27% as presumably 

more PAA-b-PHEA chains diffused within the sterically hindered core of the polymer 

aggregates without affecting their overall size. 

 

5.4.2.2.6 G2PS-g-P2VP/PAA-b-PHEA complexes 

The critical aggregation temperature of the G2PS-g-P2VP/PAA-b-PHEA complexes 

was found to be Tc = 35 °C, lower than for the G2 ACP, suggesting the formation of less 

stable aggregates (Figure 5.6h). It can be inferred that the more compact G2PS core of the G3 

copolymer hindered the diffusion of the PAA chains, such that complexation occurred 

mainly on the outside of the P2VP corona, leading to loosely bound block copolymer chains. 

Interestingly, upon heating from 25 to 30 °C a decrease in Dh from 175 to 154 nm was noted, 

while the size distribution remained narrow (Đp = 0.04) and the scattered intensity was 

unchanged. This may hint at rearrangement of the multi-molecular aggregates as the 

temperature was increased, while a constant aggregation number (i.e., constant mass) was 

maintained. Above Tc the aggregates dissociated and the free G2PS-g-P2VP copolymer, with 

a size ranging from 115 nm at 35 °C to 99 nm at 50 °C and Đp = 0.07, was observed by DLS 

(Figure 5.6g and h). As noted earlier, the size of the PIC micelles was lower than that of the 

substrate (Dh = 111.7 nm) at T > Tc and decreased with increasing temperature. A slightly 

larger size was again observed at the onset of multi-molecular aggregation, i.e. T = Tc. By 

lowering the temperature below Tc, the aggregates reformed with identical sizes and narrow 

size distributions (Table 5.2). Interestingly, the scattered intensity continued to increase from 
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30 to 25 °C, possibly due to redistribution of the polymer chains and an increase in 

aggregation number after the temperature cycle. 

 

5.4.2.3 Polyion complex micelles in water 

5.4.2.3.1 Solution properties 

In aqueous media, PAA13-b-PHEA140 is soluble without aggregate formation while 

the arborescent GnPS-g-P2VP copolymers are insoluble. Water is indeed a good solvent 

under neutral conditions for both the PHEA and PAA segments,
80

 the latter being a weak 

polyelectrolyte with a  pKa of ca. 6.5.
100

 Hydrogen bonding can occur between the carboxylic 

acid groups of PAA and the hydroxyl groups of PHEA, and a study by Mun et al. revealed a 

low complexation ability for PHEA with PAA in water.
101

 Water is a non-solvent for the PS 

segments, while P2VP is a weak polyelectrolyte that is hydrophobic at pH > 4.8.
102

 The 

addition of 10 mass equiv of DHBC to the arborescent copolymers (nAA/n2VP = 1.2–1.4, f+ = 

0.45–0.42) was first accomplished in ethanol as a common solvent, followed by progressive 

transfer to water by dialysis in water/ethanol mixtures, and then to pure water. Solubilization 

of the arborescent micelles in water was evidenced by the absence of precipitate, and the 

formation of clear and homogenous solutions.  

As shown in Table 5.4 and Figure 5.7, characterization by DLS of the aqueous 

solutions revealed micelles with relatively broad size distributions (Đp = 0.14–0.24) at 25 °C, 

with Dh  111 nm for PS-g-P2VP to G1PS-g-P2VP. It is noteworthy that the Dh of the multi-

molecular aggregates in water was much smaller than in ethanol and independent of the 

arborescent copolymer size. However the supramolecular micelles formed by G2PS-g-P2VP 
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in water were about 2.3 times larger than in ethanol, and 2.8 times larger than for the lower 

generation copolymer complexes in water. The high molar mass G2PS-g-P2VP apparently 

induced the formation of large aggregates. It should be noted that a solution of PAA13-b-

PHEA140 (1 mg∙mL
-1

) in water did not yield any significant scattered intensity in DLS 

analysis. 

 

Table 5.4 Hydrodynamic diameter and size dispersity for GnPS-g-P2VP/PAA-b-PHEA 

aggregates in water and for GnPS-g-P2VP in ethanol, measured by DLS.
a
 
 

Arborescent 

PS core 

generation Gn 

GnPS-g-P2VP/PAA-b-PHEA 

(water) 

 GnPS-g-P2VP 

(ethanol) 

25 °C 

initial
b
 

 
50 °C 

 25 °C  

final
d
 

 
25 °C 

Dh  

(nm) 
Đp 

 Dh  

(nm) 
Đp 

 Dh 

(nm) 
Đp 

 Dh  

(nm) 
Đp 

G0 110 0.24  103 0.20  106 0.18  14.2 0.23 

G1 114 0.18  81 0.13  129 0.04  32.3 0.09 

G2 110 0.14  76 0.18  110 0.20  57.3 0.04 

G3 306 0.17  105/464
d
 0.17/0.28

d
  281 0.20  111.7 0.06 

a
 Z-average diameter (Dh) and size dispersity (Đp) from cumulants analysis. The 

concentrations of GnPS-g-P2VP and PAA-b-PHEA were 0.1 and 1.0 mg∙mL
-1

, respectively. 
b
 

Measurements at 25 °C for freshly prepared complexes. 
c
 Measurements at 25 °C after 

cycling the solution to 50 °C. 
d
 Hydrodynamic diameter and size dispersity (Đp) from NNLS 

analysis; bimodal distribution. 
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Figure 5.7 Size distributions for aqueous solutions of GnPS-g-P2VP (n = [-1,2]) 

complexed with PAA-b-PHEA, obtained when heating from 25 °C (triangle) to 50 °C 

(diamonds), and then cooling back to 25 °C (squares). In all cases mGnPS-g-P2VP/mPAA-b-

PHEA = 1/10, and GnPS-g-P2VP concentration c = 0.1 mg∙mL
-1

. 
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The size of the aggregates also varied with temperature in water, but no critical 

temperature was noted in the range of 25 to 60 °C. The monotonic decrease in Dh and size 

dispersity observed for the PS-g-P2VP/PAA-b-PHEA complexes are illustrated in Figure 5.8. 

 

 

Figure 5.8 Hydrodynamic diameter and size dispersity (Đp) of PS-g-P2VP/PAA-b-

PHEA in water as a function of the temperature, when heating from 25 to 60 °C (solid 

line) and cooling back to 25 °C (dashed line). 

 

 The size and size distributions of the supramolecular micelles formed by GnPS-g-

P2VP, with n = -1 to 1, and PAA-b-PHEA at 50 °C are also provided in Table 5.4 and in 

Figure 5.7. It can be seen that the size of the aggregates in water decreased by factors of 0.94, 

0.71, and 0.69, for n = -1, 0, and 1, respectively after temperature cycling, corresponding to 

the order of increasing compactness of the arborescent copolymers as noted in ethanol. The 

intensity-weighted size distribution obtained for the G2PS-g-P2VP micellar structures had a 

bimodal distribution at 50 °C, with small (Dh = 105 nm) and larger aggregates (Dh = 464 nm) 
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identified by DLS. These results may be explained by enhanced collapse of the GnPS-g-

P2VP substrates in water as the temperature was increased. The larger aggregates formed by 

G2PS-g-P2VP were less stable, dissociating into smaller structures comparable in size to the 

PS-g-P2VP/PAA-b-PHEA complexes, and larger aggregates. The initial molecular 

dimensions were recovered (within experimental errors) for all the supramolecular 

aggregates as the temperature was brought back to 25 °C (Table 5.4 and Figure 5.8). 

 

5.4.2.3.2 Solid state properties 

The associative behavior of the polymers was further investigated by AFM imaging 

after deposition from the aqueous solutions onto freshly cleaved mica substrates. Even 

though the nature of the mica surface is very different from the solution state, AFM imaging 

has proved to be useful for the characterization of the size, size distribution, and secondary 

aggregation of interpolymer micelles.
103

 As shown in Figure 5.9, supramolecular micelles 

were deposited from the aqueous solutions; but individual micelles were also visible for the 

samples containing the G0–G2 arborescent copolymers and PAA-b-PHEA. Unimolecular 

species for the G1 arborescent copolymer are visualized embedded within a matrix of the 

DHBC, while fewer block copolymer species are present in the area probed for the G0- and 

G2-containing samples. Section analysis of the images, also shown in Figure 5.9, revealed 

non-spherical structures stemming from particle deformation due to adsorption on the 

hydrophilic mica surface, and the broadening effect of the AFM tip. The characteristic fried 

egg morphologies observed are consistent with the presence of a hydrophilic corona 

interacting more strongly with the mica surface. 



Chapter 5 

 205 

 

Figure 5.9 AFM imaging in the height mode of samples prepared from aqueous 

solutions of GnPS-g-P2VP, n = [-1,2] complexed with PAA-b-PHEA (top), and 

coresponding phase profile (bottom). The magnification is 1 × 1 µm
2
, mGnPS-g-P2VP/mPAA-

b-PHEA = 1/10, and GnPS-g-P2VP concentration c = 0.1 mg∙mL
-1

 in all cases. 
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Irregular circular structures 2 nm in height and 102 nm in diameter were also 

observed on the mica surface for the G2PS-g-P2VP/PAA-b-PHEA sample (Figure 5.9). 

These presumably correspond to aggregates of PAA-b-PHEA chains forming flat structures 

through hydrophilic interactions with the mica surface. These micelles were also detected on 

some micrographs acquired for the other interpolymer systems (not displayed). 

As seen in Figure 5.10, AFM imaging in the phase mode was informative about the 

composition of the aggregates. The phase shift observed at the periphery of the aggregates 

obtained from the G0 and G1 samples supports the presence of a hydrophilic corona. The 

micelles assembled from the larger arborescent copolymers exhibited structures with larger 

domain segregation, presumably stemming from the more rigid structure of the arborescent 

copolymers. Adsorbed PAA-b-PHEA chains are also visible on the mica surface for all the 

samples, and particularly noticeable for the G0PS-g-P2VP sample as noted earlier. 

TEM imaging of the interpolymer complexes after RuO4 staining, shown in Figure 

5.11, revealed spherical particles for all the samples, although aggregated particles were 

visible for complexes of PS-g-P2VP and G2PS-g-P2VP. The feature size for the G0 system, 

measured from the micrographs and summarized in Table 5.5 (second column), revealed 2 

populations with diameters of 25.4 ± 2.2 and 46.1 ± 8.1 nm. The aggregates formed by the 

G0 to G3 arborescent copolymers and PAA-b-PHEA chains had diameters ranging from 25.6 

± 3.5 to 51.7 ± 6.2 nm, slightly larger than GnPS-g-P2VP loaded with 0.5 equiv of Pd and 

measured by TEM (Table 5.5, first column; and Chapter 3). 
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Figure 5.10 AFM imaging in the phase mode for complexes of PAA-b-PHEA and (a) 

PS-g-P2VP, (b) G0PS-g-P2VP, (c) G1PS-g-P2VP, and (d) G2PS-g-P2VP prepared in 

aqueous solutions. The magnification is 1 × 1 µm
2
 and the length of the scale bar is 20 

nm. Inset: Phase-mode 3D AFM images of the particles. In all cases mGnPS-g-P2VP/mPAA-b-

PHEA = 1/10, and GnPS-g-P2VP concentration c = 0.1 mg∙mL
-1

. 
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Figure 5.11 TEM images for samples cast from aqueous solutions of PAA-b-PHEA 

complexes with (a) PS-g-P2VP, (b) G0PS-g-P2VP, (c) G1PS-g-P2VP, and (d) G2PS-g-

P2VP. Samples stained with RuO4 (scale bar = 100 nm). Inset: Magnification of the 

micelles (scale bar = 50 nm). In all cases mGnPS-g-P2VP/mPAA-b-PHEA = 1/10, and GnPS-g-

P2VP concentration c = 0.1 mg∙mL
-1

. 
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Table 5.5 Particle diameter (nm) measured from transmission electron micrographs 

and DLS for complexes of GnPS-g-P2VP, Pd, and PAA-b-PHEA.
a
 

Polymer 

Without  

PAA-b-PHEA 
 

With  

PAA-b-PHEA
b
 

Pd  

(0.5 equiv)
c
 

 
RuO4

 

staining 

Pd  

(0.5 equiv) 

Pd  

(0.5 equiv) DLS
d
 

PS-g-P2VP 3.2 ± 0.8  
25.4 ± 2.2 

46.1 ± 8.1 
17.7 ± 4.2 236 ± 143 

G0PS-g-P2VP 21.2 ± 2.4  25.6 ± 3.5 28.3 ± 2.9 
47 ± 12 

245 ± 101 

G1PS-g-P2VP 36.1 ± 3.2  41.0 ± 4.4 45.0 ± 6.8 183 ± 79 

G2PS-g-P2VP 50.8 ± 5.9  51.7 ± 6.2 59.2 ± 8.0 301 ± 144 
a
 Diameter measured from TEM images or as indicated. 

b 
Preparation in aqueous solutions 

with mGnPS-g-P2VP/mPAA-b-PHEA = 1/10, and GnPS-g-P2VP concentration c = 0.1 mg∙mL
-1

. 
c
 

Loading with 0.5 molar equiv of Pd(II), deposited from ethanolic solutions. 
d
 Measured by 

DLS with NNLS analysis; size distributions provided in Appendix A5.4. 

 

5.4.2.3.3 Palladium loading 

The rapid complexation of Pd(II) by GnPS-g-P2VP in ethanol was reported in 

Chapter 3 and led to the formation of stable colloidal solutions with catalytic properties. To 

achieve solubility in water, complexation of the arborescent copolymers with 0.5 molar equiv 

of Pd(II) was first performed in ethanol with Pd(OAc)2 as reported previously. PAA-b-PHEA 

dissolved in ethanol was then added to the orange-colored homogeneous solution, to induce 

the formation of the GnPS-g-P2VP/Pd/PAA-b-PHEA complexes. Upon addition of the 

hydrophilic copolymer, a light white floc precipitated out of the ethanolic solution. The 
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ethanol was evaporated and the complex was redissolved in Milli-Q water. The solution thus 

obtained was homogeneous, with an orange tinge. 

Analysis by DLS, shown in Figure 5.12 and Table 5.5 (fourth column), revealed the 

presence of colloidal particles with a size distribution broader than for the metal-free 

micelles, as is typically observed for polyion complexes.
10

 The hydrodynamic diameter was 

about twice as large as that measured in water for the complexes without Pd (Table 5.4). A 

notable exception was the complex formed by G2PS-g-P2VP, which displayed a comparable 

diameter with and without Pd loading. A bimodal distribution was also observed for the 

metal-loaded complexes of G0PS-g-P2VP, with smaller aggregates having Dh = 47 ± 12 nm. 

 

 

Figure 5.12 Size distribution for aqueous solutions of (a) PS-g-P2VP, (b) G0PS-g-P2VP, 

(c) G1PS-g-P2VP, and (d) G2PS-g-P2VP complexed with Pd(II) and PAA-b-PHEA in 

water. In all cases mGnPS-g-P2VP/mPAA-b-PHEA = 1/10, [Pd]/[2VP] = 0.5, and GnPS-g-P2VP 

concentration c = 0.02 mg∙mL
-1

. 
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TEM imaging of the Pd-loaded interpolymer complexes confirmed the presence of Pd 

in the micelles (Figure 5.13). The size of the Pd-loaded complexes, provided in Table 5.5 

(third column), was generally larger than for the GnPS-g-P2VP/PAA-b-PHEA complexes 

stained with RuO4, in analogy to the DLS results. The Pd-loaded aggregates deposited from 

aqueous solutions were also somewhat larger than the arborescent copolymers loaded with 

0.5 molar equiv of Pd(II) without PAA-b-PHEA, deposited from ethanolic solutions (Chapter 

3 and Table 5.5). The size discrepancy ranged from 17 to 33% and decreased as the 

generation number (rigidity) of the arborescent copolymer increased. The complexes derived 

from the comb-branched copolymer were an exception, as noted previously: They formed 

multi-molecular aggregates about 5.5 times larger than their PAA-b-PHEA-free counterpart. 

It is assumed that the less compact structure of the G0 polymer facilitated the aggregation of 

the Pd-loaded micelles, as for the metal-free polymer. 

The Pd-loaded micelles obtained by complexation of GnPS-g-P2VP/Pd(II) with 

PAA-b-PHEA clearly yielded stable dispersions in water. While broader size distributions 

were observed by DLS, TEM imaging of deposited films only suggested a moderate level of 

aggregation. 
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Figure 5.13 TEM images for Pd-loaded samples prepared from aqueous solutions of 

PAA-b-PHEA complexes with (a) PS-g-P2VP/Pd, (b) G0PS-g-P2VP/Pd, (c) G1PS-g-

P2VP/Pd, and (d) G2PS-g-P2VP/Pd. The scale bars represent 100 nm. In all cases 

mGnPS-g-P2VP/mPAA-b-PHEA = 1/10, [Pd]/[2VP] = 0.5, and GnPS-g-P2VP concentration c = 

0.1 mg∙mL
-1

. 
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5.4.2.4 GnPS-g-P2VP complexed with 1 mass equivalent of PAA-b-PHEA 

5.4.2.4.1 Solution properties 

Interpolymer complexes were also prepared by the addition of 1 mass equivalent of 

PAA-b-PHEA to G2PS-g-P2VP in ethanol, i.e. f+ = 0.88. The size (Dh = 106.5 ± 0.5 nm) and 

size dispersity (Đp = 0.10 ± 0.1 nm) obtained by DLS analysis in ethanol (Figure 5.14) were 

comparable to the multi-molecular aggregates formed with 10 mass equiv of hydrophilic 

copolymer (Table 5.2). Both values remained constant in water/ethanol mixtures when the 

water content was below 50% (v/v). A slight decrease in Dh was noted at 50% (v/v) (Dh = 

96.2 ± 0.9 nm), as the P2VP segment presumably collapsed within the interpolymer complex 

in the non-solvent. The aggregates nonetheless remained soluble and had a low size 

dispersity (Đp = 0.06 ± 0.02), suggesting good stabilization by the hydrophilic layer. In pure 

water the size of the aggregates increased further to Dh = 204.1 ± 1.0 nm, and the size 

dispersity to Đp = 0.10 ± 0.01. This corresponds to about 2/3 of the size of the multi-

molecular aggregates formed with 10 mass equiv of hydrophilic chains. Aggregation of the 

interpolymer complexes is therefore likely responsible for the larger sizes observed. The 

lower Dh measured with 1 mass equiv of PAA-b-PHEA suggests however a lower level of 

aggregation as the hydrophilic copolymer content is decreased. 
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Figure 5.14 Evolution of the size (diamonds) and size dispersity (Đp, triangles) of G2PS-

g-P2VP/PAA-b-PHEA complexes in water/ethanol mixtures measured by DLS. The size 

of G2PS-g-P2VP is shown for comparison (square). In all cases mG0PS-g-P2VP/mPAA-b-PHEA 

= 1/1, and G0PS-g-P2VP concentration c = 0.1 mg∙mL
-1

. 

 

5.4.2.4.2 Catalytic activity 

The catalytic activity of the arborescent copolymers G0PS-g-P2VP and G2PS-g-

P2VP loaded with Pd (Pd/2VP = 0.5) and complexed with a 1:1 mass equivalent PAA-b-

PHEA was evaluated in the Suzuki-Miyaura (SM) cross-coupling reaction between 

phenylboronic acid (PBA) and 4-bromoanisole (BA) in D2O, as shown in Scheme 5.5. 

 

Scheme 5.5 Suzuki-Miyaura cross-coupling reaction between 4-bromoanisole and 

phenylboronic acid with 0.5 mol % of Pd catalyst in D2O. 
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In recent years on-water chemistry has gained popularity, as water is an 

environmentally benign solvent, cheap, non-hazardous, and abundant. The SM reaction has 

been performed in water with hydrophobic reactants before, by taking place in a biphasic 

medium.
106,107

 For instance, Pd complexes supported on an amphiphilic PS resin were used 

for the SM reaction but displayed limited activity in neat water.
108

 Meise and Haag reported 

the preparation of hyperbranched polyglycerol functionalized with Pd complexes that 

displayed large TONs (59,000) in neat water and could be reused five times without loss of 

activity.
109

 Sawoo et al. demonstrated the preparation of PEG-stabilized Pd NPs in water that 

were efficient catalysts in the SM reaction in this medium.
110

 PAA-stabilized Pd NPs were 

also prepared by Coulter et al. and were found to catalyze SM coupling reactions even at low 

Pd loadings (0.01 mol) in water.
111

 

In the present study, the reaction was performed in neat D2O to investigate the 

applicability of the catalytic systems under green conditions. In this solvent the reaction was 

heterogeneous, as both BA and the reaction product, 4-methoxy-1,1’-biphenyl (MBP), 

displayed limited solubility in water. By sampling aliquots of the aqueous solution during the 

reaction and dilution with ethanol, the conversion was monitored by 
1
H NMR spectroscopy 

as illustrated with a representative set of spectra in Figure 5.15. 
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Figure 5.15 Time-dependent 
1
H NMR spectra for the Suzuki-Miyaura cross-coupling 

reaction between phenylboronic acid and 4-bromoanisole in D2O catalyzed with G1PS-

g-P2VP/Pd[0.5 eq]/PAA-b-PHEA ([Pd] = 0.5 mol %). The peak assignments are 

indicated for each signal. 

 

In spite of its limited solubility in water, the catalyst precursor Pd(OAc)2 used without 

polymeric stabilizer displayed some catalytic activity, with a conversion of 12 mol %  

reached after 6 h, as shown in Figure 5.16a. The low solubility of the reagents and Pd species 

was clearly detrimental to the catalytic activity however; for comparison, a conversion of 50 

mol % was reached within 1 h under similar conditions in ethanol (Chapter 3). At longer 

reaction times the conversion of the substrate reached a plateau, as deactivation of the 

catalyst occurred. A similar asymptotic profile was observed in ethanol after 1 h. 
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Figure 5.16 Formation of (a) 4-methoxy-1,1’-biphenyl and (b) anisole side product in 

the Suzuki-Miyaura cross-coupling reaction between phenylboronic acid and 4-

bromoanisole in D2O, with 0.5 mol % Pd, and in presence of G0PS-g-P2VP/PAA-b-

PHEA (squares), G2PS-g-P2VP/PAA-b-PHEA (triangles), and no stabilizer (diamonds). 

In all cases mGnPS-g-P2VP/mPAA-b-PHEA = 1/1, [Pd]/[2VP] = 0.5. 

 

Using G0PS-g-P2VP/PAA-b-PHEA as stabilizer, a conversion of about 12 mol % 

was achieved after 47 h, although large variability in the results resulted from sampling of the 

heterogeneous solution. The catalyst nevertheless remained active and the conversion 

reached 21 mol % after 5 days (Figure 5.16a). When using G2PS-g-P2VP/PAA-b-PHEA, the 

conversion reached 20 mol % after 1 week. The slower kinetics of MBP formation suggested 

restricted access of the substrate molecules to the compact core of the arborescent copolymer 

in water. The absence of deactivation hints at greater stabilization of the Pd catalyst within 

the polyion complex micelles, however. It should be noted that the interpolymer complexes 

used without Pd did not display any significant catalytic activity even after 8 days. 
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The formation of anisole as a side product was favored for the G1/Pd/PAA-b-PHEA 

system after 47 h, with 46 mol % of BA being dehalogenated (Figure 5.16b). Slower rates of 

side product formation were noted for the G3 micelles, and without stabilizer. In presence of 

the polymers, an induction period appears to be present before the dehalogenation reaction, 

These preliminary results hint at the usefulness of the arborescent PIC micelles as catalyst 

stabilizers in water, although further investigation is needed to optimize their catalytic 

performance in water or mixed (ethanol/water) media. 

 

5.5 Conclusions 

The preparation of polyion complex micelles was demonstrated using arborescent 

copolymers, GnPS-g-P2VP, of overall generations ranging from G0 to G3, and a double-

hydrophilic block copolymer, PAA-b-PHEA. The later was obtained by deprotection of 

PtBA-b-P(HEA-TMS), synthesized by ATRP. Hydrogen bonding and electrostatic 

interactions between the arborescent polybase and the polyacid led to rapid complexation of 

the polymers and the formation of supramolecular aggregates in ethanol. The PIC micelles 

had hydrodynamic radii Dh ranging from 354 to 488 nm and a size dispersity Đp ≤ 0.03 in 

ethanol. The multi-molecular aggregates derived from the comb-branched (G0) copolymer 

had a broader size distribution (Đp = 0.17). In ethanol the supramolecular micelles displayed 

thermo-responsive properties, dissociating above a critical temperature of ca. 35 °C and 

reforming upon cooling. 

The GnPS-g-P2VP/PAA-b-PHEA complexes with n ≤ 1 formed water-soluble 

aggregates with Dh  110 nm and Đp  0.2. More extensive aggregation was observed for the 
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larger G3 copolymer micelles. In aqueous solution the supramolecular micelles were stable 

to at least 50 °C, with Dh below 103 nm. Imaging of the water-soluble aggregates by AFM 

and TEM revealed compact structures. The size of the micellar complexes derived from G0 

and G1 copolymers were comparable to the arborescent substrate, while aggregation was 

noted for the other substrates. Phase imaging by AFM confirmed the presence of the DHBC 

in the corona of the micelles. Loading of the PIC micelles with Pd(II) was demonstrated by 

TEM, and DLS measurements indicated water-soluble species with a rather broad size 

distribution. Interpolymer complexes were also formed by complexation with 1 mass equiv 

of PAA-b-PHEA, and these were also stable in water/ethanol mixtures. Loading with Pd of 

the PIC micelles yielded water-soluble Pd catalysts for the Suzuki-Miyaura reaction. In 

addition to phase separation, steric hindrance appeared to limit the activity of the catalyst. 

After further optimization, the PIC micelles prepared may be useful as catalysts and for the 

preparation of metallic nanoparticles in aqueous medium. 
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Chapter 6 

 

Nickel Nanocatalysts by Thermal Decomposition of 

Ni(CO)4 and Their Polymeric Stabilization 
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6.1 Overview 

This study aims at comparing the catalytic activity of novel nickel nanopowders, 

synthesized by thermal decomposition of Ni(CO)4, with other commercial catalysts including 

Raney
®

 and QSI-Nano
®

 nickel. The specific surface area of the nanopowders investigated 

ranged from 6.4 to 97.2 m
2
∙g

-1
. The activity of the catalysts in the reduction of adiponitrile 

and mesityl oxide with hydrogen was higher for the nanopowders than for the commercial 

catalysts in some cases, and treatment of the particles with diethylenetriamine led to further 

improvement in catalytic activity. Aggregation of the nanopowders could be prevented with 

polymeric stabilizers. The structure and composition of these polymers was tailored to 

maximize the dispersibility and the catalytic activity of the particles. The polymeric 

dispersing agents examined included block copolymers of polystyrene (PS) with 

poly(ethylene oxide) (PEO) or poly(2-vinylpyridine) (P2VP), viz. PEO-b-PS-b-PEO and 

P2VP-b-PS-b-P2VP, and telechelic polymers of PEO. The materials obtained were useful as 

high-performance catalysts for hydrogenation reactions, demonstrating the benefits of 

polymer stabilization for nanoparticle catalysts. 
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6.2 Introduction 

 The fast development of nanotechnology has provided new dynamism to many 

research fields, as the properties observed for nanomaterials are often unique. For example, 

the synthesis of nanoparticles (NPs) has become increasingly controlled: Small particles with 

narrow size distributions can be obtained.
1
 Metallic nanoparticles can display exceptional 

catalytic activity due to their large surface area and the influence of confinement (nanosize) 

effects.
2–9

 Magnetic nanomaterials, in particular, have attracted attention to minimize catalyst 

leaching and facilitate metal recovery by magnetic filtration.
10

 These materials have also 

shown promise in areas including energy production,
11

 data storage,
12

 sensing,
13

 ferrofluids,
14

 

photonics,
12

 biology, and medicine.
11,12,14,15

 

Among the ferromagnetic catalysts, nickel is of notable relevance due to its good 

chemical stability, resistance to poisoning, and ease of recyclability.
16

 Nickel nanocatalysts 

have been applied to hydrogenation,
17,18

 dehydrogenation,
19

 oxydation,
20

 condensation,
21

 

alkylation,
22

 carbonylation,
23

 cycloaddition,
24

 and different cross-coupling reactions (Stille,
25

 

Kumada,
26

 Negishi,
27

 Heck,
28

 Suzuki
29

). Applications in proton exchange membranes 

(PEM),
30

 solid oxide fuel cell (SOFC) assemblies,
31

 and in the synthesis of carbon 

nanotubes
32 

are also foreseen. 

The size, shape, and composition of the NPs have been shown to depend markedly on 

the preparation method, which in turn affects the catalytic
18

 and magnetic
14,33

 properties of 

these materials. While they have been relatively less investigated than other ferromagnetic 

metals,
14

 different methodologies have been devised for the preparation of Ni NPs ranging 

from top-down to bottom-up approaches.
14

 Physical methods include sputtering,
34

 pulsed 
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laser ablation,
35

 spray pyrolysis,
36

 reactive ball-milling,
37

 microwave irradiation,
38

 spark 

discharge,
39

 chemical vapor deposition,
40

 and vacuum evaporation.
41

 Chemical reduction 

methods encompass electron transfer reduction by electrochemical methods
42,43

 or 

multifarious reducing agents (hydrazine,
44

 polyalcohols - polyol process,
45–47

  super-

hydrides,
48–51

 hydrogen,
52

)  and by the reduction of intermediate metal complexes.
53–55

 The 

sonochemical
56,57

 and thermal decomposition of metal complex precusors
58–60

 have also 

found widespread use. 

Chemical reduction methods have been favored because of their simplicity, low cost, 

and the control they offer over the size of the NPs.
16

 Unfortunately, oxidation of the particles 

during wet syntheses represents an important limitation of these protocols.
11,14,16,61

 

A novel method allowing the preparation of nickel NPs at a very competitive cost as 

compared to the wet chemistry methods was developed recently at Vale-Inco.
62

 This 

technique is based on the thermolysis of nickel carbonyl (Ni(CO)4) using streams of hot and 

cold gases in a flow reactor. The advantage of this approach is that nickel carbonyl is an 

inexpensive intermediate used in the nickel refining process. While still experimental, this 

method has potential for the production of nanoparticles with tunable size and characteristics 

on a large scale.
62

 

To benefit fully from the high catalytic activity of NPs, their aggregation – favored by 

their high surface energy and curvature
5
 – must be prevented, while maintaining unhindered 

access to their surface. Different methods are available to minimize the aggregation of 

nanoparticles including the use of specific solvents,
63,64 

surfactants,
49,65,66

 ligands,
48 

and 

polymers.
55,67 

The first three methods give rather unstable products under demanding 
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catalytic conditions
68

 unless strong interactions (usually also detrimental for catalytic 

applications) with the stabilizer are present. However polymers can exhibit multiple weak 

interactions with the NPs surface, providing simultaneously strong stabilization and access of 

the substrate molecules to the catalytic sites.
69

 The polymer chains may furthermore protect 

magnetic particles from aerial oxidation, although a limited number of polymers have been 

investigated for this purpose.
61

 

The influence of polymers on catalytic activity, selectivity, and bonding interactions 

has been examined in various metallic colloidal systems;
8,69

 however, relatively few 

investigations involved colloidal Ni NPs.
68,70

 Umegaki et al. reported improved durability for 

an amorphous Ni catalyst stabilized by poly(N-vinyl-2-pyrrolidone) (PVPy), while the 

catalytic activity for the hydrolysis of ammonia borane was unaffected by the presence of the 

macromolecules.
70

 Ould Ely et al. investigated the influence of the molar mass of the 

polymer on the stability of Ni NPs. They demonstrated efficient encapsulation by relatively 

low molar mass PVPy and highlighted the influence of the solvent on the conformation and 

wrapping of the polymer chains around the NPs. They also presented evidence for the 

protective role of the polymer against particle oxidation by air.
55

 Rashid et al. prepared 

poly(vinyl methyl ether)-stabilized Ni NPs that were efficient catalysts for both inorganic and 

organic reactions in water. The catalyst could be recycled at least 8 times.
61

 Liaw et al. 

observed a 1.5- to 3-fold increase in catalytic activity for NiB nanoparticles in the 

hydrogenation of carbonyl and olefinic groups when using PVPy as stabilizer. They 

suggested that the polymer coordinated weakly with NiB at multiple sites through the lone 

electron pairs of the pyrrolidone groups, leading to strong overall interactions with the 
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polymer.
68

 Other polymeric stabilizers used with Ni NPs include pluronic triblock 

copolymers,
71

 hydroxypropyl methylcellulose,
16

 polystyrene-block-poly(2-vinylpyridine),
72

 

poly(methacrylic acid),
67

 and polyacrylamide.
67

 

On the basis of the above observations, we proposed to evaluate the catalytic 

performance of a series of Ni NPs synthesized by a gas-phase process developed at Vale-

Inco. The catalytic activity of the particles, in both their bare and polymer-stabilized forms, 

was compared to that of other commercial catalysts, with emphasis on the specific surface 

area and the composition of the particles (passivated vs. non-passivated). More generally, we 

aimed to demonstrate the usefulness of polymer stabilization to improve the colloidal 

stability and the performance of nickel nanocatalysts, as well as to investigate the effect of 

the macromolecules on areal oxidation. 

 

6.3 Experimental procedures 

6.3.1 Materials 

6.3.1.1 Reagents, catalysts and polymers 

The reagents diethylenetriamine (DETA, Sigma-Aldrich, ReagentPlus
®

, 99%), 1,6-

hexanedinitrile (ADN, adiponitrile, Sigma-Aldrich, 99%), mesityl oxide (MO, Fluka, 

technical grade, ≥90%), methyl isobutyl ketone (MIBK, Baker analyzed
®

, ACS reagent, 

≥98.5%), 4-methyl-2-pentanol (MIBC, methyl isobutyl carbinol, Sigma-Aldrich, 98%), 

phenylmagnesium chloride (PhMgCl, Sigma-Aldrich, 2.0 M in THF), thionyl chloride 

(Fluka, ≥99%), acetone (Caledon, HPLC grade, ≥99.7%), dichloromethane (Chromasolv
®

, 
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HPLC grade, ≥99.8%), diethyl ether (Sigma-Aldrich, anhydrous, ACS reagent, ≥99.0%), 

methanol (Caledon, ACS reagent), 1-propanol (IPA, Fisher Certified), anhydrous 2-propanol 

(Alfa Aesar, ≥99.5%), K2CO3 (Sigma-Aldrich, ACS reagent, ≥99.0%), and activated alumina 

(Sigma-Aldrich, neutral, Brockmann I) were used without further purification. Triethylamine 

(Sigma-Aldrich, ≥99%) was purified by stirring with calcium hydride overnight and 

distillation under reduced pressure. Ethylene oxide (EO, Air Liquide) was purified using 

calcium hydride and PhMgCl under vacuum, as described in Appendix A6.1.2. Toluene 

(Caledon, HPLC grade, ≥99.8) was purified by refluxing with oligostyryllithium under dry 

N2 atmosphere. Raney
® 

nickel (WR Grace and Co. Raney
® 

2400 and 2800, slurry in water), 

QSI-Nano
®

 nickel (QuantumSphere Inc.), Aldrich nickel nanopowder (Sigma-Aldrich, <100 

nm particle size, ≥99% trace metals basis), the Inco nickel nanopowders, polyethyleneimine 

solution (PEI, Sigma-Aldrich, M̅n = 60,000 g·mol
-1

, 50 wt % in water), and poly(N-vinyl-2-

pyyrolidone (PVPy, Sigma-Aldrich, M̅w = 10,000 and 1,300,000 g·mol
-1

) were used as 

received. Poly(ethylene glycol) monomethyl ether (MPEG, Polysciences, M̅n = 1900 g·mol
-1

) 

was purified by azeotropic distillation with dried toluene. 

 

6.3.1.2 Inco nickel nanopowders synthesis 

The nickel nanoparticles provided by Vale-Inco Technical Services Limited (VITSL, 

Mississauga, Ontario, Canada) were synthesized by the thermal decomposition of nickel 

tetracarbonyl. A schematic representation of the apparatus employed is given in Figure 6.1. 

Briefly, a Ni(CO)4 stream was injected in a vertical chemical vapor deposition (CVD) reactor 

through a hot gas stream (ca. 400 °C). Decomposition of the carbonyl precursor in the reactor 
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resulted in the nucleation of fine particles. Rapid quenching of the particles in liquid nitrogen 

(powder consolidator) prevented sintering and further particle growth, thereby offering 

control over the size and specific surface area (SSA) of the particles formed. Further control 

over particle growth was achieved by adjusting the length of the reactor. Under these 

conditions the concentration of the incoming gas determined the concentration of nuclei, 

ultimately colliding and increasing in size; and therefore a lower Ni(CO)4 concentration 

yielded a lower SSA. This reactor yielded ca. 10 g of particles per hour, with a short starting 

time, and around 30 min flushing with nitrogen at the end of the run to remove residual 

Ni(CO)4 and allow safe opening of the reactor. The bottom of the reactor housing the filter 

(discharge container) was then disconnected, capped rapidly to prevent particle oxidation by 

the air (Figure 6.1), and transported to a glove box to transfer the particles under inert 

atmosphere. Caution: Nickel tetracarbonyl is volatile, extremely toxic, and may be fatal if 

absorbed through the skin or inhaled. Nickel nanoparticles are toxic, suspected carcinogens,
73

 

and flammable. Both should be handled with proper laboratory technique, and under a well-

ventilated fume hood or with proper protective equipment. 
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Figure 6.1 Gas pyrolyzer used in the production of Ni nanopowders from Ni(CO)4. 

Reprinted with permission from Reference 62. Copyright 2008 American Scientific 

Publishers. 

 

6.3.2 Hydrogenation reactions 

6.3.2.1 High pressure hydrogenation 

The hydrogenation of adiponitrile (ADN) and mesityl oxide (MO) was performed 

using hydrogen gas under pressure. Caution: Hydrogen has a high flammability (explosive 

limit of 4% per volume in air at standard temperature and pressure),
74

 so suitable safety 

precautions are required. The experiments were carried out in stainless steel, high pressure 

Parr reactors. Hydrogen was introduced in the reactors through ¼” stainless steel tubing with 
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a pressure rating of 41.4 MPa (6000 psig), and residual gas was vented to an explosion-proof 

fume hood after the reactions, in a laboratory designed for high-pressure hydrogenation. 

 The hydrogenation of ADN was performed at a pressure of 6.9 MPa (1000 psig) in a 

1-L Parr autoclave (model 4011) in a rocker-type shaking base (Figure 6.2a). The 

hydrogenation of MO was performed at 1.4 MPa (200 psig), in a 600 mL Parr autoclave 

equipped with a sampling tube (Figure 6.2b). The temperature was controlled by a 

proportional–integral–derivative (PID) controller (Fuji Electric PXZ-9), and the stirring rate 

was adjusted with a tachometer at ± 5 revolutions per minute (rpm). 

 

 

Figure 6.2 (a) Parr reactor in rocker-type shaking base for the hydrogenation of 

adiponitrile, and (b) Parr reactor for the hydrogenation of mesityl oxide. 
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6.3.2.2 Hydrogenation of adiponitrile 

6.3.2.2.1 Passivated catalysts 

The experimental conditions employed for the catalytic hydrogenation of ADN were 

adapted from the procedure of Freidlin et al.
75

 The nickel nanoparticles (30–250 mg) were 

weighed into a beaker; methanol (100 mL) and ADN (5 g, 46 mmol) were added, and the 

solution was sonicated (Bransonic
®
 Branson 2210R-MTH bath) for 10 min. When using 

Raney
®

 nickel (RaNi), the catalyst as slurry in water (ca. 310 mg) was transferred to a 

centrifuge tube and subjected to 3 cycles of washing with methanol, centrifugation, and 

decantation in order to remove the water. The particles (ca. 270 mg) were then transferred to 

a beaker with the solvent and the substrate, and sonicated for 10 min. 

 The reaction mixture was transferred to the reactor which was flushed with nitrogen, 

sealed, and returned to the base of the apparatus pre-heated to 50 °C. The temperature 

returned to 50 °C again after ca. 5 h. The reactor was flushed 3 times with hydrogen at 0.7 

MPa (100 psig), and pressurized to 6.9 MPa. Shaking was maintained for 24 h. The pressure 

was then released from the reactor which was allowed to cool for 3 h, and the solution was 

removed. The catalyst was decanted with a magnet for 3 h, and the clear supernatant was 

filtered through filter paper (Whatman
®

, grade 4). When employing NPs, the solution was 

rather filtered through a polytetrafluoroethylene (PTFE) filter (Omnipore
TM

 Millipore) with a 

nominal pore size of 0.1 μm. The solvent was removed on a rotary evaporator, the sample 

dried under vacuum (<13 Pa, 0.1 mm Hg) for 3 h, and the residue was analyzed by 
1
H NMR 

spectroscopy. The reactor was washed with methanol, soapy water, rinsed with methanol, 

and dried with air to prevent catalyst carryover. 
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6.3.2.2.2 Non-passivated catalysts 

The non-passivated nickel particles from VITSL and QuantumSphere Inc. (QSI) were 

stored under inert atmosphere and manipulated under N2 in a glove bag, and transferred to a 

nitrogen-purged vial for weighing. The ADN substrate (5 g, 46 mmol) was added to 

methanol (100 mL) in a flask sealed with a septum and the solution was deoxygenated by 

bubbling N2 for 10 min. The solution was sonicated for 10 min inside the glove bag and a 

syringe was used to transfer the solution mixture to the reactor. The hydrogenation reaction 

and the workup procedure were carried out as described in Section 6.3.2.2.1. 

 

6.3.2.3 Hydrogen reduction of the nickel nanopowders 

Reduction of the oxidized particles was performed under hydrogen by loading the 

particles (ca. 250 mg) in the 1-L Parr reactor which was evacuated, charged twice with 

hydrogen at 3.5 MPa (500 psig) before releasing the pressure, filled with hydrogen at 6.9 

MPa, and heated to 250 °C for 2 h. After releasing the pressure and cooling the reactor, the 

methanolic adiponitrile solution (0.46 mol∙L
-1

) was transferred to the reactor under N2 

atmosphere. 

 

6.3.2.4 Decoking of the nickel nanopowders 

Decoking of the nanoparticles was carried out by loading the particles (ca. 250 mg) in 

a glass column in the presence of silica (50 wt %) and treatment with 10% (v/v) H2/N2 at 500 

°C for 5 h at a flow rate of 110 mL∙min
-1

. 
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6.3.2.5 DETA treatment 

The Ni particles (140 mg) were loaded in a test tube (13 × 115 mm
2
) sealed with a 

septum. Deionized water (10 mL), degassed by bubbling N2 through it for at least 20 min was 

added, followed by diethylenetriamine (DETA, 1 mL, 9 mmol) drop-wise, after degassing in 

a similar fashion. An exothermic reaction occurred and after a few seconds a purple tinge 

was observed in the vicinity of the particles at the bottom, and hydrogen gas was evolved. 

The particles were redispersed by sonication of the test tube, centrifuged (Clay Adams, 3400 

rpm), and the supernatant was removed with a syringe under N2 atmosphere. This process 

was repeated 3 times; the particles were then washed 3 times by adding degassed 2-propanol 

(IPA, ca. 10 mL), sonication, centrifugation, and decantation. Drying of the particles was 

achieved under vacuum (13 Pa) for 1 h before storage under N2. Caution: These nickel 

particles are pyrophoric and should be stored under inert atmosphere or in slurry form. 

 

6.3.2.6 Hydrogenation of mesityl oxide 

The desired amount of catalyst (30–100 mg) was weighed on a balance in a glove box 

maintained under N2 atmosphere. Anhydrous 2-propanol (100 mL) and MO (5 g, 51 mmol) 

were degassed in an Erlenmeyer flask and added to the catalyst in the glove box. The flask 

capped with a septum was removed from the glove box and sonicated for 30 min. The 

dispersion was then transferred to the nitrogen-purged reactor with a cannula. The reactor 

was flushed 3 times with hydrogen at 0.69 MPa (100 psig), and pressurized at 1.38 MPa (200 

psig) for the reaction. The reduction was performed at 50 °C and 1.38 MPa H2, at a stirring 

rate of 330 rpm, for 3–6 h. The progress of the reactions was monitored by sampling ca. 
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1 mL of solution every 30 minutes (after discarding 8 mL of solution each time, to take into 

account the dead volume in the sampling tube). The sampled solution was decanted over a 

magnet and the supernatant was transferred to an Eppendorf centrifuge tube. After 

centrifugation for 1 h, the supernatant was recovered and a known amount (ca. 0.02 g, 

0.025 mL, 0.3 mmol) of 1-propanol was added as an internal standard. The time-dependent 

conversion of the reaction was determined by gas chromatography (GC) analysis. 

 

6.3.3 Polymer synthesis 

6.3.3.1 Synthesis of PEO-b-PS-b-PEO and P2VP-b-PS-b-P2VP 

Triblock copolymers of poly(ethylene oxide)-block-polystyrene-block-poly(ethylene 

oxide) (PEO-b-PS-b-PEO) and poly(2-vinylpyridine)-block-polystyrene-block-poly(2-

vinylpyridine) (P2VP-b-PS-b-P2VP) were synthesized by anionic polymerization, using 

potassium naphthalide as initiator. The detailed procedures are included in Appendix A6.1. 

 

6.3.3.2 Synthesis of MPEG-DETA 

A commercial poly(ethylene glycol) (PEG) monomethyl ether sample (M̅n = 

1900 g·mol
-1

) was chlorinated by a procedure described by Zalipsky et al.
76

 The reaction 

started with the azeotropic purification of 0.01 mol (20 g) of MPEG with 100 mL of dry 

toluene, to remove residual water. The polymer was then redissolved in 100 mL of toluene 

and transferred to a round-bottomed flask with a refluxing condenser. Distilled triethylamine 

(0.01 mol) was added, followed by thionyl chloride (0.03 mol) drop-wise over 45 min. The 
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reaction was allowed to proceed for 4 h at reflux before cooling to room temperature. The 

triethylammonium hydrochloride salt formed was filtered from the solution and the solvent 

was evaporated. The residue was redissolved in dichloromethane (60 mL) and dried over 

anhydrous K2CO3 (2.5 g). After filtration on a Büchner funnel, the filtrate was treated with 

activated alumina (25 g) to remove residual salts and water. The polymer was finally 

precipitated in cold diethyl ether and was obtained in 60% yield (12 g). The reaction scheme 

and 
13

C NMR spectra for this reaction are provided in Appendix A6.2. 
1
H NMR (300 MHz, 

CDCl3): 3.35 (CH3−O), 3.62 (CH2-O), 4.19 (Cl−CH2) ppm. 
13

C NMR (300 MHz, CDCl3): 

42.7 (CH2−Cl), 59.0 (CH3−O), 70.5 (CH2−O), 71.3 (Cl−CH2−CH2), 71.9 (CH3−O−CH2) 

ppm. 

The chloride groups were then reacted with diethylenetriamine (DETA). The 

procedure used was based on a method previously reported by Gauthier and Frank.
77

 The 

polymer (0.49 mmol equiv of chloro groups, 0.936 g) was dissolved in 2.5 mL of THF. This 

solution was added drop-wise within one hour to 7.4 mmol of DETA (15-fold excess to avoid 

the formation of dimers) and placed in an oil bath at 50 °C. After heating for 1 h, 2.5 mL of 

methanol was added and the reaction was allowed to proceed for 36 h. The solvent was 

removed; the polymer redissolved in 50 mL of THF, and shaken in a separatory funnel with 

50 mL of 5% aqueous NaOH solution, to deprotonate the amine salt formed. The polymer in 

the THF (top) layer was recovered, evaporated, redissolved in chloroform (20 mL), and 

precipitated in hexane. The final product was obtained in 98% yield (0.917 g). The reaction 

scheme, and 
13

C NMR spectra are shown in Appendix A6.2. 
1
H NMR (300 MHz, CDCl3): 

1.74 (NH2−), 2.66 (O−CH2−CH2−N), 2.72 (NH2−CH2−CH2−N), 2.78 (CH2−NH2), 3.36 
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(CH3−O), 3.62 (CH2−O) ppm. 
13

C NMR (300 MHz, CDCl3): 41.3 (CH2−NH2), 49.1 

(N−CH2−CH2−NH2), 51.2 (O−CH2−CH2−N), 59.0 (CH3−O), 70.6 (CH2−O), 71.9 

(CH3−O−CH2) ppm. 

 

6.3.4 Adsorption isotherms  

The amount of polymer bound to the nickel nanoparticles was determined by the 

following protocol. In a glove box, the particles (ca. 50 mg) were added to a predetermined 

amount of polymer in a 20 mL vial. After the addition of toluene (ca. 10 mL), the vial was 

sonicated for 30 min. The solvent was evaporated under vacuum (<13 Pa, 0.1 mm Hg) and 

the samples were kept under nitrogen. A fraction of the sample (ca. 3.5 mg) was then added 

to IPA (10 mL), and MO (500 mg, 0.05 mol) if applicable, and immersed in an oil bath pre-

heated at 50 °C. After 3 h of vigorous stirring, the solution was cooled to room temperature 

and centrifuged at 15000 rpm (27000 G) for 30 min. The supernatant was recovered and the 

solvent was evaporated by placing the vial in a warm water bath and under nitrogen flow. 

Tetrahydrofuran (1 g, 1.1 mL) was added to the vial, and the solution was sonicated and 

filtered with a 0.22 µm PTFE filter (Omnipore
TM

 Millipore). Quantification of the polymer in 

solution was performed by size-exclusion chromatography (SEC) analysis, by integration of 

the peak obtained from a calibrated differential refractive index (DRI) detector. 
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6.3.5 Characterization 

6.3.5.1 Size-exclusion chromatography (SEC) 

Characterization of the molar mass and dispersity of the polymers was achieved by 

SEC analysis. The system used consisted of a Waters 510 HPLC pump, a 50-µL injection 

loop, a Waters 2410 differential refractometer (DRI) detector, and a Wyatt MiniDAWN laser 

light scattering detector operating at 690 nm. Separation was achieved with a 500 × 10 mm
2
 

Jordi Gel DVB mixed-bed column with a linear PS molar mass range of 10
2
–10

7
. The mobile 

phase used was THF at a flow rate of 1 mL∙min
-1

, at room temperature. 

 

6.3.5.2 Nuclear magnetic resonance (NMR) spectroscopy 

The composition of the polymers and the conversion of the reactions were determined 

by 
1
H and 

13
C NMR spectroscopy, on a Bruker Avance-300 (300 MHz) nuclear magnetic 

spectrometer equipped with a z-gradient QNP 5 mm sample probe. CDCl3 or DMSO-d6 were 

used as solvents, and the chemical shift of the lock solvent was used as the reference 

frequency. Each spectrum comprised 16 scans, and the concentration of the samples for the 

analysis ranged from 10–30 mg∙mL
-1

. 

 

6.3.5.3 Gas chromatography (GC) 

Monitoring of the reduction reactions was accomplished by gas chromatography (GC) 

analysis on an Agilent 6890N chromatograph equipped with a flame ionization detector 

(FID), a J&W Scientific DB-WAX capillary column (30 m × 0.53 mm ID × 1 µm film 
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thickness), and a 7683 Series autosampler injector. 1-Propanol served as internal standard, 

and calibration of the detector was performed with standard solutions. 

 

6.3.5.4 Transmission electron microscopy (TEM) 

Imaging of the nanopowders and polymer-stabilized samples was achieved by 

transmission electron microscopy (TEM) on a Philips CM10 electron microscope operated at 

60 kV accelerating voltage in the bright-field mode. The samples were prepared by 

depositing two drops of solution (ca. 0.5 mg·mL
-1

) onto 300-mesh Formvar
®

 carbon-coated 

copper TEM grids (Electron Microscopy Sciences, FCF300-Cu) placed onto filter paper used 

as wicking medium. After deposition of the solution, the grids were transferred onto a new 

piece of filter paper in a Petri dish and dried overnight at room temperature. Image recording 

was achieved with an Advance Microscopy Techniques 11 megapixel digital camera and the 

Image Capture Software Engine version 5.42.558. The feature size and size distribution were 

measured with the open source processing program ImageJ (version 1.46r).
78

 A minimum of 

fifty measurements were made for the determination of the particle size and size distribution. 

Contrast adjustment was also performed on some of the micrographs, to improve 

visualization and help with the feature measurements. 

6.3.5.5 Analysis at Vale-Inco  

 Particle characterization performed by VITSL included the determination of the 

specific surface area by the BET (Brunauer, Emmett and Teller) procedure, scanning electron 

microscopy (SEM), elemental analysis, and laser diffraction analysis. 
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6.4 Results and discussion 

6.4.1 Nickel nanopowders 

6.4.1.1 Synthesis, surface area and composition 

The nickel nanopowders were synthesized at VITSL by a top-down approach based 

on the thermal decomposition of Ni(CO)4. The Mond (or carbonyl) process,
79

 developed in 

1890, has been widely employed in the purification and the production of Ni powders. Large-

scale production based on this process has been in place at Vale-Inco for many decades.
62

 

More recently, this technology has been exploited in the production of nanosized Ni powders 

by thermal decomposition of the carbonyl precursor in a modified CVD reactor (Figure 

6.1).
62

 

 The first part of the project aimed at testing the catalytic activity of the bare particles, 

to fine tune the experimental conditions used in their synthesis and to achieve control over 

their surface area and composition. A series of 16 nanopowders was produced; the measured 

SSA and elemental composition of the samples are summarized in Table 6.1. The BET 

procedure – commonly applied to this type of system
80

 – was used to determine the surface 

area of the particles at VITSL, and yielded values ranging from 6.4 m
2
∙g

-1
 (Inco 73011) to 

97.2 m
2
∙g

-1
 (Inco 982174). Two series of particles were prepared; the first series (9 samples) 

was stored under inert atmosphere after their synthesis, while the second series (7 samples) 

was passivated by controlled exposure to oxygen. Without passivation, the nanoparticles 

were prone to rapid areal oxidation and reacted exothermically in contact with air. However 

controlled and progressive passivation of the particles was cardinal, as sintering and a 

concomitant decrease in SSA otherwise occurred for the finer particles (e.g., Inco 982714, 
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SSA = 97.2 m
2
∙g

-1
; see Section 6.3.1.2). Particles with SSA greater than 85.5 m

2
∙g

-1
 were 

obtained for both series (Table 6.1). The surface area obtained in some cases was larger than 

for other commercial nickel catalysts such as RaNi 2800 (28.6 m
2
∙g

-1
) and Aldrich Ni 

nanopowder (8.4 m
2
∙g

-1
). It was also comparable to the SSA of Ni NPs produced by 

QuantumSphere Inc. (QSI) (84.0 m
2
∙g

-1
), obtained by a more expensive and energy-

demanding CVD-based process.
81

 

As shown in Figure 6.3, the surface area of six non-passivated Ni nanopowder 

samples was monitored over a period of 8 months. The SSA, ranging from 40.9 to 

60.5 m
2
∙g

-1
, remained constant over that period of time. Similar measurements on the Ni 

nanopowder with the largest SSA (97.2 m
2
∙g

-1
) revealed a small decrease in value, stabilizing 

around 86.0 m
2
∙g

-1
 after 106 days. Although the Ni nanoparticles with intermediate SSA 

displayed greater stability towards rearrangement, surface area stabilization nevertheless 

occurred for the sample with the largest SSA. 
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Table 6.1 Nickel catalysts specific surface area and composition. 

Catalysts 
Specific surface area

a
 

 (m
2
∙g

-1
) 

O content
b
  

(wt %) 

C content
b
  

(wt %) 

Commercial particles    

QSI-Nano
®

 84.0 2.1 0.53 

Raney
®

 nickel 2400 140
c
 n/a

d
 n/a 

Raney
®

 nickel 2800 28.6 n/a n/a 

Aldrich Ni nanopowder 8.4 n/a n/a 

Vale-Inco passivated particles    

113132 85.5 n/a n/a 

34113 57.0 n/a n/a 

80852 (NiO) 31.2 21.0 0.17 

54074 30.3 5.5 0.59 

85109 24.7 4.4 0.29 

108775 13.9 n/a n/a 

73011 6.4 0.3 0.79 

Vale-Inco non-passivated particles    

982714 97.2 n/a 1.5 

112376 73.6 n/a n/a 

98814 60.5 11.4 n/a 

95911 50.8 10.0 0.82 

97502 46.3 9.4 n/a 

98478 46.2 9.4 n/a 

98952 40.9 5.0 n/a 

92831 26.5 n/a n/a 

43386 18.8 n/a n/a 
a
 Measured by the BET method at VITSL. 

b
 Elemental analysis at VITSL for selected 

samples only. 
c
 From Duch and Allgeier.

82,83
 According to the supplier, SSA = 125–140 

m
2
∙g

-1
 after drying the particles under N2 at 130 °C for 1 hour; the composition also included 

2.0–3.0 wt % iron and 2.0–3.0 wt % chromium as promoters. 
d
 Measurement not attempted. 
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Figure 6.3 Evolution of the specific surface area (BET) with time for selected Ni 

nanopowders 98814 (stars), 95911 (diamonds), 98478 (triangles), 97502 (squares), 98592 

(crosses), and 982174 (circles). 

 

The synthetic method allowed the preparation of nickel nanopowders with 

controllable characteristics; however, the presence of CO in the process led to residual 

carbonaceous and oxygenated species, as determined by elemental analysis (Table 6.1). The 

minimum oxygen content measured was 0.3% by mass (wt %) for the passivated Inco 73011 

sample, which was stable in air but also displayed the lowest SSA (6.4 m
2
∙g

-1
). In both 

passivated and non-passivated Ni particles the oxygen content increased with the SSA, as 

shown in Figure 6.4. Thus the oxygen content of the passivated particles reached 5.5 wt % 

for a SSA of 30.3 m
2
∙g

-1
 (Inco 54074), and up to 11.4 wt % for non-passivated particles (Inco 

98814, with a SSA of 60.5 m
2
∙g

-1
). The oxygen atoms may play a role as stabilizers during 

the Ni NPs synthesis, as smaller particle grain sizes were obtained (i.e., larger SSAs) when a 

higher concentration of residual oxygen was present.
84

 



Chapter 6 

 242 

NiO particles (Inco 80852) were also synthesized by the thermal decomposition 

process, with an oxygen content of 21.0 wt % (theoretical composition: 21.4 wt %). While 

their oxygen content was much higher than for the other Inco Ni nanopowders, the SSA (31.2 

m
2
∙g

-1
) of the NiO particles was comparable to that of passivated Ni powders with 5.5 wt % 

oxygen (Inco 54074, Figure 6.4). 

 For the passivated particles, the residual C content of the Ni nanopowders ranged 

from 0.29-0.79 wt %. This is slightly higher than for the non-passivated samples (0.82-1.5 wt 

%). The fraction of residual C generally increased with the SSA of the particles (Table 6.1). 

 

 

Figure 6.4 Evolution of the oxygen content with the SSA for passivated (squares) and 

non-passivated (diamonds) Inco Ni nanopowders, and comparison with NiO 

nanopowder (cross). 
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6.4.1.2 SEM and TEM imaging 

It can be seen from SEM imaging of samples Inco 95911 and 982174 (Figure 6.5 and 

Figure 6.6, respectively) that the nanoparticles are not spherical, but rather form strand-like 

aggregates. The size distribution of the particles, measured by laser diffraction analysis, 

indicated a rather broad size distribution centered around 60 nm (Figure 6.5). For sample 

Inco 982174, the SEM and TEM images shown in Figure 6.6 revealed a much thinner strand-

like shape. The grain size of the smallest features was about 9.4 ± 2.0 nm in diameter. 

Exposure of the large SSA particles to air led to sintering upon exothermic oxidation. 

As shown in the SEM image of Figure 6.7, significant grain growth occurred and the SSA 

dropped from 97.2 to 38.8 m
2
∙g

-1
. The large size increase attests to the high reactivity of the 

particles, which must be stored under inert atmosphere to prevent sintering. 

 

 

Figure 6.5 SEM image (left) and particle size distribution (right) measured by laser 

diffraction of the Inco 95911 sample produced by Ni(CO)4 decomposition (50 m
2
∙g

-1
). 
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Figure 6.6 SEM (VITSL), and TEM images for Inco 982174 sample (97.2 m
2
∙g

-1
). 

 

 

 

Figure 6.7 SEM image (left), and particle size distribution (right) measured by laser 

diffraction of Inco 982174 sample after exposure to air (38.8 m
2
∙g

-1
). 
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Imaging by SEM of sample Inco 982174 after 214 days of storage under N2 revealed 

further increase in grain size, as shown in Figure 6.8, to become comparable to the sintered 

sample (Figure 6.7). The decrease in SSA remained modest, however, at 86.4 m
2
∙g

-1
. Possible 

sintering during the SEM measurements could also account for the discrepancies between the 

SSA and the grain size, since passivation of the particle was performed prior to imaging. 

 

Figure 6.8 SEM image for Inco 982174 sample after 214 days (86.4 m
2
∙g

-1
). Sintering 

may have occurred during sample preparation before the measurements (see text). 

 

6.4.2 Hydrogenation of adiponitrile 

6.4.2.1 Reaction mechanism 

To evaluate the catalytic performance of the nickel nanoparticles, their activity and 

selectivity were tested for comparison with commercial nickel catalysts. The reduction of an 

α,ω-dinitrile (adiponitrile, ADN) to a diamine (1,6-hexamethylenediamine, HMD) was 

selected, as this reaction plays an important role in the industrial production of amines used 

as solvents, textile additives, detergents, and monomers for plastics synthesis, among 
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others.
85–88

 In particular, HMD – the most widely used diamine
86

 – is pivotal in the polymer 

industry for the production
89,90

 and recycling
82

 of polyamides. 

The selective catalytic hydrogenation of adiponitrile has been the topic of several 

studies,
75,82,85,86,89–99

 and its industrial production commonly employs Raney
®

 nickel as a 

catalyst.
90,97

 The reaction mechanism was suggested to proceed stepwise, through the 

formation of intermediate aldimines. The reactive intermediates are then readily converted to 

primary amines to yield HMD (Scheme 6.1).
90,100–103

 It was further suggested that the 

adsorption mode of the nitrile on the catalyst surface occurs via an equilibrium between end-

on (σ, or η
1
) and side-on bonding (π, or η

2
).

90
 However the formation of secondary amines is 

a common side reaction which stems from coupling of the aldimine intermediate with a 

primary amine to form an aminal. The loss of ammonia from the aminal yields a secondary 

imine (Schiff base), which upon hydrogenation forms the secondary amine (Scheme 

6.2).
83,86,104

 Similarly, tertiary amines can be formed by the reaction of a secondary amine 

with the imine.
85,105

 In the case of α,ω-dinitriles, aminal formation can also proceed via both 

intramolecular and intermolecular mechanisms, and yield cyclic or oligomeric products, 

respectively.
83,106

 Other byproducts reported include 1,2-diaminocyclohexane and 

2-aminomethylcyclopentylamine.
87,107,108

  

More recently, Huang and Sachtler rather suggested a concerted mechanism to 

account for amine formation.
83,103,109

 The reaction was proposed to proceed through H atom 

transfer from a donor to the C atom of the nitrile bonded to the metal surface. Further 

reduction of the adsorption complex, RCH2–N=M, leads to the formation of a primary amine. 
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Scheme 6.1 Hydrogenation of adiponitrile to 1,6-hexamethylenediamine via the 

formation of 6-aminohexanenitrile. Adapted with permission from Reference 97. 

Copyright 2003 Elsevier. 

 

 

 

Scheme 6.2 Secondary amine byproduct formation through amine-aldimine 

condensation in the hydrogenation of nitriles. Adapted by permission from Reference 

83. Copyright 2001 Marcel Dekker. 
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6.4.2.2 Average reaction rates 

The catalytic activity and selectivity of the bare (non-stabilized) Ni nanopowders was 

determined in terms of the conversion of ADN to HMD as estimated by 
1
H NMR analysis 

after 24 h (Table 6.2 and Appendix A6.3), for comparison to commercial Ni catalysts (QSI-

Nano
®

 nickel NPs, Aldrich nickel nanopowder, and 2 different samples of Raney nickel: WR 

Grace Raney
®

 nickel 2400 and 2800). The mass of catalyst used was ca. 30 mg in most cases, 

although for catalysts displaying a low activity the mass was increased up to 250 mg. Under 

the experimental conditions employed (50 °C, 6.9 MPa) the catalysts did not hydrogenate 

ADN to HMD selectively; secondary and tertiary amine byproducts were also formed (Table 

6.2). The Inco 92831 particles displayed a selectivity for HMD formation almost twice as 

large as the QSI NPs (66 ± 40 mol % vs. 37 ± 3, respectively), albeit with a large standard 

deviation (over 4 runs) stemming presumably from the broad size distribution of the 

particles. Greater selectivity was also obtained with the Inco 92831 particles than the RaNi 

catalysts 2800 and 2400 (27 ± 10 and 17 ± 14 mol % HMD formation, respectively). 

The rate of the reaction was normalized per unit catalyst mass to obtain the specific 

activity of the catalyst (Equation 6.1); alternatively, the areal activity was also calculated by 

dividing the conversion rate by the mass (g) and the specific surface area (m
2
∙g

-1
) of the 

catalyst (Equation 6.2). 

 
Specific activity = r

1,m =
ADNmolesconverted

time×massofcatalyst
 (6.1) 

 
Areal activity = 

 
𝑟1,𝑠𝑎 =

ADNmolesconverted

time×massofcatalyst×specificsurfaceareaofcatalyst
 (6.2) 
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Table 6.2 Catalyst performance in the reduction of adiponitrile to 1,6-hexamethylene-

diamine in methanol (t = 24 h, T = 50 °C, PH2 = 6.9 MPa, [ADN]0 = 0.5 mol∙L
-1

, mcat = 

0.03–0.25 g).
a
 

Catalyst Conversion
b
 (mol %) HMD selectivity

c
 (%) 

QSI-Nano
®

 100 ± 0 37 ± 3 

Inco 92831 92 ± 6 66 ± 40 

Inco 112376 73 ± 2 18 ± 4 

Inco 113132 56 ± 15 16 ± 6 

Inco 95911 52 ± 14 13 ± 5 

Inco 108775 51 ± 14 14 ± 7 

Raney
®

 Nickel 2800 48 ± 18 27 ± 10 

Inco 85109 46 ± 20 20 ± 4 

Raney
®

 Nickel 2400 35 ± 16 17 ± 14 

Inco 92831 (heptane) 33 ± 1 14 ± 5 

Aldrich NPs 14 ± 15 40 ± 1 

Inco 73011 7 ± 7 11 ± 4 

a
 Averages and standard deviations obtained from at least 2 

measurements.  

b
 Conversion (mol %) =

initialADNmoles−finalADNmoles

initialADNmoles
× 100. 

c
 Selectivity (%)=

HMDmolesformed

initialADNmoles−finalADNmoles
× 100. 
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The data of Figure 6.9 show that the QSI NPs had the highest specific catalytic 

activity (r
1,m = 13.0 ± 0.2 µmol·s-1·g-1

) among the particles tested, although both Inco 113132 

and 112376 yielded comparable but less reproducible results. Among the Inco NPs tested, the 

highest activity was observed for nanopowders with a relatively large SSA and both non-

passivated (Inco 112376, 73.0 m
2
∙g

-1
) and passivated (Inco 113132, 85.5 m

2
∙g

-1
). It is 

noteworthy that these catalysts demonstrated a specific activity more than 9-fold higher than 

the Raney
®

 Ni 2800 catalyst, and more than 21-fold higher than the Aldrich NPs. 

 

Figure 6.9 Specific activity of Inco nanopowders and commercial Ni catalysts in the 

reduction of adiponitrile to 1,6-hexamethylenediamine in methanol (t = 24 h, T = 50 °C, 

PH2  = 6.9 MPa, [ADN]0 = 0.5 mol∙L
-1

, mcat = 0.03-0.25 g). Inset: Comparison of the 

specific activity of Inco nanopowders (solid diamonds; Inco 85109 hollow diamonds), 

with Raney
®
 nickel 2400 (+), Raney

®
 nickel 2800 (), Aldrich nanopowder (×), and 

QSI-Nano
®
 nickel NPs (hollow square). 
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The Inco 92831 particles, when stored under nitrogen, displayed good activity; 

however, the same sample stored in heptane was marred by significant deactivation. It is 

likely that hydrocarbon contamination of the surface resulted in fouling by coke formation or 

poisoning of the catalyst.
110

 Aside from the Inco 85109 particles, the specific activity 

increased logarithmically with the SSA of the Inco nanopowders (inset of Figure 6.9). The 

other nanosized commercial catalysts also followed this trend, although RaNi 2400 was an 

exception (inset of Figure 6.9). 

A comparison of the areal activity of the catalysts, shown in Figure 6.10, gave a 

rather different distribution, and the Inco 92831 nanopowder was found to be the most active 

catalyst by this criterion (r
1,sa = 0.23 ± 0.06 µmol·s

-1
∙m

2
). Among the remaining particles, 

two distinct catalyst groups can be identified. With the exception of the Inco 85109, 73011, 

and 92831 nanopowders stored in heptane, all the Inco catalysts and the QSI nanoparticles 

had a comparable areal activity (r̅
1,sa = 0.14 µmol·s

-1
∙m

2
). The other commercial catalysts and 

Inco nanopowders were about 4 times less active (r̅
1,sa = 0.03 µmol·s

-1
∙m

2
). As noted above, 

the passivated Inco 85109 nanopowder also exhibited a specific activity versus SSA different 

from the trend displayed by the other catalysts (inset of Figure 6.9). Possible fouling or 

poisoning of the catalyst may account for this low activity. A minimum SSA also appears to 

be required for the onset of a catalytic activity, as the passivated particles Inco 73011 with a 

low SSA were poor catalysts in the reduction of ADN. The deleterious effect of heptane as a 

solvent was already discussed in regard to the low activity displayed by the Inco 92831 

particles (vide supra). It is noteworthy that the Ni nanopowders still performed significantly 



Chapter 6 

 252 

better than the Raney catalysts or the Aldrich NPs both in terms of specific and areal 

activities. 

From a practical viewpoint, the rate per unit catalyst mass (i.e., the specific activity) 

is considered most significant since it reflects the amount of catalyst required to attain a 

certain conversion under the conditions used. However, comparison of the areal activities of 

the Inco Ni nanopowders suggests that the rate of the reduction reaction is independent of the 

SSA, i.e. structure-insensitive. While the particle size dependence of the reduction of ADN 

over Ni remains unclear,
97

 hydrogenation reactions are often considered to be structure-

insensitive.
111

 

 

Figure 6.10 Areal activity of Inco nanopowders and commercial Ni catalysts in the 

reduction of adiponitrile to 1,6-hexamethylenediamine in methanol (t = 24 h, T = 50 °C, 

PH2  = 6.9 MPa, [ADN]0 = 0.5 mol∙L
-1

, mcat = 0.03-0.25 g). 
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6.4.3 Hydrogenation of mesityl oxide 

6.4.3.1 Mesityl oxide substrate 

To further investigate the performance of the Ni catalysts prepared at VITSL, as well 

as to study the influence of polymeric stabilizers on their catalytic activity, mesityl oxide was 

chosen as a substrate. This compound presents several advantages making it attractive for use 

in a benchmark hydrogenation reaction. First of all, MO contains two reactive functional 

groups (an alkene and a ketone), allowing an investigation of selectivity for reduction of the 

more reactive alkene group (see Scheme 6.3). This occurs under relatively mild conditions 

and presents fewer side reactions than ADN. Furthermore, MO and its reduction products do 

not contain any functional groups potentially interfering with the binding of amine-

functionalized polymeric dispersants on the surface of the particles. Finally, MO and its 

reduction products can be conveniently analyzed by gas chromatography.
112

 

 

 

Scheme 6.3 Hydrogenation of mesityl oxide. Adapted with permission from Reference 

112. Copyright 2005 Elsevier. 

 

Mesityl oxide serves in the production of methyl isobutyl ketone (MIBK), an 

important solvent used in paints and resin coatings. MIBK also finds applications in 

pharmaceuticals and metallurgical processes, as well as in the production of surfactants and 

other specialty chemicals.
112,113

 The production of MO from acetone is a three-stage process 
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starting from the aldol condensation of acetone to form the intermediate compound diacetone 

alcohol, followed by dehydration over an acid catalyst leading to the formation of MO. The 

final step  (Scheme 6.3) requires the catalytic hydrogenation of MO to yield MIBK.
112

 

 

6.4.3.2 Initial reaction rates 

The hydrogenation of MO was performed in a batch reactor in 2-propanol; and in 

contrast to the reactions using ADN, the reactor was equipped with a sampling tube allowing 

monitoring of the kinetics of the reaction (Figure 6.2b). The concentration of MO was 

monitored over a 3–6 h period. Figure 6.11 displays typical concentration versus time 

profiles obtained using nickel nanocatalysts QSI-Nano
®

, and the Inco 982174 and 112376 

nanopowders. 

The initial reaction rate for the different catalysts was determined by fitting the 

concentration profile to a second-order polynomial given by Equation 6.3. 

 𝐶(𝑡) = 𝑐1 +𝑐2𝑡 + 𝑐3𝑡
2 (6.3) 

An expression for the rate of the reaction as a function of time was then obtained from the 

derivative of Eq. 6.3, where the constant c2 represents the initial rate of the reaction and c3 

the initial concentration of MO.
112

 The rates were normalized either per unit mass of catalyst, 

or per unit surface area to obtain the specific (r
2,m

 = c
2
∙mcat

-1
) and areal (r

2,sa
 = c

2
∙SSAcat

-1
) 

initial rates, respectively. 

The specific initial rate of reaction for experiments performed at a partial pressure of 

1.38 MPa H2 and 50 °C is shown in Figure 6.12. The mass of catalyst used was typically ca. 
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30 mg, but for catalysts displaying a low activity (r
2,m

 < 1 mol∙L
-1

∙g
-1∙h-1

) the amount of 

metal was increased up to 3-fold. The activity of the commercial nickel catalysts QSI-Nano
®

 

and RaNi 2400 was compared to representative samples of non-passivated (Inco 112376) and 

passivated (Inco 85109) Inco nanopowders. As in the reduction of ADN, the performance of 

the QSI particles was found to be highest with an initial specific rate constant of 10.1 

mol∙L
-1

∙h
-1

. The Inco 112376 nanopowders displayed a significantly lower catalytic activity, 

0.7 mol∙L
-1

∙h
-1

, but were still 3 times as active as the RaNi 2400 catalyst. The passivated Inco 

85109 particles stored in contact with air for several months were inactive in the 

hydrogenation of MO. 

The substrate used contained 3.8 ± 0.4 mol % of isomesityl oxide (IMO), as 

determined by GC analysis. IMO was converted readily (within 30 min) to MIBK over all the 

catalysts except RaNi, which displayed poor activity for the hydrogenation of both MO and 

IMO. All the catalysts were selective for the formation of MIBK however, and under the 

experimental conditions employed no formation of methyl isobutyl carbinol (MIBC) was 

noted. 
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Figure 6.11 Representative concentration-time profiles for the hydrogenation of mesityl 

oxide (diamonds) to methyl isobutyl ketone (squares) over QSI-Nano
®
 with the Inco 

982174, and Inco 112376 catalysts (T = 50 °C, PH2 = 1.38 MPa, [MO]0 = 0.5 mol∙L
-1

, ω = 

330 rpm, mcat = 30 mg). 
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6.4.3.3 Reduction of the nickel catalyst 

To decrease the oxygen content of the nickel particles and thus increase their catalytic 

activity, reduction under hydrogen atmosphere was first attempted. Passivated sample Inco 

73011, characterized by a low degree of oxidation (0.26 wt % oxygen content) and a low 

SSA (6.4 m
2
∙g

-1
), displayed an average areal activity in the reduction of adiponitrile 

comparable to RaNi 2400 (r
1,m

 = 0.03 µmol∙L
-1

∙g
-1

∙h
-1

, and 0.01 µmol∙L
-1

∙g
-1

∙h
-1

, 

respectively). After purging of the reactor, the particles were reduced at PH2 = 6.89 MPa and 

250 °C for 2 h. The catalytic activity of the non-passivated particles for the formation of 

HMD decreased 5-fold after 24 h however. Decoking of the nanoparticles was also attempted 

by thermal treatment under flow of 10% (v/v) H2/N2 at 500 °C for 5 h, at a flow rate of 110 

mL∙min
-1

, in presence of SiO2. This treatment led to complete deactivation of the catalyst. 

While the origin of the deactivation in both experiments has not been determined, it could 

stem from sintering of the particles and/or contamination of the catalyst surface by the silica. 

 Another approach explored to decrease the oxygen content of the particles was 

chemical treatment of their surface. It was found that treatment of the particles with 

diethylenetriamine (DETA) led to a significant increase in the catalytic activity of the 

particles. For instance the Inco 85109 sample, stored in contact with air for several months, 

was totally deactivated. Upon addition of DETA, an exothermic reaction was observed and 

after a few seconds a purple tinge was observed in the vicinity of the particles. Hydrogen gas 

was evolved, as typically observed in the reduction of Ni(II).
114

 This effect was particularly 

prominent for the Raney nickel and Inco 112376 samples. As shown in Figure 6.12a, upon 

exposure to DETA the catalytic activity of the Inco 85109 particles increased dramatically 
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(from zero activity to r
2,m

 = 6.4 mol∙L
-1

∙g
-1

∙h
-1

), while the activity of RaNi 2400 increased 13-

fold. If a constant surface area is assumed the activity of the former catalysts, when 

normalized per unit surface area, became over twice as large as that of the QSI particles 

without treatment (Figure 6.12b). The treated catalysts were also selective for the reduction 

of the internal alkene, and no MIBC was formed. 

A promoting effect of amine additives was noted by Kajitani et al., for instance in the 

hydrogenation of 2-naphtol over a Ni catalyst, but its exact origin was not determined.
115

 

Amines are also well-known complexing agents for Ni(II),
116,117

 used industrially in 

processing nickel oxides ores.
118

 It is noteworthy that amine exposure had no effect on the 

performance of Inco 112376, and led to total deactivation of the QSI catalyst. In these cases 

the amine treatment seems to have resulted in poisoning of the catalyst surface, in contrast to 

the exothermic reaction observed for the other particles (Figure 6.12). 

 

 

 

 



Chapter 6 

 259 

 

 

Figure 6.12 Effect of DETA treatment on the (a) specific catalytic activity and (b) areal 

activity of Ni nanocatalysts (T = 50 °C, PH2 = 1.38 MPa, [MO]0 = 0.5 mol∙L
-1

, ω = 330 

rpm, mcat = 30–100 mg). 
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6.4.3.4 Nanopowder Inco 982174 

To further improve the catalytic activity of the Ni nanopowders, a fresh sample (Inco 

982174) was synthesized at VITSL by the method previously described. A short residence 

time in the reactor and rapid quenching in liquid nitrogen were used to promote fast 

nucleation over particle growth. The Ni nanoparticles thus obtained had a SSA of 97.2 m
2
∙g

-1
, 

greater than the QSI NPs (84.0 m
2
∙g

-1
) prepared by a CVD process. 

A series of experiments using the Inco 982174 particles (Figure 6.13) yielded rather 

low initial reaction rates and poor reproducibility (r
2,m

 = 1.0 ± 1.1 mol∙L
-1

∙g
-1

∙h
-1

 over 10 

runs). In comparison, the QSI nanoparticles displayed 10 times the activity of the Inco 

sample in the reduction of MO in 2-propanol, with a narrow standard deviation (r
2,m

 = 10.1 ± 

0.5 mol∙L
-1

∙g
-1

∙h
-1

, over 3 runs). Differences in colloidal properties and rate of aggregation of 

the particles in the solvent may explain the differences in catalytic performance of the 

catalysts, and were further investigated. 
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Figure 6.13 Specific (top) and areal (bottom) initial rate constants for the reduction of 

mesityl oxide using QSI Ni nanoparticles; freshly prepared Inco 982174 nickel bare 

particles and stabilized by 3, 5 and 10 wt % P2VP8k-b-PS6k-b-P2VP8k; and Inco 982174 

nanopowder stored 6 months and stabilized by 10 wt % P2VP8k-b-PS6k-b-P2VP8k (T = 

50 °C, PH2 = 1.38 MPa, [MO]0 = 0.5 mol∙L
-1

, ω = 330 rpm, mcat = 30 mg). 
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6.4.4 Colloidal stabilization 

6.4.4.1 Colloidal stabilization in catalysis 

Colloidal particles are subjected to attractive forces that can lead to their aggregation, 

particularly for large particles. Short-range van der Waals attractive forces can be opposed 

either by electrostatic or steric repulsive forces to improve the colloidal stability of particles 

in a dispersion medium.
119

 The latter approach is preferred when dealing with demanding 

catalytic conditions, and is typically achieved through adsorption on the particles of a 

polymer layer soluble in the dispersion medium, as depicted in Figure 6.14a. 

The stabilization mechanism depends on the type of polymer involved. 

Homopolymers can provide a protective layer by surrounding the particles through the 

formation of multiple interactions,
55,69

 although aggregation is still possible via a bridging 

mechanism (vide infra). For block copolymers containing both hydrophobic and hydrophilic 

segments, stabilization can be achieved in polar as well as non-polar solvents. In the former 

solvents, the polar polymer block interacts favorably with the solvent while the non-polar 

groups adsorb on the particles through hydrophobic interactions; the opposite situation 

occurs in non-polar solvents.
71,72

 In addition to adsorbing on the catalyst particles, block 

copolymers are prone to micelle formation in solution above the critical micelle 

concentration (CMC) of the system, while remaining at equilibrium with unassociated 

polymer chains in solution. A similar situation may also exist for telechelic polymers (with a 

functional group at one or both chain ends), but in this case anchoring of the polymer on the 

surface of the particles occurs at a single site while the rest of the chain contributes to the 

stabilization of the particles. 
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A negative effect of polymeric additives is that they may lead to flocculation of the 

particles rather than their stabilization. For instance, a phenomenon known as bridging 

flocculation occurs when the same polymer chain adsorbs on two or more particles, linking 

them together and thus inducing their flocculation (Figure 6.14b). This can take place when a 

large surface area is available for the polymer segments, or when the polymer chains can 

interpenetrate each other at short distances. Expectedly, bridging  is most commonly 

observed for high molar mass polymers.
120

 Depletion flocculation is another mechanism 

induced by non-adsorbing chains: Elastic repulsions are engendered by the loss of 

configurational entropy of the polymer coils upon approach to a particle surface, and results 

in flocculation as illustrated in Figure 6.14c.
121

 

 

Figure 6.14 Schematic representation of (a) steric stabilization, (b) bridging 

flocculation, and (c) depletion flocculation. 

 

The first step in a heterogeneous catalysis process requires the reactants and catalyst 

to come in contact; it is thus strongly dependent on steric hindrance. Clearly, polymer chains 

forming a stabilizing layer can cause such steric hindrance. If the interactions between the 
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polymer and the catalyst are strong, there may be few vacant catalytic sites remaining at the 

surface. It may then prevent the substrate molecules from adsorbing on the surface, thereby 

greatly hindering the occurrence of catalytic reactions. Conversely, if stabilizing polymer 

chains have very weak interactions with the surface of the catalyst, the substrate can more 

easily compete for coordinating sites on the catalyst surface.
69

 It should be noted that even if 

the polymer-catalyst interactions are relatively weak, a large number of interacting sites 

along the polymer chain (for instance at every repeating unit) may still lead to strong 

combined interactions.
68,69

 

Optimal stabilization can be achieved by tailoring the characteristics of the stabilizing 

moieties. By using polymers with relatively few anchoring groups one can minimize catalytic 

sites hindrance, while a sufficiently long solvophilic chain is required for steric stabilization 

of the particles. For this purpose, we compared the use of telechelic polymers such as 

poly(ethylene glycol) (PEG) end-functionalized with chelating agents (DETA), triblock 

copolymers with a midblock anchoring site and end blocks providing steric stabilization, and 

homopolymers. 

6.4.4.2 Effect of solvent 

The influence of the solvent on the dispersibility of the particles is important. For 

example, a dispersion of 30 mg of Inco 982174 in 2-propanol remained stable for 4 days, 

while in toluene the particles settled after 1 minute. As shown in Figure 6.15, the Inco 85109 

nanoparticles dispersed in solvents displayed greater colloidal stability as the polarity of the 

solvent increased, although water was a significant exception to this rule as the particles 

aggregated within 3 h. 
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Solvent Water Methanol 2-Propanol Acetone THF 
Dichloro-

methane 
Toluene 

Dielectric 

constant
a
 

88.1 33.0 20.2 21.0 7.5 8.9 2.4 

Aggregation 

time
b
 

3 h 4 days 4 days 1 day 1 day 6 h 1 min 

a
 Data from CRC handbook of Chemistry and Physics, 94

th
 ed.

122
 
b
 Time for the particles to 

settle, and the solution to become clear. 

Figure 6.15 Colloidal stability of Inco 85109 in various solvents (mcat = 30 mg, Vsolvent = 

10 mL). 

 

6.4.4.3 Polymer stabilization 

A more in-depth investigation of the rate of aggregation was performed in water by 

UV-visible spectrophotometry, as shown in Figure 6.16. The bare Inco 85109 particles 

settled quickly in water, within a few hours. To promote dispersion, linear homopolymers 

including PVPy, polyethyleneimine (PEI), poly(ethylene glycol) methyl ether (MPEG), as 

well as telechelic polymers based on MPEG were added to the particles. The emphasis was 

set on PEG dispersants because of their relatively good solubility in a wide range of low- to 
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high-polarity solvents. Amine groups are also of particular interest because of their known 

ability to bind many transition metals including nickel. Homopolymers are good stabilizers 

as they have a large number of functional groups interacting with the surface of the 

nanoparticles, but this may also hinder the catalytic sites. Telechelic polymers are interesting 

to provide steric stabilization while minimizing hindrance of the surface, due to their small 

number of interacting groups. 

The particles (ca. 30 mg), and solvent (10 mL) were added to a 20 mL vial and 

sonicated for 30 min. After the addition of 75 wt % (mstabilizer/mtotal) of polymer and sonication 

the rate of aggregation was reduced in all cases, although only the homopolymers with a high 

molar mass provided steric stabilization over extended time periods (weeks). Stabilization by 

PVPy with a molar mass of 6.0 × 10
4
 g∙mol

-1
 was poor, but it was greatly improved when the 

molar mass reached 1.3×10
6
 g∙mol

-1
. Low molar mass telechelic polymers (M̅n = 1.9 × 10

3
 

g∙mol
-1

) offered limited steric stabilization, although the rate of aggregation was slightly 

decreased when the MPEG was end-functionalized with DETA, as well as when the mass of 

polymer added was increased from 75 to 85 wt % (Figure 6.16). 
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Figure 6.16 Colloidal stability of Inco 85109 nickel nanopowders in water measured by 

UV-visible spectrophotometry at λ = 500 nm. Comparison of bare and polymer-

stabilized particles (mparticles = 20 mg, Vwater = 10 mL, mstabilizer = 60 mg [75 wt %] or 120 

mg [85 wt %]). Inset: Percent transmittance over the 20-40 min time period. 

 

 Addition of the bare particles to methanol or 2-propanol yielded more stable 

dispersions, which settled within 4 days (Figure 6.16) rather than a few hours (as in water). 

The addition of telechelic polymers proved detrimental in these cases however, and led to 

flocculation of the particles. Depletion flocculation may be induced by free polymer chains in 

solution. The stabilizing ability of the telechelic MPEG dispersants was most noticeable in 

low polarity solvents (e.g., toluene), the settling time of the particles becoming about 2-3 

times longer than for the bare particles. 

The utilization of triblock copolymers to promote stronger anchorage of the polymer 

chains to the metal surface, favoring steric stabilization, was explored using PEO6.6k-b-PS700-
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b-PEO6.6k (the subscript indicates the M̅n, of the PS and PEO segments) and P2VP-b-PS800-b-

P2VP block copolymers (with M̅n,P2VP = 700, 1200, and 3000 g∙mol
-1

) prepared by anionic 

polymerization as described in Appendix A6.1. As in the case of telechelic polymers, the 

addition of the triblock copolymers induced the flocculation of Inco 85109 particles in 

methanol within 4 h (Figure 6.17). Increasing the length of the midblock segment from 800 

to 6.0 × 10
3
 g∙mol

-1
 (P2VP8k-b-PS6k-b-P2VP8k) was also found inadequate: Flocculation and 

settling of the particles was observed in less than 30 min, with the opalescent appearance of 

the supernatant indicating the formation of micelles. 

An alternate procedure for the addition of the polymer to the particles was devised to 

minimize the formation of micelles and promote the adsorption of the copolymer to the 

surface of the catalyst. The copolymer (P2VP8k-b-PS6k-b-P2VP8k) was first dissolved in 

toluene, a solvent for both the P2VP and PS segments, and added to the particles with 

sonication. The solvent was then evaporated before adding 2-propanol drop-wise with 

sonication, to redisperse the particles. Under these conditions, P2VP8k-b-PS6k-b-P2VP8k 

provided good particle stabilization over 1 day, with larger particles settling while the 

solution remained brown (Figure 6.17), hinting at the stabilization of very fine particles over 

an extended time period (25 days). In comparison, the addition of P2VP-b-PS800-b-P2VP 

with different P2VP block lengths to the particle dispersions by the same method led to 

flocculation after 2 h in methanol, suggesting weak anchoring through the short PS mid-

block of that copolymer. 

These results indicate clearly that the structure and the composition of the copolymers 

must be tailored so that sufficient anchoring of the polymer chains on the surface of the 
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particles and good colloidal stability can be achieved. Such a goal can be attained using block 

copolymers with sufficiently large anchoring blocks. 

 

 

Figure 6.17 Colloidal stability in methanol of Inco 85109 Ni nanopowder stabilized by 

(left) PEO6.6k-b-PS700-b-PEO6.6k after 4 h, and (right) P2VP8k-b-PS6k-b-P2VP8k after 25 

days. 

 

6.4.4.4 Adsorption isotherms 

The determination of the amount of polymer bound to the Inco 982174 particles was 

performed using a concentration-sensitive diffraction refractive index detector (DRI) on a 

SEC instrument. The polymer-stabilized particles were first separated from the solvent by 

centrifugation, and any free polymer chains in the supernatant were recovered and transferred 

to THF. Quantification of the polymer was achieved by calibration of the DRI detector with a 

sample of the same triblock copolymer. 

As shown in Figure 6.18, the analysis of solutions prepared with 10 and 15 wt % 

(mstabilizer/mtotal) of stabilizer did not reveal the presence of free chains. The measurements 

were carried out after dispersing the particles for 3 h in IPA at 25 or 50 °C, or in IPA with 0.5 

M of mesityl oxide at 50 °C, the latter conditions being akin to the conditions used for the 
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hydrogenation reactions. When increasing the initial amount of polymer to 20 wt %, the 

maximum amount of chains remaining attached was 18 ± 1 wt %, which indicates a limiting 

value for the surface coverage. 

 

Figure 6.18 Fraction of polymer bound to Inco 982174 Ni nanopowder when using 10, 

15, and 20 wt % (mstabilizer/mtotal) of P2VP8k-b-PS6k-b-P2VP8k in 2-propanol (IPA) at 25 

or 50 °C, and in mixtures of IPA and mesityl oxide (MO), at 50 °C. The amount of non-

bound polymer was determined by SEC-DRI analysis (mcat = 4.8 mg, mpolymer = 0.5–1.2 

mg, VIPA = 10 mL, [MO] = 0.5 mol∙L
-1

, t = 3 h). 

 

6.4.4.5 Catalytic activity of polymer-stabilized particles and TEM imaging 

Previous results (Section 6.4.3.4) demonstrated that the catalytic activity of the bare 

Inco 982174 nanoparticles in the reduction reaction of MO was low and irreproducible (r
2,m

 

= 1.0 ± 1.1 mol∙L
-1

∙g
-1

∙h
-1

, Figure 6.13), which was attributed to aggregation of the 

nanoparticles. As shown in Figure 6.13, by employing P2VP8k-b-PS6k-b-P2VP8k as stabilizer, 

the specific activity of the Inco 982174 nanoparticles increased more than 15-fold with both 
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5 wt % polymer (r
2,m

 = 14.7 ± 1.1 mol∙L
-1

∙g
-1

∙h
-1

, over 2 runs) and 10 wt % polymer (r
2,m

 = 

16.3 ± 0.5 mol∙L
-1

∙g
-1

∙h
-1

, over 2 runs). The particles stabilized by 5 wt % polymer displayed 

a slightly lower activity than with 10 wt % polymer, but their activity was nonetheless 

respectively 46% and 61% higher than for the QSI sample (r
2,m

 = 10.1 ± 0.5 mol∙L
-1

∙g
-1

∙h
-1

, 

over 3 runs). In contrast, the activity of the Inco nanoparticles with only 3 wt % polymer (r
2,m

 

= 0.6 ± 0.3 mol∙L
-1

∙g
-1

∙h
-1

, over 4 samples) remained comparable to the naked particles. In 

terms of areal rate, the Inco nanopowders with 10 wt % polymer were ca. 40% more active 

than QSI-Nano
®

 nickel (the SSA of the Inco product is higher than for the QSI product, i.e. 

97.2 m
2∙g-1

 versus 84.0 m
2∙g-1

 respectively). 

These results clearly highlight the benefits of polymeric stabilizers to enhance the 

dispersion stability and activity of catalysts. Furthermore, the visual appearance of the Inco 

982174 sample with 5 wt % and 10 wt % polymer was a fine powder comparable to the QSI 

sample whereas the sample stabilized by 3 wt % polymer had a much coarser appearance, 

comparable to the naked Inco particles. As expected, a minimum amount of polymer is 

required to provide sufficient steric stabilization and prevent aggregation of the particles. 

To investigate the influence of the polymer on catalyst aging, the block copolymer 

was added either immediately after the synthesis of the particles or after 6 months of storage. 

While the activity of the former catalyst remained unchanged after 6 months, the nanopowder 

in the latter case displayed a specific catalytic activity 60% lower; albeit still ca. 7 times 

higher than the bare particles. These results buttress the role of the polymer as a protective 

coating limiting the oxidation of the particles and extending their storage lifetime.
61
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As shown in Figure 6.19, TEM imaging of the polymer-stabilized solutions revealed 

the presence of spherical micelles about 45 ± 7 nm in diameter, loaded with Ni metal. This is 

indication of the presence of very fine, catalytically active particles in solution. Larger nickel 

particles, ca. 110 nm in diameter and coated with a polymer matrix, were also observed. 

 

Figure 6.19 (a) TEM image for Inco 982174 Ni nanopowder stabilized by P2VP8k-b-

PS6k-b-P2VP8k, and (b) the particle size distribution. (c) Larger polymer-stabilized 

particles are also visible. 

6.5 Conclusions 

The discovery of interesting tunable properties for magnetic nanoparticles has 

fostered great interest in different fields of research including catalysis. A novel method 

based on the thermal decomposition of Ni(CO)4 was developed at VITSL for the synthesis of 

nickel nanopowders. The method relied on Ni(CO)4 used in the nickel refining process, and 

allowed the production of nanosized powders with SSA ranging from 6.4 to 97.2 m
2
∙g

-1
. The 

utilization of the carbonyl gas led to residual oxygen and carbon atoms in the particles 
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ranging from 0.6 to 11.4 wt % for O, and 0.29 to 0.82 wt % for C. A NiO nanopowder 

sample was also prepared by this method. The oxygen content increased with the SSA of the 

particles. The nanopowders reacted exothermically with the oxygen in air and had to be 

stored under inert atmosphere (non-passivated form), or passivated by controlled oxidation. 

The SSA of the particles remained stable for at least 6 months when the SSA reached 60.5 

m
2
∙g

-1
. The nanopowders with a SSA of 97.2 m

2
∙g

-1
 exhibited a decrease in SSA to 86.0 

m
2
∙g

-1
 after 4 months. Their exposure to air led to sintering however, and the SSA decreased 

to 38.8 m
2
∙g

-1
. Imaging by SEM and TEM revealed strand-like structures about 60 nm in size 

and with a broad size dispersity. The particles with the largest SSA displayed thinner thread-

like structures, with features about 9.4 ± 2.0 nm in diameter. 

Experimental protocols were developed to evaluate the catalytic performance of the 

nickel nanopowders, using the reduction of either adiponitrile or mesityl oxide with hydrogen 

as benchmarks reactions. High conversions were observed for the non-passivated Inco 

particles in the reduction of adiponitrile, and their specific activity (r
1,m

 = 10.0 ± 3.8 

µmol∙s
-1

∙g
-1

) was significantly higher than for Raney
®

 nickel 2800 and 2400 (r
1,m

 = 0.9 ± 0.3 

µmol∙s
-1

∙g
-1

), and comparable to the QSI-Nano
®

 NPs (r
1,m

 = 13.0 ± 0.2 µmol∙s
-1

∙g
-1

) prepared 

by CVD. The increased catalytic activity was linked to an increase in SSA for the materials. 

Passivated Inco particles with a low SSA (<24.7 m
2
∙g

-1
) were much less active, as was the 

Aldrich nanopowder. Storage of the particles in heptane proved detrimental to their catalytic 

performance. In terms of areal activity, non-passivated Inco particles 92831 were particularly 

active (r
1,sa

 = 0.23 ± 0.06 µmol∙s
-1

∙m
2
), while other Inco and QSI nanocatalysts displayed 
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comparable activity (r̅
1,sa

 = 0.14 ± 0.04 µmol∙s
-1

∙m
2
), consistently with a structure-insensitive 

reduction reaction. Raney
®

 nickel 2800, 2400 and the Aldrich nanopowder had much lower 

areal activities (r̅
1,sa

 < 0.06 µmol∙s
-1

∙m
2
). The catalysts were not selective for the formation of 

1,6-hexamethylenediamine, with secondary and tertiary amines being formed, but the QSI 

and Inco 92831 particles showed the highest selectivity (66 ± 40 and 37 ± 3 mol %, 

respectively). 

The kinetics of the hydrogenation of MO were monitored by GC. The specific initial 

rate of the reaction was highest for the QSI product (r
2,m

 = 10.1 ± 0.5 mol∙L
-1

 g
-1

∙h
-1

). Raney
®

 

nickel 2400 and Inco 112376 had lower activities, while the passivated Inco 85109 particles 

were inactive. Reduction of the particles under hydrogen at 250 or 500 °C was ineffective, 

possibly due to sintering of the particles. Treatment of the powders with DETA, in contrast, 

led to a 13-fold increase in catalytic activity for RaNi 2400, and a drastic improvement in the 

specific activity of Inco 85109 (r
2,m

 from 0 to 6.38 mol∙L
-1

 g
-1

∙h
-1

). Interestingly, similar 

treatment of the QSI nanoparticles poisoned the catalyst. In terms of areal activity, the Inco 

85109 sample was twice as active as non-treated QSI NPs. 

A high SSA sample (Inco 982174, 97.2 m
2
∙g

-1
) freshly prepared at VITSL displayed 

poor catalytic performance. The colloidal stability of the particles increased with the polarity 

of the dispersion medium, water being a notable exception. The stability of the dispersions in 

water was improved with polymeric stabilizers, high molar mass PEI, and PVPy being more 

effective than the lower molar mass telechelic MPEG and MPEG−DETA. Significant 

improvement was observed for PVPy with a molar mass of 1.3 ×10
6
 g∙mol

-1
 as compared 
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with 1.0 × 10
4
 g∙mol

-1
. In alcohols, the telechelic polymers induced the flocculation of the 

dispersions. To limit the surface coverage of the particles for catalytic applications the 

triblock copolymers PEO-b-PS-b-PEO and P2VP-b-PS-b-P2VP were synthesized and 

investigated. Polymers with a short PS segment (800 and 1000 g∙mol
-1

 respectively) were 

found ineffective and induced flocculation. Depletion flocculation due to micelle formation 

by P2VP8k-b-PS6k-b-P2VP8k was also noted. The addition of the polymer to the particles in a 

non-selective solvent, and their redispersion in 2-propanol led to the formation of more stable 

dispersions. A minimum size was required for the stabilizing moiety, as a polymer with a 

short PS segment was ineffective. 

Application of the nickel catalysts stabilized by 5 or 10 wt % of polymer in the 

hydrogenation of MO led to an increase by more than 15-fold in specific catalytic activity as 

compared to the bare particles. The polymer was also effective at preventing areal oxidation 

under storage. Polymer adsorption measurements by SEC-DRI revealed that a maximum of 

18 wt % of polymer could be bound to the particles. TEM imaging demonstrated the 

formation of micelles 45 ± 7 nm in diameter, loaded with nickel, and the presence of larger 

polymer-encapsulated particles ca. 110 nm in diameter. 

In conclusion, the concept of polymer stabilization to increase catalyst activity 

appears to be highly pervasive, as it is potentially applicable to a wide range of 

heterogeneous (particulate) catalysts of commercial importance. This could ultimately allow 

significant improvements in catalytic activity in a wide range of industrial processes, 

provided that the composition and the structure of the polymer additives can be tailored to 

the specific process conditions (e.g., solvent, temperature) being used.  
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7.1 Summary and original contributions to knowledge 

 

The focus of the research presented in this Thesis pertains to the synthesis, 

characterization, and application of polymeric stabilizers for the preparation of metallic 

nanocatalysts. In particular, novel polymeric architectures and characterization techniques 

were designed to further expand fundamental understanding in this field of research. Briefly 

summarized below are the four main research areas investigated, which include: i) palladium 

nanocatalysts, ii) metal loading characterization by a novel microplasma-based technique,
1,2

 

iii) polyion complex micelle-metal hybrid structures, and iv) nickel nanocatalysts. 

The unique size-dependent and non-monotonic properties exhibited by nanosized 

materials have attracted great interest from the research community, notably in catalysis. 

Although heterogeneous catalysis has long been concerned with the preparation and 

application of metallic nanostructures, the controlled supramolecular assembly of 

nanomaterials, coupled with the use of novel characterization methods, set apart 

nanocatalysis as a new field of research.
3,4

 To maintain their small size (i.e., large specific 

surface area) and high catalytic activity, nanoparticles necessitate the use of stabilizers; 

polymers have emerged as extremely successful candidates for that purpose. The role of the 

polymer is not limited to providing colloidal stability but is central to the synthesis, 

solubilization, catalytic performance, recovery and recycling of the metallic species.
5,6

 

A variety of polymeric structures investigated for the preparation of Pd nanoparticles 

were reviewed in Chapter 2. Dendritic architectures (primarily dendrimers) appeared to be 

promising candidates for catalytic applications.
7
 Dendrigrafts (arborescent) copolymers also 

belong to the dendritic polymer family, and are characterized by a semi-controlled cascade-
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branched architecture reminiscent of dendrimers. Their synthesis relies on grafting polymeric 

chains rather than small molecules however, and yields dendritic architectures with a high 

molar mass in few synthetic steps.
8
 In Chapter 3, we investigated the solution and solid-state 

properties of previously synthesized GnPS-g-P2VP arborescent copolymers by dynamic light 

scattering (DLS) and atomic force microscopy (AFM). The unimolecular micelles exhibited 

good colloidal stability in organic solvents, and narrow size distributions. The molecules 

deposited onto mica substrates displayed a fried egg morphology and a closed-pack 

organization for the G1 and G2 copolymers. Phase segregation between the PS and P2VP 

segments was evidenced from the micrographs, particularly for the upper generation 

copolymers (Gn ≥ 2). The preparation of stable colloidal Pd nanoparticles using these 

dendrigraft copolymers templates was reported for the first time. By employing an alcohol 

reduction protocol, Pd nanoparticles (ranging from 0.7 to 3.4 nm diameter) with a narrow 

size dispersity were encapsulated within the unimolecular micelles. The size of the 

nanoparticles was found to depend on the loading level, the reduction time, as well as the 

arborescent copolymer generation. The catalytic activity of the colloidal Pd nanoparticles 

was evaluated in terms of conversion in the Suzuki-Miyaura (SM) cross-coupling reaction 

under green conditions, in mixtures of ethanol and deuterated water, and was followed in situ 

by proton nuclear magnetic resonance. A good catalytic activity and a positive dendritic 

effect were evidenced, although air sensitivity and flocculation affected the activity and 

recycling of the catalyst. 

The determination of the metal concentration in polymer-stabilized systems largely 

relies on inductively coupled plasma measurements. This characterization technique is 
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marred by several important limitations however.
2
 In Chapter 4, we demonstrated for the first 

time the application of a novel microplasma-based technique for the direct determination of 

the concentration of Pd in arborescent polymer-stabilized systems in organic solvents.
1,2

 

Quantification of the metal content by microplasma-optical emission spectrometry revealed 

stoichiometric complexation of the Pd salt by the pyridine pendant groups. Kinetics studies 

of aggregation were also performed and highlighted the beneficial role of the polymer to 

provide colloidal stabilization. The low cost of the method, ease of use, and small sample 

requirements greatly facilitate the performance of a large number of measurements. 

The utilization of nanocatalysts in green chemistry applications is an important 

avenue of research; however, the solubilization of catalysts and reagents in neat water 

remains a challenge. We reported in Chapter 5 the first synthesis of polyion complex 

micelles from arborescent copolymers and double-hydrophilic block copolymers. The latter, 

viz. poly(acrylic acid)-block-poly(2-hydroxyethyl acrylate), was obtained by acid-catalyzed 

hydrolysis of poly(tert-butyl acrylate)-block-poly(2-trimethylsilyloxyethyl acrylate), which 

was synthesized by atom transfer radical polymerization. The self-assembled supramolecular 

structures obtained by complexation of these polymers exhibited hydrodynamic diameters 

ranging from 132 to 354 nm and narrow size distributions. The supramolecular assemblies 

exhibited thermo-responsive properties in ethanol, dissociating above a critical temperature 

of ca. 35 °C and reforming upon cooling. The polyion complex aggregates were also stable in 

water, with hydrodynamic diameters ranging from 110 to 306 nm. These structures were also 

used for the solubilization of Pd nanocatalysts in aqueous Suzuki-Miyaura reactions. 
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 Lastly, in Chapter 6 a study was undertaken on the properties of nickel nanoparticles 

prepared by a novel thermal decomposition method developed at Vale-Inco. The 

nanopowders exhibited a specific surface area ranging from 6.4 to 97.2 m
2
∙g

-1
, and catalytic 

activity in the hydrogenation of adiponitrile and mesityl oxide higher than for commercial 

catalysts in some cases. Treatment of the nanoparticles with diethylenetriamine led to further 

improvement in catalytic activity. Aggregation of the nanopowders was prevented with 

polymeric stabilizers, whose structure and composition were tailored to maximize the 

dispersibility and the catalytic activity. The structures investigated included triblock 

copolymers of polystyrene with poly(ethylene oxide) or poly(2-vinylpyridine), and telechelic 

polymers of poly(ethylene glycol). Application of the polymer-stabilized nickel catalysts in 

hydrogenation reactions led up to 15-fold increases in specific catalytic activity as compared 

to the bare particles. Polymer adsorption measurements by size-exclusion chromatography 

with a differential refractive index detector revealed that up to 18 wt % of polymer could be 

bound to the particles. Transmission electron microscopy imaging demonstrated the 

formation of micelles, 45 ± 7 nm in diameter, containing nickel. The polymer was also 

effective at preventing areal oxidation under storage. 

7.2 Proposed future work 

7.2.1 Polymer-metal hybrid nanostructures 

We demonstrated the preparation of Pd colloids stabilized by arborescent copolymers 

of different generations with applications in the Suzuki-Miyaura reaction. It is well-known 

that the intrinsic composition of nanoparticles has an important influence on the performance 
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of a catalyst.  For instance, bimetallic and multimetallic structures with synergetic properties 

between the metallic species have been shown to display enhanced catalytic performance as 

compared to their monometallic counterparts. Bimetallic Au-Pd,
9
 and even trimetallic Au-

Ag-Pd
10

 nanoparticles were more active than Pd nanoparticles in hydrogenation and SM 

reactions, respectively. The investigation of the influence of the composition of the 

nanoparticles would be an interesting development for arborescent polymer-stabilized 

nanocatalysts, to promote their catalytic activity. These templates have already been shown 

to complex readily with HAuCl4 in organic solvents, and to yield Au nanoparticles upon 

reduction in solution.
11

 Bimetallic or multi-metallic nanoparticles could be obtained by 

successive loading of the micelles with different metal salts, using the method introduced by 

Turkevich and Kim.
12

 Alternately, co-dissolution of different metal salts in solution has been 

shown to form bimetallic structures with improved catalytic activity.
13

 Reduction of the 

metallic salts content to increase the turnover number of the catalyst is another venue worth 

investigating. Several reports have demonstrated high catalytic activity for dendrimer-

stabilized Pd nanoparticles under homeopathic (parts per million levels) conditions.
14

 

Interestingly, arborescent copolymers loaded with Au(III) were shown to exhibit 

unique phase segregation, including sphere-in-sphere and cylinder-in-sphere morphologies.
15

 

Such phase segregation may be useful to control the shape and size of the nanoparticles 

formed within the polymeric template. Since the activity of metallic nanoparticles has been 

shown to depend markedly on their morphology,
16

 novel polymeric templates such as the 

arborescent copolymers could prove promising to provide locus control
17

 over self-assembly 

processes. 
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Arborescent copolymers may also constitute valuable templates for the controlled 

assembly of hierarchical metallic nanostructures. For instance, the hexagonal packing of 

monolayers of the spherical molecules – as imaged by AFM – could serve to prepare 

nanoscopic patterns with long-range ordering.
18

 Such structures may find important 

applications in areas including data storage, optoelectronics, and nanolithography.
19

 

Another promising utilization of arborescent polymer-metal hybrid systems lies in the 

preparation of self-assembled supramolecular nanostructures. The groups of Manners and 

Winnik have reported the synthesis of cylindrical block copolymer micelles by the 

crystallization-driven self-assembly of poly(ferrocenyldimethylsilane) (PFS)-based block 

copolymers.
20,21

 Control over the growth of the micelles allowed the formation of cylindrical 

co-micelles with a triblock architecture.
22

 Supramolecular architectures could be obtained by 

grafting living PFS-based block copolymers to arborescent polymers (Scheme 7.1). Various 

routes can be considered for the preparation of such structures, including the attachment of 

the block copolymer to the dendritic polymer via a “click” reaction (azide-alkyne,
23

 Diels-

Alder,
24

 etc.) or electrostatic interactions (e.g., polyion complexes). Additionally, hybrid 

systems could be obtained by complexation of the block copolymer micelles and/or the 

supramolecular assemblies with metallic salts. Reduction of the metallic species would result 

in the formation of a metallic network. For instance, palladium acetate complexes readily 

with the 2-vinylpyridine units of the block copolymers, and can be reduced to Pd(0) by 

warming in alcoholic solutions.
1
 Possible applications of such structures range from 

catalysis, optoelectronics, materials science, medicine, to data storage and energy 

harvesting.
25
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Scheme 7.1 Proposed supramolecular assembly from arborescent copolymers and 

crystallizable core-forming block copolymers for the preparation of metallic 

nanonetworks. 

 

7.2.2 Microplasma-based multiplexed bioassay 

We have shown that microplasma-optical emission spectrometry (MOES) is an 

enticing alternative to inductively coupled plasma-OES (ICP-OES).
1
 We demonstrated that 

the concentration of Pd complexed with an arborescent copolymer could be determined with 

a detection limit in the low parts-per-billion. This novel characterization technique can also 
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perform rapid multi-element concentration determinations in solution, and presents an 

enticing avenue of research for the development of multiplexed bioassays (simultaneous 

detection of multiple analytes). Current efforts in biochemical analysis are directed towards 

the detection of multiple biomarkers in individual cells,
26

 and ICP-mass spectrometry has 

been proposed for multiplexed detection.
27

 The numerous advantages offered by the 

microplasma device over ICP may position this characterization technique as a powerful 

alternative. As shown in Figure 7.1, metal-chelating polymers can be conjugated with 

antibodies to determine biomarker expression in cells. Lanthanide metals have been widely 

applied as elemental tags for mass cytometry. Using a similar approach, the microplasma-

based technique could be applicable to the selective characterization of lanthanide 

nanoparticles in metal-chelating polymers. Such a technique would simplify the diagnosis for 

diseased cells, and increase the effectiveness of therapeutic procedures. 
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Figure 7.1 Proposed determination of the concentration of lanthanides by microplasma-

optical emission spectrometry for multiplexed bioassay. 
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Chapter 3 Supporting Information 

A3.1 Pd nanoparticle size and size distributions 

 

Table A3.1 Diameter of the Pd NPs formed in GnPS-g-P2VP after reduction at 60 °C in 

ethanol for 3 h, measured from the electron micrographs. 

Generation/ Diameter NPs (nm) 

Loading 0.25 0.5 1.0 

G0  6.0 ± 0.5 14.5 ± 1.9  3.0 ± 1.1 

G1  0.7 ± 0.04 1.3 ± 0.3  1.7 ± 0.7 

G2  2.0 ± 0.3 1.9 ± 0.4  2.9 ± 0.3 

G3  1.4 ± 0.3 1.4 ± 0.3  3.4 ± 1.0 
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Figure A3.1 Size distribution for Pd NPs formed in GnPS-g-P2VP (n = 0, 1) micelles 

after reduction in ethanol at 60 °C for 3 h. 
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Figure A3.2 Size distribution for Pd NPs formed in GnPS-g-P2VP (n = 2, 3) micelles 

after reduction in ethanol at 60 °C for 3 h. 
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A3.2 NMR analysis of the Suzuki-Miyaura reaction 

 

 

Figure A3.3 2D [
1
H 

1
H] COSY spectrum for the SM reaction in ethanol/D2O (85/15 v/v). 

(Bruker Avance 500 MHz). 
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Chapter 5 Supporting Information 

A5.1 Polymerization of tBA 

 

Scheme A5.1 Mechanism for the polymerization of tBA by ATRP. Adapted with 

permission from References 1 and 2. Copyright 2005 and 2001, respectively, American 

Chemical Society. 
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A5.2 Calculation of the chain dimensions of PAA13-b-PHEA140  

The radius of gyration of a linear polymer can be calculated by considering a chain 

with rotational restrictions. Assuming unperturbed chain dimensions, the root-mean-square 

end-to-end distance 〈𝑟²〉0
1/2

 is given by Equation A5.1.
3
 

 
〈𝑟²〉0

1/2
= 𝑛𝑙1/2 (

1 − 𝑐𝑜𝑠𝜃

1 + 𝑐𝑜𝑠𝜃
)
1/2

𝜎 (A5.1) 

Where, l, n, and θ represent, respectively, the bond length, the number of bonds in the chain, 

and the bond angle. The steric factor σ is a measure of the effect of hindrance to free rotation 

about the bonds, i.e. the chain flexibility. For a vinyl polymer l = 0.154 nm and cos θ = -1/3, 

and for PAA13-b-PHEA140, n = 2 × (13 + 140) = 306. The steric factor typically ranges from 

1.5 to 2.5; it was found to be 2.09 for poly(2-hydroxyethyl methacrylate) in methanol.
4
 This 

value of σ was selected as representative of the flexibility of DHBC in ethanol, and the 

calculated 〈𝑟²〉0
1/2

 was 11.3 nm. 

The radius of gyration Rg obtained from Equation A5.2 was calculated as 4.6 nm.
5
 

 
𝑅𝑔 =

〈𝑟²〉0
1/2

√6
 (A5.2) 

For linear, monodispersed chains, the hydrodynamic radius Rh given by Equation A5.3
6
 was 

found to be 3.1 nm for PAA13-b-PHEA140. 

 
𝑅ℎ = 𝑅𝑔

3√𝜋

8
 (A5.3) 

The hydrodynamic diameter Dh was therefore 6.2 nm.  
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A5.3 Calculation of the solubility and interaction parameters 

The spontaneous dissolution of an amorphous polymer in a solvent is described 

thermodynamically by the Gibbs free energy change upon mixing ΔGm, expressed in 

Equation A5.4 as a function of the enthalpy change ΔHm, the entropy change ΔSm, and the 

temperature T. 

 ∆𝐺m = ∆𝐻m − 𝑇∆𝑆m (A5.4) 

The dissolution of a polymer generally occurs with a limited gain in entropy, and the Gibbs 

free energy of mixing is mainly governed by the enthalpic term.
7
 Hildebrand and Scott,

8
 and 

Scatchard
9
 proposed an expression for ΔHm, shown in Equation A5.5, that depends on the 

volume fraction of the solvent φs and the polymer φp, the volume of the mixture V, and the 

difference in the solubility parameters of the solvent δs and the polymer δp. 

 ∆𝐻m = 𝜑s𝜑p𝑉(𝛿s − 𝛿p)
2 (A5.5) 

For polymer-solvent miscibility, the term (δs-δp) must be small to favor the small entropic 

term over the enthalpic term, i.e. yield a negative net free energy change (Equation A5.4). 

Although they are useful for non-polar solutions, the Hildebrand solubility parameters 

do not always account for the behavior of polar systems.
7,10

 Hansen proposed to take into 

consideration molecular interactions in polar systems, by introducing separate solubility 

parameters for different types of interactions, namely dispersive δD, dipole-dipole δP, and 

hydrogen bonding δH interactions.
11
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The relation between the Hildebrand and Hansen solubility parameters is given in 

Equation A5.6. 

 𝛿2 = 𝛿D
2 + 𝛿P

2 + 𝛿H
2  (A5.6) 

The Hansen solubility parameters can also be related to the well-known Flory-Huggins 

interaction parameter χ
12

 describing polymer-solvent interactions, as given in Equation A5.7, 

where Vs is the molar volume of the solvent and R is the ideal gas constant.
12

 

 
𝜒12 =

𝑉s
𝑅𝑇

[(𝛿D2 − 𝛿D1)
2 +

1

4
(𝛿P2 − 𝛿P1)

2 +
1

4
(𝛿H2 − 𝛿H1)

2] (A5.7) 

The Hildebrand solubility parameters for PAA and PHEA in ethanol, calculated from 

reported Hansen solubility parameters,
13

 and the calculated interaction parameters are 

provided in Table A5.1. 

 

Table A5.1 Hansen solubility parameters and calculated Hildebrand solubility 

parameters for ethanol, poly(acrylic acid) and poly(2-hydroxyethyl acrylate), and 

calculated interaction parameters. 

Compound 

Hansen solubility parameters
a
 

(MPa
1/2

) δ
b
 

(MPa
1/2

) 

Molar 

volume
a
 

(cm
3
∙mol

-1
) 

χ
12

c 

δD δP δH 

Ethanol 15.8 8.8 19.4 26.5 58.5  

PAA 18.4
d
 6.1

d
 13.3

d
 23.5 68.5 0.42 

PHEA 16.0 13.2 13.4 24.7 114.9 0.33 

a
 From Hansen.

13
 
b
 Calculated from Eq. A5.6. 

c
 Calculated from Eq. A5.7. 

d
 From Barton.

14
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A5.4 Size distributions for the polyion complex micelles 

 

 

Figure A5.1 Size distributions for PIC deposited from aqueous solutions of GnPS-g-

P2VP, (n = -1 to 1) and PAA-b-PHEA (SC), as measured by AFM. 
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Figure A5.2 Size distribution for PAA-b-PHEA micelles deposited from an aqueous 

solution of G2PS-g-P2VP (G3) and PAA-b-PHEA (SC), as measured by AFM. 
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Chapter 6 Supporting Information 

A6.1 Synthesis of PEO-b-PS-b-PEO and P2VP-b-PS-b-P2VP 

A6.1.1 Reaction apparatuses and solvent purification 

Due to the sensitivity of anionic polymerization to (protic) impurities, all the 

glassware utilized in the polymerization reactions was flamed under high vacuum (<1.4 mPa, 

10
-5

 mm Hg). The final purification of the monomers was carried out under high vacuum and 

the polymerization was performed under dry N2 atmosphere. The ampoules (thick-wall 

ampoules for ethylene oxide) were fitted with polytetrafluoroethylene (PTFE) stopcocks and 

ground glass joints to be mounted onto the manifolds and the polymerization reactor attached 

to the vacuum line. Tetrahydrofuran (THF; Caledon, reagent grade) was distilled from 

sodium-benzophenone ketyl under N2, and toluene (Caledon, ACS reagent) was distilled 

from oligostyryllithium. Both solvents were transferred directly from the stills to the 

manifolds through PTFE tubing. 

 

A6.1.2 Ethylene oxide purification  

Caution: Ethylene oxide is a highly toxic and flammable gas (bp 10 °C) that should 

be handled with care in a well-ventilated fume hood, and cooled whenever possible to avoid 

pressure build-up. The EO was transferred to a manifold mounted on the high-vacuum line, 

comprising a 250-mL round-bottomed flask (rbf) and a thick-walled (double thickness) 

ampoule with a PTFE stopcock containing about 5 g of CaH2 and a magnetic stirring bar 

(Figure A6.1). After evacuation of the manifold and the ampoule, the system was flame-dried 
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before purging with N2. A solution of phenylmagnesium chloride (PhMgCl, Sigma-Aldrich, 

2.0 M in THF, 12.5 mL, 25 mmol) was transferred with a syringe to the rbf against N2 flow, 

and the system was evacuated to remove the THF. The EO (ca. 110 g) was then condensed 

from the cylinder into the rbf immersed in liquid nitrogen (L-N2). The monomer was then 

degased, and dried over PhMgCl with three successive freeze-evacuation-thawing cycles as 

follows: The rbf was placed in an ice bath at 0 °C, and the liquid EO stirred over the 

Grignard reagent for 15 min. The rbf was then replaced in liquid nitrogen, and evacuated 

after freezing of the monomer. The cycle was repeated twice more. The rbf was finally 

brought to 0 °C, and EO slowly recondensed to the ampoule placed in L-N2, by opening the 

PTFE stopcock. The weight of transferred EO was 36.8 g (0.84 mol). 

 

 

Figure A6.1 Manifold for the purification of ethylene oxide. 
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A6.1.3 Initiator synthesis 

Potassium naphthalide was prepared by stirring naphthalene (20 g, 0.16 mol) with 

freshly cut potassium (ca. 4 g) in dry THF (200 mL) overnight under N2. The dark-green 

solution was filtered with a Schlenk funnel under N2 and stored in a Schlenk flask. The 

concentration of the solution (0.41 mol∙L
-1

) was determined by titration of a 2,6-bis(1,1-

dimethylethyl)-4-methylphenol solution in dry THF under N2. 

A6.1.4 Styrene purification 

Styrene (Sigma-Aldrich, ReagentPlus
®

, with 4-tert-butylcatechol stabilizer, ≥99%) 

was stirred with calcium hydride overnight and distilled under vacuum. Further purification 

of ca. 2 mL of the monomer was achieved by stirring with PhMgCl (0.2 mL, 0.4 mmol) and 3 

freezing-evacuation-thawing cycles as described above. The monomer (2.1 g, 20 mmol) was 

recondensed under vacuum to an ampoule and stored under N2. 

A6.1.5 Synthesis of PEO-b-PS-b-PEO 

The polymerization reaction was carried out in a 250-mL round-bottomed glass 

reactor with a magnetic stirring bar, attached to a manifold mounted on the vacuum line. The 

ampoule containing the EO monomer was also attached to the manifold. Dry THF (100 mL) 

was added to the reactor under N2 and titrated by drop-wise addition of the initiator solution 

until a persistent green color was observed. The flask was then cooled to -78 °C and the 

initiator solution (5 mL, 2 mmol, for a target �̅�𝑛 = 415) was added with a syringe. Styrene (1 

mL, 9 mmol) was then added to the reactor, which was immersed in L-N2 to freeze its 

content, and evacuated. The EO (36.8 g, 0.84 mol) was then recondensed to the reactor by 
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opening the ampoule. Once the monomer was completely transferred, the solution was 

warmed to 0 °C using an ice bath. The reaction vessel was then heated to 50 °C in an oil bath. 

After 24 h, the reaction was terminated with 0.5 mL of aqueous HCl (HCl/water 1/10 v/v). 

The solvent was evaporated, and the polymer redissolved in THF. After reprecipitation in 

cold diethyl ether, the polymer was recovered by suction filtration, and dried under vacuum, 

overnight. Yield: 37.7 g (44.4%). The reaction schemes, and 
1
H NMR spectrum are shown in 

Scheme A6.1 to Scheme A6.3, and in Figure A6.2, respectively. M̅n,app = 14000 g∙mol
-1

, 

M̅w∙M̅n
-1

 = 1.13. From SEC and 
1
H NMR analysis: M̅n,PS = 730 g∙mol

-1
; M̅n,PEO = 2 × 6600 

g∙mol
-1

. 

 

 

Scheme A6.1 Initiation of styrene polymerization with the formation of a styrenyl 

dianion. 
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Scheme A6.2 Anionic propagation from the difunctional initiator with the addition of 

styrene monomer. 

 

 

Scheme A6.3 Anionic propagation after the addition of the second monomer (ethylene 

oxide), and termination of the polymer chains by a proton donor species. 
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Figure A6.2 
1
H NMR spectrum in DMSO-d6 for PEO6.6k-b-PS700-b-PEO6.6k. 

 

A6.1.6 Synthesis of P2VP-b-PS-b-P2VP 

The synthesis of poly(2-vinylpyridine)-block-polystyrene-block-poly(2-vinylpyridine) 

(P2VP-b-PS-b-P2VP) was carried out by anionic polymerization. The procedure employed 

was similar to the one described for the synthesis PEO-b-PS-b-PEO, the main difference 

being the use of 2-vinylpyridine (2VP) and 1,1-diphenylethylene (DPE) rather than EO. 

 

A6.1.6.1 Reagents purification 

Styrene was purified by the procedure described in Section A6.1.4. The 2VP 

monomer was dried over CaH2 under N2 overnight, distilled under reduced pressure, and 

stored under nitrogen in a solvent storage flask. A second distillation of 2VP (10 mL, 93 

mmol) over CaH2 (3.7 g) was performed just before the polymerization reaction. The capping 

agent DPE (Sigma-Aldrich, 97%) was titrated in a rbf against nitrogen flow by adding a 
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solution of n-butyllithium (Sigma-Aldrich, 2.5 M in hexanes) until a persistent deep red 

coloration, indicative of 1,1-diphenylhexyllithium formation, was observed. The monomer 

was then distilled under reduced pressure in a dry Schlenk flask. Further drying of an 

ampoule containing DPE (0.4 mL, 2.3 mmol) was obtained by azeotropic purification with 

dry THF. 

 

A6.1.6.2 Polymerization of P2VP-b-PS800-b-P2VP 

Three P2VP-b-PS-b-P2VP copolymers were obtained from a PS mid-block with a 

molar mass of ca. 800 g∙mol
-1

. Ampoules containing purified styrene, 2VP, DPE and the 

THF line were mounted onto a 2-L round-bottomed glass reactor connected to the high-

vacuum line, equipped with a mechanical stirrer. After evacuation and flame-drying the 

reactor was purged with nitrogen, and dry THF (400 mL) was added to the vessel. Few drops 

of a solution of potassium naphthalide in THF (0.406 mol∙L
-1

) were introduced with a syringe 

until a persistent pale green coloration was observed. The addition of 3.68 mL (1.5 mmol) of 

the initiator solution ensued. Styrene (1.85 mL, 16 mmol, 11 equiv) was added drop-wise, 

after which the solution took a red coloration. After 3 min, 15 mL of the solution was 

removed with a syringe. DPE (0.4 mL, 2.3 mmol, 1.5 equiv) dissolved in 15 mL of THF was 

then added to the reaction medium; after 3 min, the addition of 9.5 mL (8.8 mmol, 59 equiv) 

of 2VP monomer ensued. Fifty milliliters of the solution were sampled at this stage, before 

the addition of another 7.48 mL of 2VP (6.9 mmol, 46 equiv). After sampling another 50 mL 

of solution, a final addition of 2VP (12.76 mL, 118 mmol, 79 equiv) took place. The 

polymers were recovered by precipitation in n-hexanes from a 10 mg∙mL
-1

 solutions in THF, 



Appendices 

 304 

after termination with methanol/HCl (10/1 v/v), and concentration by rotary evaporation. The 

recovery yields ranged from 33–45%. The reaction scheme, and a representative 
1
H NMR 

spectrum are shown in Scheme A6.4 and Figure A6.3, respectively. M̅n, PS = 755 g∙mol
-1

, 

M̅w∙M̅n
-1

 = 1.15; M̅n, P2VP700-b-PS800-b-P2VP700
 = 2100 g∙mol

-1
, M̅w∙M̅n

-1
 = 1.34; M̅n, P2VP1.2k-PS800-

P2VP1.2k
 = 3100 g∙mol

-1
, M̅w∙M̅n

-1
 = 1.35; M̅n, P2VP3k-b-PS800-b-P2VP3k

 = 6400 g∙mol
-1

, M̅w∙M̅n
-1

 = 

1.22. 

 

A6.1.6.3 Polymerization of P2VP-b-PS6k-b-P2VP 

Another series of P2VP-b-PS-b-P2VP samples was prepared from a PS block with a 

molar mass of 6600 g∙mol
-1

 according to a procedure similar to the one described in the 

previous section. In that case the amount of potassium naphthalide solution in THF added 

was 0.98 mL (0.406 mol∙L
-1

, 0.4 mmol), followed by styrene (2.20 mL, 19 mmol, 48 equiv), 

DPE (0.3 mL, 1.7 mmol, 4 equiv) in 15 mL THF, and 3 successive additions of 2VP: i) 1.64 

mL, 15 mmol, 38 equiv; ii) 1.45 mL, 13 mmol, 43 equiv; and iii) 2.50 mL, 23 mmol, 58 

equiv). The reaction scheme, and a representative 
1
H NMR spectrum are shown in Scheme 

A6.4 and in Figure A6.3, respectively. M̅n, PS = 6600 g∙mol
-1

, M̅w∙M̅n
-1

 = 1.30; M̅n,P2VP2.7k-b-

PS6k-b-P2VP2.7
 = 11900 g∙mol

-1
, M̅w∙M̅n

-1
 = 1.28; M̅n, P2VP5k-b-PS6k-b-P2VP5k = 17100 g∙mol

-1
, M̅w∙M̅n

-

1
 = 1.40; M̅n, P2VP8k-b-PS6k-b-P2VP8k

 = 23300 g∙mol
-1

, M̅w∙M̅n
-1

 = 1.50. 
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Scheme A6.4 Anionic propagation after the addition of the second monomer (2-

vinylpyridine), and termination of the polymer chains by a proton donor species. The 

initiation mechanism is the same as for PEO-b-PS-b-PEO (Section A6.1.5). 

 

Figure A6.3
 1
H NMR spectrum in CDCl3 for P2VP3k-b-PS800-b-P2VP3k.  
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A6.2 Synthesis of MPEG-DETA 

 

 

Scheme A6.5 MPEG functionalization with DETA. 
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Figure A6.4 
13

C NMR (300 MHz) spectra for MPEG, MPEG−Cl, and MPEG−DETA in 

CDCl3.  
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A6.3 
1
H NMR characterization of the reduction of adiponitrile 

1
H NMR spectroscopy was used to determine the conversion of adiponitrile in the 

hydrogenation reaction (Scheme 6.1). The NMR spectra for adiponitrile, 1,6-

hexamethylenediamine, and for a crude product (adiponitrile and 1,6-hexamethylenediamine 

mixture) in CDCl3 are provided in Figure A6.5 as an example. The peak at 2.42 ppm (label A 

on the spectrum) corresponds to the methylene groups adjacent to the nitrile functionality, 

and the peak at 1.84 ppm is for the methylene groups (B) central to the chain. After 

hydrogenation, the signal for the methylene groups neighboring the –NH2 group (C) is 

shifted to 2.68 ppm. The ratio of the peak areas for the methylene groups adjacent to the 

terminal functionalities (2.68 ppm and 2.43 ppm) can thus be used to determine the 

conversion using Equation A6.1: 

 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(𝑚𝑜𝑙%) =

𝐴𝑟𝑒𝑎(C)

𝐴𝑟𝑒𝑎(C) + 𝐴𝑟𝑒𝑎(A)
× 100 (A6.1) 
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Figure A6.5 
1
H NMR (300 MHz) spectra in CDCl3 for (a) adiponitrile (ADN), (b) the 

hydrogenation reaction mixture containing ADN and 1,6-hexamethylenediamine 

(HMD), and (c) HMD. 
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