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Summary of thesis 
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Chapter 2 presents the nickel-catalysed coordination polymerisation-induced 

self-assembly (NiCCo-PISA) of helical amphiphilic block copolymers of 

polyisocyanide, the exploration of the resulting morphologies and the effect of 

the helical core an encapsulated dye. 

Chapter 3 describes the development of functionalisable NiCCo-PISA micelles 

and their PPM with primary diamines that contain easily detectable moieties 

which allow the assessment of the substitution reaction and assess the effect 

on the nanostructures’ stability of the change in pendant groups’ polarity  

In Chapter 4 further investigation into the PPM of NiCCo-PISA micelles by 

diamine cross-linkers with a view towards the formation of stimulus-responsive 

nano-objects. 

Chapter 5 builds upon the previous chapters and presents the PPM of 

polyisocyanide block copolymers and NiCCo-PISA micelles with DMAP 
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reactions. 

Chapter 6 provides a summary of the key findings of Chapters 2 – 5 and 
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Résumé de la thèse 

Cette thèse explore l’utilisation de polymère hélicoïdaux pour le développement 

de nano-objets contenant des hélices par l’autoassemblage de copolymère bloc 

de polyisocyanures et leur modification post-polymérisation (MPP) pour 

essayer d’achever des nano-réacteurs imitant les enzymes. 

Le Chapitre 2 présente l’autoassemblage induit par polymérisation de 

coordination catalysée au nickel (AAIP-CoCNi) de copolymères bloc 

amphiphile, l’exploration des morphologies résultante et l’effet du cœur 

hélicoïdal sur un colorant encapsulé. 

Le Chapitre 3 décrit le développement de micelles fonctionalisables synthétisées 

par AAIP-CoCNi et leur MPP avec des diamines primaires qui contiennent qui 

contiennent des fragments facilement détectables qui permettent d'évaluer la 

réaction de substitution et d'évaluer l'effet sur la stabilité des nanostructures 

du changement de polarité des groupes latéraux. 

Dans le chapitre 4, une étude plus approfondie de la MPP des micelles 

synthétisées par AAIP-CoCNi par des diamines réticulantes en vue de la 

formation de nano-objets sensibles au stimulus. 

Le chapitre 5 s'appuie sur les chapitres précédents et présente la MPP des 

copolymères blocs de polyisocyanure et des micelles synthétisées par AAIP-

CoCNi avec des dérivés DMAP et leur utilisation comme catalyseur et nano-

réacteur respectivement dans des réactions d'acétylation. 

Le chapitre 6 résume les principales conclusions des chapitres 2 à 5 et les 

perspectives de la méthodologie conçue dans cette thèse. 

Le chapitre 7 présente les méthodes expérimentales de cette thèse. 
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1.2. Enantioselective catalysts 

The homochirality found throughout nature is a special, yet mysterious feature 

that has not been completely explained. The study of the origin of the 

enantiomerically pure amino acids is an active field, where numerous theories1 

have been proposed but there is no apparent reason, other than chance, that 

justifies the configuration of the molecules found in nature. In living organisms 

two enantiomers - molecules with identical chemical composition but different 

spatial arrangement - can have divergent effects on metabolism even though 

they are chemically similar. A very simple example of this concept is 

exemplified in the different odour profiles (quality and threshold) for various 

enantiomers of terpenes (Figure 1.1).2  

 

Figure 1.1. Terpene enantiomers of different fragrances: Limonene (S/-, R/+), Pinene (R/+, 

S/-) and Carvone (S/+, R/-). 

Another well-known illustration of the effect of stereochemistry on reactivity 

and metabolism that had a tremendous impact on the chemical industry and 

on the lives of tens of thousands of people was the molecule thalidomide (anti-

morning sickness treatment for pregnant women), which was sold under the 

brand name Immunoprin. Unfortunately, while the R enantiomer was 

therapeutically active and prevented nausea associated with morning sickness, 

the S enantiomer was teratogenic (Figure 1.2). Since the drug was marketed 

and sold as a racemic mixture of the two enantiomers, it led to numerous 

reports of malformations in new-borns that forced the US Federal Drug 

Administration (FDA) to recall the drug from the market. After this episode, 
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the FDA decreed that all new molecular entities (drugs) must be approved as 

single enantiomers. This has led the pharmaceutical industry to move towards 

enantiomerically pure drugs, which created a large demand for enantioselective 

reactions, chiral catalysts, biocatalysis and means to separate respective 

enantiomers. 

 

Figure 1.2. Enantiomers have different biological properties: example of the thalidomide 

where one enantiomer (R) has a positive effect against morning sickness and the other (S) is 

teratogenic. 

Over the last 50 years, there have been a number of pioneers in the field of 

catalytic and enantioselective synthesis, among them: Sharpless,3 Noyori,4 

Knowles,5 Corey,6 Evans,7, 8 Carreira,9 Overman,10 Breslow,11 Feringa,12, 13 

Jacobsen,14 Fu,15 Macmillan16, 17 and Bode18. A validation of the importance of 

this field, a number of Nobel prizes related to stereochemistry and asymmetric 

catalysis have been awarded in the past few decades: Derek Barton and Odd 

Hassel (1969), John Cornforth and Vladimir Prelog (1975), Donald Cram, 

Jean-Marie Lehn and Charles Pedersen (1987), and William Knowles, Ryoji 

Noyori and Barry Sharpless (2001). 

The first recognised enantioselective reactions all required transition metal 

catalysts which featured chiral ligands as described in the highlighted reactions 

of the three Nobel awardees of 2001: the epoxidation of Sharpless (titanium 

and diethyltartrate),3 the hydrogenation of Noyori (ruthenium and BINAP)4 

and the hydrogenation of Knowles (rhodium and DIPAMP).5 In parallel to 

metal-based asymmetric catalysts, the use of organocatalysts in asymmetric 

transformations has been contemporaneous with metal-based catalysis,19, 20 
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with the first reports which used proline (Figure 1.3) in the asymmetric aldol 

reaction called the Hajos–Parrish–Eder–Sauer–Wiechert reaction in the 

1970s.21, 22 Although proline is a structurally simple and naturally occurring 

amino acid, it has been shown to be a versatile organocatalyst which is used 

extensively in asymmetric catalysis.23 Another class of cyclic amines, 

imidazolidinones, have been developed by MacMillan for various asymmetric 

reactions. The original work was inspired by phenylalanine16 which proved that 

nature is a good resource for asymmetric catalysis. Recently, thioureas have 

attracted attention for asymmetric catalysis as demonstrated in the work of 

Jacobsen with a catalytically active thiourea in the Strecker reaction.14 

Interesting asymmetric catalysts that do not employ simple point asymmetry 

(i.e. chiral atoms) are chiral 4-dimethylaminopyridines (DMAPs).24 Yu and co-

workers have developed a class of catalytical DMAPs that derive their 

enantioselective properties from planar chirality. DMAP, which is planar, needs 

to be de-symmetrised in order to allow enantioselectivity and in the case of 

Yu's catalyst, this was accomplished by derivatisation with ferrocene.15, 25, 26  

 

Figure 1.3. Different amine-based organocatalysts: L-proline, MacMillan's catalyst, Jacobsen's 

thiourea and Yu's planar-chiral derivative of DMAP. 

These synthetically derived catalysts essentially mimic the action of enzymes. 

Enzymes are the catalysts that allow for the existence of life since they increase 
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the kinetics in a multitude of chemical reactions that would otherwise be too 

slow to create, develop and sustain life. Enzymes are sequence-specific, 

monodisperse polypeptides (i.e. proteins). The specific sequence of amino acids 

that composes the enzyme is crucial for its overall structure. Thus, the enzyme 

will fold in accordance with this sequence and the resulting three-dimensional 

structure will have an important role in the recognition of substrate and 

catalytic activity of the enzyme. The so called “active-site” is usually 

hydrophobic in nature and displays remarkable selectivity for certain 

substrates. Enzymes are biomacromolecules comprised of two main components 

that result from the specific layout of the amino acids: -helices and -sheets 

(Figure 1.4). The application of enzymes in synthetic chemistry for 

applications for which they have not evolved is called biocatalysis.27 The most 

recent developments in this field include directed evolution, which is the 

modification through repeated mutation of an enzyme (via an in vitro version 

of Darwinian evolution) to orient its catalytic scope towards a given 

substrate.28 An example is the work by Savile et al. where a transaminase was 

designed by directed evolution to afford a catalyst for a targeted reaction 

(Scheme 1.1).29  

 

Figure 1.4. (A) Primary structure: sequence of amino acids which defines the enzyme. (B) 

α-helix and (C) β-sheet secondary structure. (D) Tertiary structure: 3D configuration of the 

folded amino acid sequence subdivided into α-helices, β-sheets and random coils.  
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Scheme 1.1. Transamination reaction with an enzyme modified by directed evolution to 

catalyse a reaction on a substrate that was out of its original scope and that is performed 

under harsh conditions for an enzyme.
29

 

Metal-based catalysts tend to have a wide substrate scope and high catalytic 

activity, but are often air- and water-sensitive compounds that are hard to 

remove from end products (this is an especially troublesome issue for the 

pharmaceutical and electronic industries) and can pollute the environment. On 

the other hand, enzymes often display very high selectivity and/or catalytic 

activity under mild and environmentally acceptable conditions. However, they 

have a limited substrate scope, can usually only be found in one enantiomeric 

form and are more suited for aqueous based reactions since the loss of 

configuration of enzymes in organic solvents makes them unsuitable for such 

environments. Finally, organocatalysts are usually derived from the nature 

chiral pool, display a high degree of robustness and, through immobilisation, 

are quite easily recyclable. Nevertheless, they tend to also have a limited 

substrate scope, though not as narrow as the substrate pool for enzymes and 

are generally employed in toxic organic solvent. Currently, there exists an 

expansive library of asymmetric transformations and some of the corresponding 

catalysts are commercially available. However, many robust chiral catalysts 

require multiple synthetic steps and the costs are often prohibitive. 
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1.3. Helical polymers 

Helices are fascinating chiral objects that are present in nature of which the 

double-stranded helix of DNA as the support for genetic information30 and the 

-helices in proteins31 are prominent examples. Historically, the first synthetic 

helical polymer was exposed by Natta when he discovered that highly isotactic 

polypropylene in the crystalline state had a helical conformation.32, 33 However, 

this polymer could not maintain its conformation in solution. After this 

discovery, investigations into synthetic helical polymers grew, but stable helical 

conformations were scarce and most of them suffered from frequent helix 

reversion (defects in the backbone itself).  

More recently, synthetic helical polymers have attracted polymer chemists’ 

attention because of their possible applications in catalysis, nanomaterials, 

chiral recognition and the study of biological helices.34-38 One interesting 

property of helical polymers is that they can display optical activity solely due 

to their helicity, as it was found by Nolte et al. who separated two enantiomers 

of poly(tert-butyl isocyanide).39 Optical activity originates from that molecule 

exhibit chirality which can come from point, axial or planar asymmetry (Figure 

1.5). The inherent chirality of helical polymers is an axial chirality that comes 

from atropisomerism - steric related stereoisomerism induced by hindered 

rotation about a single bond - therefore they can be classified as polymers with 

backbone stereochemistry without chiral atoms in the backbone. 
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Figure 1.5. Illustration of the different types of chirality: point, axial and planar. 

The analysis of the helicity of macromolecules can be done with circular 

dichroism (CD) spectroscopy which is an absorption spectroscopy method 

based on the differential absorption of left and right circularly polarised light 

by the analyte (Figure 1.6). UV CD spectroscopy is commonly used to 

determine aspects of protein secondary structure (β-sheets or α-helices) but has 

also been employed in the confirmation of molecules’ secondary structures 

especially for helical polymers, where the presence of a CD signal indicates the 

presence of an enriched screw-sense selective helix. CD is generally employed 

to compare the helicity of similar polymer helices. 

 

Figure 1.6. Illustration of circular dichroism (CD) spectroscopy where the differential 

absorption between left and right circularly polarised intensity absorptions of a CD active 

sample is measured over a range of wavelengths which yields the CD spectrum. 

 

1.3.1. Dynamic vs static synthetic helical polymers 

Helices can be divided in two major groups - static and dynamic helices – which 

depends on the helix inversion energy (i.e. the energy it takes to completely 

reverse the helical handedness).34 Polymers with low inversion barriers are 

called “dynamic helices” and have a backbone that undergoes fast helix 

inversion in solution between the left-handed (M) and right-handed (P) 

conformations. This flexibility in their conformation makes them ideal 

candidates to create chiral structures that are responsive to various stimuli 

(e.g., light, heat, pH and other environment changes). On the other hand, when 
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the helix inversion barrier of the polymer is high, they are referred to as “static 

helices”, where the helical conformation is formed under kinetic conditions. In 

this situation, each monomer addition to the growing chain is sterically ‘locked’ 

into conformation which gives helices that are stable in solution and suffer only 

minor helix inversion. Thus, a fixed helical architecture can be used as a 

molecular scaffold for controlled special alignment of functional groups or 

chromophores, and ordered molecular alignment in the solid phase such as that 

in liquid crystalline materials. Nevertheless, some classes of polymers can be 

categorised as either dynamic or static which depends on the substituents 

present on the chain.  

For all helical polymers, when the polymerisation occurs with achiral or racemic 

side-chains, the resulting M and P helices are enantiomers and equally 

distributed which leads to no optical activity. However, when the side chains 

consist of only one enantiomer or is enantioenriched, M and P are 

diastereoisomers and one screw-sense is favoured over the other. In the case of 

static helices, this process is kinetically favoured whereas dynamic helices form 

under thermodynamic control as discovered by Green et al. while they studied 

polyisocyanate.40, 41 Side-chain stereochemistry in static polymers is not as 

important as in dynamic polymers since helicity is locked after the synthesis; 

thus, there is no need for a constant chirality along the chain to retain the 

favoured screw-sense. However, chiral side-chains can be significant for the 

environment they form around the helix.  

When the screw-sense selection does not originate from the chirality of the 

monomer (side-chain), it can be induced by the catalyst32, 42, 43, the solvent44, 

45, metal cation46-48 or chiral additive as demonstrated by Chen et al. in a study 

where they made an optically active polyisocyanide from achiral monomers and 

chiral lactide additive.49, 50 An improvement in the field of helicity production, 
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is the work by Yashima et al., where the induction of helicity by an achiral 

small molecule is followed by its replacement with an achiral molecule that led 

to the retention of the helicity which showed a good case of macromolecular 

helical memory.51 Examples of dynamic helical polymers are polyisocyanates, 

chiral -conjugated polymers, polysilanes and polyacetylenes (Figure 1.7).34, 

35, 52 Among static helical polymers there are sterically restricted 

polymethacrylates, polymethacrylamides, phthalocyaninatopolysiloxane, 

polyaldehydes, binaphthyl-based polymers, polyisocyanides and 

polyguanidines. Some classes of polymers can be categorised as either dynamic 

or static as is the case for polycarbodiimides, poly(quinoxaline-2,3-diyl)sand 

polychlorals. 34, 35, 52 

 

Figure 1.7. Representative examples of static and dynamic helical polymers that differ 

through their helix inversion barriers. Reproduced from the work of Yashima et al. published 

in ACS, Chemical Reviews.
35

  



 Chapter 1  

12 

 

Helical copolymers are remarkable because of the rules that govern their 

helicity. The “Sergeant-Soldiers” rule applies if a dynamic copolymer is mainly 

composed of optically inactive monomer with small amount of optically active 

monomer. This rule comes from observation made by Green et al. that showed 

a minor quantity of chiral monomer could greatly influence the optical activity 

of polymers which made it possible to have optical activities similar to that of 

a homopolymer of chiral monomer with only a slight excess of chiral monomer 

among achiral monomer.53 The Majority rule is observed with copolymers of 

enantiomeric monomers. It has been shown that a slight enantiomeric excess 

could lead to similar optical activities than homopolymers of the chiral 

monomer in excess.54 The Sergeant-Soldier rule permits the use of a very small 

amount of chiral units among achiral units to allow an optimal transfer of 

chirality while the Majority rule discards the obligation to make use of 

enantiopure monomers to attain high enantiomeric excess (Scheme 1.2). 

Combined together, they open the road to facile synthesis of high-purity chiral 

molecules and high-quality purification materials/process from cheap and low-

quality components.  

 

Scheme 1.2. Illustration of the sergeant-soldier effect (left) and the majority rule (right) 

which induce screw-sense selectivity (P) in a helical polymer. 

1.3.1.1. Polyisocyanides 

Among the different helical polymers, polyisocyanides (PICs) are of interest as 

a consequence of their high density of pendant groups – one for each repeating 

unit (Figure 1.8) – and their high inversion energy that produces very stable 
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helices.28 PICs have a backbone structure that contains four repeating units 

per turn (denoted as 41) and a helical pitch of 4.1-4.2 Å. PICs started to attract 

attention in the late 1970's when it was discovered that they form helices when 

bulky side groups are present.29–32 

 

Figure 1.8. Hexamer of polyisocyanide which shows the high density of pendant groups 

along the main backbone. 

The isocyanides’ polymerisation is usually catalysed by nickel(II) complexes55, 

56 or ethynyl palladium(II) complexes,49, 57 with the nickel catalyst preferred 

for the polymerisation of alkyl isocyanides and the palladium complexes used 

primarily for phenyl isocyanides (Scheme 1.3). Additionally, dinuclear -

ethynediyl palladium(II)-platinum(II) complexes58, 59 and organorhodium(I) 

complexes60-62 have shown catalytic activity in the polymerisation of 

isocyanides, as well as an acid-initiated polymerisation.63 The nickel-catalysed 

polymerisation of isocyanides has been thoroughly studied and is believed to 

follow a “merry-go-round” mechanism.64, 65 The initiation steps consists in a 

fast insertion of isocyanide into the Ni–allyl bond followed by the reduction of 

the nickel(II) centre by isocyanide into nickel(I) which have been detected by 

EPR. The next steps (propagation steps) involves the coordination of a new 

isocyanide moiety onto nickel complex followed by its insertion into the 

polyiminic growing chain (Scheme 1.4). 
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Scheme 1.3. Polymerisation of isocyanide with a (A) nickel(II) and (B) ethynyl palladium(II) 

complex. 

 

 

Scheme 1.4. Mechanism of the nickel(II)-catalysed polymerisation of isocyanides. Inspired 

from the work of Ribeiro et al. published in Elsevier, Polyhedron.
65

  

 

1.3.2. Applications 

Chiral recognition is an obvious application of helical polymers.66 They have 

been employed in enantioselective adsorption48, 67 and enantioselective 

permeation (membranes)68, 69 with some success. Moreover, chiral recognition 

can be exploited in the case of chiral stationary phases (CSPs) for HPLC 

columns where static helical polymers like polyisocyanide70, 71 and 

poly(triphenylmethyl methacrylate) (PTrMA)72-74 have already been used for 

this application. The dynamic and helical memory properties of polyacetylene 

have been leveraged for the same application but with the possibility to switch 
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the chirality of the CSP which allows for the choice of the elution order of the 

enantiomers.75  

An interesting property of helical polymers is the amplification of the optical 

activity from monomer to polymer as a result of the synergetic effect of the 

helical backbone. This property seems to extend to the chirality induction 

properties of catalysts attached onto helical polymers. In the case of helical 

polymers complexed to metal, an induced enantioselectivity can be observed.76, 

77 This property of dynamic helical polymers allows the possibility to make 

asymmetric catalysts with switchable enantioselectivity.78 In the case of 

organocatalysts, the enantioselectivity can be improved79-82 or even entirely 

induced83, 84 by the helical polymer scaffold. This use of helical polymers that 

are similar to -helices found in proteins might well be a step towards the 

mimicry of one of the most specialised tools in nature - enzymes - while 

retaining high adjustability. 

In the area of synthetic material, a class of polyisocyanide grafted with peptide 

side-chains developed by Cornelissen et al. and which exhibited a fascinating 

structure that consisted of -sheet-like side-chain attached along an -helix-

like backbone85 has been modified to give a biomimetic polymer gel which 

displayed stress-stiffening response similar to that of biological tissues.86 This 

property might well be a way to create materials that can be effectively used 

to repair or replace body parts. In the domain of optical data storage, 

polyisocyanate87 and polysilane88 were studied for their dynamic properties. It 

would be possible to make materials that store the ones and zeroes of our 

computers’ memory as chiral information – P and M – and to dynamically 

modify them with stimuli like light and/or heat to implement a re‐writable 

(RW) mode. This opens more applications of polymers in electronics and 
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modern information technology which could lead maybe to a higher 

recyclability of future hardware. 
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1.4. Solution self-assembly of amphiphilic block 

copolymers 

The cell membrane is certainly one of the most interesting examples of the use 

by nature of self-assembly to create ordered structures.89 They are mainly 

composed of phospholipids, which are amphiphilic molecules − comprised of a 

hydrophobic tail and a charged phosphate head − that self-assemble in water 

as a result of the hydrophobic effect.90, 91 Non-polar molecules are unable to 

form hydrogen bonds with water and this leads to a disruption of the hydrogen 

bonding network. When they aggregate together, hydrophobic molecules 

reduce their exposure to water and minimise the disruption which leads to the 

formation of organised structures. A model has been developed by Israelachvili 

et al. to predict the type of structure achieved by the self-assembly of molecular 

amphiphilic species.92 The model is based on the geometry of the molecules and 

the most stable curvature of the resulting aggregate is established by a packing 

parameter, p = v/l·a, where v and l are the volume and the length of the 

hydrophobic chains, and a is the surface area of the charged headgroup. 

Different values of p correspond to different morphologies: species with a p ≤ 

⅓ achieve spherical micelles while ⅓ < p ≤ ½ yields cylindrical micelles (i.e. 

worm- or rod-like micelles) and ½ < p ≤ 1 results in vesicle or bilayer structures 

(Figure 1.9). Interestingly, this approach assumes the structures are at 

thermodynamic equilibrium achieved by exchange of unimers between the 

aggregates. Similarly to phospholipids, amphiphilic block copolymers (BCPs) 

that contained two or more blocks spontaneously self-assemble when dispersed 

into a selective solvent and can achieve a range of structures on the nanoscale 

such as spherical micelles or vesicles (i.e. polymersomes).93-96 However, as a 

consequence of the lower mobility of BCPs in the solvent milieu, the exchange 

of unimer chains between the aggregates can be slow comparatively to the 
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experimental timescale, which means that these BPC aggregates are formed 

under kinetic control which leads to the constitution of “frozen” micelles.97, 98 

The type of structures achieved by BCP can therefore diverge from the ones 

presented earlier as they can be far from equilibrium which allows a rich range 

of nanostructures99 such as Janus nanodiscs,100 helical assemblies,101 framboidal 

vesicles,102 “hamburger” micelles,103 jellyfish-like micelles104 and diamond 

platelets105 (Figure 1.10). 

 

Figure 1.9. Different aggregate morphologies predicted by the packing parameter (p). 

Reproduced from the work of Blanazs et al. published in Wiley-VCH, Macromolecular 

Rapid Communication.
106

 

 

 

Figure 1.10. Examples of out-of-equilibrium morphologies achieved by BCPs self-assembly: 

(A) Janus nanodiscs,
103

 (B) helical micelles,
101

 (C) framboidal vesicles
102

 and (D) diamond 

platelets.
105
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1.4.1. Formulations 

Various techniques can be employed to achieve nanostructures from BCPs107 

such as direct dissolution, solvent exchange, thin-film rehydration, and 

crystallisation-driven self-assembly (CDSA). Direct dissolution is a 

straightforward approach where a selective solvent for the corona block is 

added to the dry BCPs, which leads to the assembly while in the solvent 

exchange process, the copolymer is first dissolved in a non-selective solvent 

before slow addition of the selective solvent and removal of the non-selective 

solvent at the end of the process. In the thin film rehydration approach, the 

copolymer is also dissolved in a non-selective solvent but the solution is first 

dried to leave a thin film of the copolymer before slow addition of a selective 

solvent under vigorous stirring to allow nanostructures formation. 

Crystallisation-driven self-assembly necessitates BCPs with a crystalline core-

forming block. The crystalline-coil BCP is heated in a selective solvent above 

the melting temperature (Tm) of the crystalline block then allowed to cool 

down which leads the unimers to rearrange as the solvophobic blocks 

recrystallise and aggregate, which produces nanostructures.108-112 These 

approaches will yield different morphologies and sizes that depend on the 

method chosen but also on several other parameters such as the solvent, BCP 

and stirring employed. As mentioned above, BCP self-assemblies are usually 

formed under kinetic control and are out of thermodynamic equilibrium which 

makes the prediction of the resulting morphology for a given approach 

complicated. 

The aforementioned techniques are time- and resource-consuming, give 

solutions with a relatively low content of polymer and lead to mixtures of 

morphology especially when nanostructures that are not spherical micelles are 

targeted. As an additional drawback, CDSA requires the solvoophobic block to 
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be crystalline and have a Tm achievable in the selective solvent. A technique 

that has gained traction for its capacity to achieve pure phase of nanostructures 

with high concentration of copolymer and simple experimental procedures is 

the polymerisation-induced self-assembly (PISA) of BCPs. 

1.4.1.1. Polymerisation-induced self-assembly 

PISA was first reported in 2002 by Ferguson et al. in a seminal work where 

they demonstrated the practical polymerisation via reversible addition-

fragmentation chain transfer (RAFT) of well-defined poly(acrylic acid)-b-

poly(butyl acrylate) amphiphilic diblock copolymers in water under emulsion 

conditions which led to spherical micelles of 60 nm in size.113 In a typical PISA 

experiment, a solvophilic monomer is polymerised in the selective solvent that 

produces a macroinitiator which is chain-extended with a different monomer 

by either dispersion114 or emulsion115 polymerisation which forms the 

solvophobic block (Scheme 2.1). In the case of dispersion PISA, the second 

monomer needs to be solvophilic as a small molecule, but the polymer becomes 

insoluble once it reached a certain DP which drives the self-assembly. For the 

PISA methodology any type of living polymerization can be employed and 

many types of polymerisation methods have been employed in PISA116 such as 

nitroxide-mediated polymerisation (NMP),117, 118 organotellurium-mediated 

radical polymerisation (TERP),119, 120 cobalt-mediated radical 

polymerisation,121 anionic polymerisation,122 ring-opening polymerisation 

(ROP),123-125 atom transfer radical polymerisation (ATRP),126-130 ring-opening 

metathesis polymerisation (ROMP)131-134 and RAFT;135-139 the latter is the 

most used currently in the PISA community. The wide variety of 

polymerisation types and therefore monomers available for PISA gives access 

to a range of different solvents with various polarity such as: water,139-142 

DMSO,143 alcohols,144-146 ethylene glycol,147 alkanes,148-151 ionic liquids152 and 

critical CO2.
153, 154 
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Scheme 1.5. General model for polymerisation‐induced self‐assembly (PISA). Reproduced 

from the work of D'Agosto et al. published in Wiley-VCH, Angewandte Chemie 

International Edition.
135

  

PISA is a reproducible technique and the morphology which results from self-

assembly can be changed when the solvophilic and/or solvophobic block length, 

solid content and temperature are varied. A common observation is the 

formation of higher order morphologies (sphere → worm-like → polymersome) 

when the solvophobic block length or solid content are increased. The 

completion and analysis of several PISA experiments at different 

concentrations and/or block lengths allow to map and predict the morphology 

of the nanostructures with a phase diagrams (Figure 1.11).155-157 

 

Figure 1.11. Phase diagram constructed by varying the solvophobic (abscissa) and 

solvophilic (ordinate) block length for poly(methacryloyloxymethyl dimethylphosphonate)x-

b-poly(benzyl methacrylate )y diblock copolymer nano-objects: spherical micelles (red), 

worm-like micelles (green), polymersomes (blue) and mixed morphologies (grey). 

Reproduced from the work of Hanisch et al. published in ACS, Macromolecules.
157
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1.4.2. Applications 

As a consequence of their wide range of synthetic methodologies and structures, 

self-assembled nanostructures find applications in various areas158, 159 such as 

nanomedicine,160-163 sensing,164 antimicrobial agents,165 stimuli-responsive 

“smart” nanomaterials,166, 167 lubricant,168 composite reinforcement169 and 

catalysis with nanoreactors.170 In most applications, the confinement of a 

specific compound and its controlled access by diffusion or controlled release is 

the key role of the nanostructures. For example, nano-object drug delivery 

vehicles in aqueous medium require the encapsulation of a therapeutic 

compounds in either the hydrophobic core in the case of a micelle, or the 

aqueous lumen or hydrophobic membrane in the case of polymersomes, which 

protects the cargo during its journey to the targeted organ which facilitates 

controlled release. In the case of catalysis applications, the nano-objects shield 

the active sites from the surrounding milieu which requires the reagent to 

diffuse inside the hydrophobic core or the aqueous lumen to reach the catalytic 

units, and, in the case of micellar objects, increase the reaction concentration 

within the catalytic core. Among all these fields, synthetic nanoreactors are the 

objects that are of interest for the scope of this work. 

1.4.2.1. Nanoreactors 

Nanoreactors are nanometre-sized reaction vessels171 that can take many forms 

such as polymersomes172, gels173 or micelles174 with micellar nanoreactors that 

are similar to enzymes with the presence of a solvophobic pocket that contains 

the active sites. They are commonly formed by self-assembly of amphiphilic 

BCPs and because of their amphiphilic construction, it is possible to conduct 

organic reactions in aqueous media. Furthermore, these reactions can not only 

occur inside the nanoreactors but can even occur between the structures.175 



 Chapter 1  

23 

 

Additionally, a catalyst can be directly tethered to the solvophobic core, which 

makes it easily recoverable. For example, Liu et al. used shell cross-linked 

micelles (SCM) that contain Co(III) Salen as catalysts for the hydrolytic kinetic 

resolution of various terminal epoxides and showed that because of their 

nanoparticles’ size and stability, they were able to recover and reuse the 

catalyst after up to 8 cycles.176 This feature is even more attractive when taking 

into account the “concentrator effect” – discovered by Helms et al.177 with 

dendrimers that contained core-confined catalyst – where catalytic reactions 

performed in confined environments display faster kinetics and sometimes 

better overall efficiencies. Finally, nanoreactors have been shown to achieve 

specific molecular recognition. Cotanda et al. synthesised poly(styrenic-

DMAP)-b-poly(N-isopropylacrylamide) micelles for use in competitive 

acylation of alcohols with different anhydrides and demonstrated a specific 

substrate recognition which was able to alter the selectivity of the reactions 

(Scheme 1.6).178, 179  

 

Scheme 1.6 Illustration of specific reaction of one substrate (from a pool of 4) with a 

polymeric nanoreactor (M-DMAP) as a reaction vessel (green = anhydride compound; 

yellow, red, purple and blue = 4 different alcohol compounds). Reproduced from the 

work of Cotanda et al. published in RSC, Chemical Communications.
178

  

 

1.4.3. Analysis 

The analysis of solution self-assembled copolymers can be conducted with a 

wide range of techniques180 such as scattering, microscopy, zeta potential and 

DOSY NMR. Scattering methods with laser light, X-rays, or neutrons can be 

conducted in situ and provide information on the particles such as their corona, 
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core and total size, size distribution, aggregation number (i.e. how many 

polymer chains compose one particle), molecular weight and morphology. 

These techniques inform on the sample as a whole and the data are often 

analysed with a model developed within the boundaries of particular 

assumptions (e.g. spherical morphology with homogeneous distribution of the 

mass inside the particles). Therefore, these techniques are difficult to employ 

for samples that are widely heterogeneous and/or contain unknown structures. 

Laser light equipment is nowadays affordable and can be stored on the 

benchtop which gives this technique an edge in terms of ease of use. On the 

other hand, microscopic techniques such as transmission electron microscopy 

(TEM) and scanning electron microscopy (SEM) are very costly techniques 

that produce images of individual particles and allow to establish the shape 

and size of the particles. These are destructive methods that can require 

conditions such as drying or vacuum that can alter the particles’ structure and 

the number of particles analysed through these method makes for poor 

statistics compared to scattering methods. The images taken need to be 

numerous enough to select representative images and avoid the analysis of 

impurities or minor populations moreover, unlike scattering techniques, they 

do not give quantitative information about the particles’ size in solution (for 

dry-state microscopy), aggregation number or molecular weight. TEM and 

SEM will give different information on the analysed nanostructure. SEM 

analyses the electrons that interact with the surface of the nanoparticles and 

are re-emitted which gives information on the topography and elemental 

composition of the nanostructure. For TEM, the electron beam goes through 

the sample which yields a negative image of the nano-objects which is useful 

in the determination the inner structure. Microscopy and scattering techniques 

generate complementary information about the analysed particles, and it is 
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preferable to combine both scattering and microscopy to achieve the more 

reliable information on the nanostructures. 

1.4.3.1. Laser light-scattering 

In scattering techniques, the solution analysed is illuminated with an 

electromagnetic radiation of known wavelength and the intensity scattered by 

the sample at a given angle is measured. The data can be analysed as a function 

of time for dynamic light-scattering (DLS) or averaged over the time scale for 

static light-scattering (SLS), which provides different information about the 

particles. The angle mentioned earlier is important when the size of the 

particles analysed is considered. Indeed, the length scale achievable is inversely 

proportional to the scattering wave vector q (the difference between the 

incident wave vector and the scattered wave vector) which is a function of the 

scattering angle (i.e. the detection angle, θ) and the wavelength of the incident 

laser light (λ) (Scheme 1.7). Therefore, the length scale can be adapted by 

either a change in θ or λ. The sample analysed must be dilute enough to avoid 

inter-particle scattering of light and the solvent employed should be filtered to 

avoid contributions from dust or other impurities present. This is because 

scattering intensity is related to the square of the mass of the particle and so 

very small numbers of large particles (e.g. dust/muck) tend to dominate the 

measured scattering profile. The different nanostructures present in solution 

scatter the light differently which depends on the angle chosen therefore a 

multi-angle experiment allows to achieve a more accurate determination by 

extrapolation of the various quantities measured (size, distribution, 

morphology, etc.). 
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Scheme 1.7. Illustration of the scattering wave vector (q) and its associated equation 

where λ is the wavelength of the incident wave, θ is the scattering angle and n is the 

refractive index of the solvent. 

Dynamic light scattering (DLS) uses the fact that particles in solution move 

under Brownian motion and their diffusion coefficient D can be related to their 

hydrodynamic size (Rh) by the Stokes–Einstein equation (Equation 1.1) 

where kB is Boltzmann's constant, T the absolute temperature and η the 

viscosity of the solvent. In a typical DLS experiment, the sample is illuminated 

with a known wavelength (Figure 1.12A) and the scattered light intensity is 

recorded over time at a fixed angle (Figure 1.12B). The autocorrelation 

function at a specific angle (g2) which measures how fast the scattered intensity 

changes with time is then determined (Figure 1.12C). For monodisperse 

assemblies, the autocorrelation function can be modelled as a monoexponential 

decay which exhibits a single relaxation time τ. The apparent value of D (Dapp) 

can then be calculated from τ (Equation 1.2). However, like synthetic 

polymers, polymeric nanostructures are rarely monodisperse and in this case, 

the cumulant method,181, 182 the CONTIN algorithm183 or the REPES 

algorithm184 can be employed to fit the data and generate a continuous 

distribution of relaxation times that permit the analysis of multiple broad 

distributions. From the relaxation time distribution, D can be determined and 

as mentioned earlier, D is related to Rh by the Stokes-Einstein equation which 

allows the retrieval of the nano-structures intensity-weighted size distribution 

(Figure 1.12D). 
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Figure 1.12. Illustration of the dynamic light scattering analysis: (A) instrument layout, 

(B) scattered intensity over time, (C) correlation function g2 and (D) intensity-weighed size 

distribution. The Stokes-Einstein equation is given between step (C) and (D). 

In static light scattering, instead of the intensity variation over time employed 

in DLS, the mean intensity is employed in the calculations which is obtained 

from the average of the intensity over the time scale. This intensity is measured 

for a standard, usually toluene (Istandard), the solvent (Isolvent) and the sample 

(Isample). These allow to compute the Rayleigh ratio of the sample (Rθ) which 

is the normalised contribution of the sample to the total scattering intensity 

(1.3) where Rθ,standard is the known Rayleigh ratio of the standard. Therefore, 

the contribution by the sample container and the solvent to the measurements 

are both mitigated. Three main models are employed to fit the data from SLS: 
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Zimm,185 Berry186 and Debye.187 They differ in the quantity used on the 

ordinate where Zimm uses 
𝐾𝑐

𝑅θ
 (1.4) , Berry √

𝐾𝑐

𝑅θ
 and Deby 

𝑅θ

𝐾𝑐
 but the abscissa 

is always q2. The value on the ordinate can be computed from the optical 

contrast constant (K) (1.5) where n0 is the refractive index of the solvent, 
d𝑛

d𝑐
 

is the refractive index increment that can be measured with a differential 

refractometer and NA is the Avogadro number. It is important to note that if 

the refractive index of the polymer solution is the same as the solvent, 
d𝑛

d𝑐
 = 0, 

there is no scattering and another solvent should be selected. The intensity 

measurements are conducted at different concentration (c) and angles which 

allows extrapolation of the data to c = 0 and q2 = 0. Extrapolation to zero 

concentration allows to remove the contribution of the interactions between 

the particles represented by the term A2 while extrapolation to q2 = 0 removes 

the contribution of length scale which allows calculations of the average 

particle’s size. Fitting the data with one of the models at c = 0 yields the 

average molecular weight of the particles (Mw) at the intercept and the 

gyration radius (Rg) from the slope at q2 = 0 (Table 1.1). Choosing the right 

method depends on the experiment and the expected particle size and 

morphology that latter can be determined by microscopy. Andersson et al. 

suggest the Berry model as the most general procedure when there is no prior 

information on the particles’ morphology or size.188 While Patterson et al. 

suggest that the Zimm method may not be employed for nanostructures with 

Rg < 80 nm.180 The molecular weight calculated by light scattering can be used 

to determine the aggregation number (Nagg) which is an estimate of the number 

of polymer chains per particles (1.6) where Mw,polymer is determined by size 

exclusion chromatography (SEC). The Nagg can be an indicator of the 

nanostructure morphology where micelles will have Nagg in the tens to the 

hundreds while the polymersomes will display much higher values in the 
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thousands or hundreds of thousands. For cylindrical morphologies, this number 

would vary with the dimensions of the nanostructures. 

 𝑅θ   
𝐼sample − 𝐼solvent

𝐼standard
𝑅θ,standard 1.3 

 
𝐾𝑐

𝑅θ
  

𝑅g
2

3𝑀w
 2 +

1

𝑀w
+  𝐴2𝑐 1.4 

 𝐾   
(   0)

2 (
d 
d𝑐
)
2

𝑁A𝜆4
 

1.5 

 

Table 1.1. Overview of the equations for the intercept and slope for the different method 

(Zimm, Berry and Debye). 

M ethod Intercept Slopea 

Zimm 𝑀𝑤 
𝑅g
2

3𝑀w
 

Berry 𝑀w
−1 

𝑅g
2

6𝑀w
1 2⁄

 

Debye 𝑀w
−1 2⁄  −

𝑀w𝑅g
2

3
 

aAt q2 = 0 

 𝑁𝑎𝑔𝑔   
𝑀𝑤,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑀𝑤,𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 1.6 

DLS and SLS are complementary techniques and together they can give 

information on the morphology of the analysed particles. Indeed, the ratio 

between the Rh calculated from DLS and the Rg calculated from SLS is an 

indication on the nanostructure’s morphology. A ratio 
𝑅g

𝑅h
 1 indicates that the 

mass is distributed along the hydrodynamic radius of the particles therefore 

the morphology represented is a hollow sphere i.e. a polymersome (Figure 

1.13). Ratios larger than one can be indicative of an elongated cylindrical 

morphology while a ratio of 0.775 indicates homogeneous spheres i.e. micelles. 
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Moreover, DLS and SLS can also be combined to remove the signal 

contribution from spurious scatterers (i.e. very large particles like dust or 

particles’ aggregates) present in small quantities in a sample that contains 

mainly small particles when the unwanted particles are not easily removed (by 

filtration or centrifugation for example). This method necessitates to measure 

DLS and SLS simultaneously on the sample. The contribution to the signal 

intensity from the fast mode (Cfast) i.e. the small scatterers and slow mode 

(Cslow) i.e. the larger population is determined by DLS with one of the 

algorithms cited above which allows to separate these two populations during 

the analysis. The contribution from the fast mode is then employed to modify 

the SLS analysis where Rθ of the sample is replaced by Rθ,fast = CfastRθ. 

 

Figure 1.13. Scheme that indicates how the different morphologies would have a different 

Rg/Rh ratio where Rg is indicated by the dashed line and Rh is indicated by the solid line. 

  

Rg

Rh
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1.5. Conclusion and aims 

As presented, the development of green and water-based enantioselective 

catalysts is hindered by the multi-step reactions and toxic solvent necessary 

for their synthesis and operation respectively. Micellar nanoreactors are able 

to mimic the enzyme hydrophobic pocket and have already shown selectivity 

towards the type of species that can access their active core. Making this 

selectivity applicable to enantiomers could be effective with helical polymers 

that are chiral objects similar to the α-helices present in enzymes and are 

already employed in enantioselective organocatalysts. 

This project took enzymes as an inspiration for the development of water-based 

nanoreactors for transesterification reactions. Employing a bottom-up 

strategy189 to engineer enzyme-like systems that would replicate the behaviour 

of enzymes with the objective to achieve asymmetric reactions in water. 

The aim of this work is to develop micelles with a chiral core that can easily 

be functionalised to allow the introduction of a simple achiral  catalyst moiety. 

The chiral environment of the core is thought to enable enantioselective 

catalysis by kinetic resolution. 
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2.2. Introduction 

Helices and helical assemblies are important structures in bio-macromolecules 

(Figure 2.1) that are employed in many roles in nature from a structural 

function in the case of collagen to the storage of information (i.e., DNA) to the 

many purposes the α-helix has in protein assembly and function.1 One of the 

most remarkable attributes of the helical architecture is its inherent chirality 

– right- and left-handed helices are the mirror image of one another, but are 

not superimposable. The chirality of the helical structures gives it a potential 

role in the recognition of other chiral compounds such as other helices for 

example, which is well demonstrated by the α-helices present in the zinc finger 

motif for its binding to DNA double helix or proteins.2-4 Moreover, helical 

polymer chains can form rigid rods,5-9 which gives these types of polymers 

interesting properties in terms of structural applications. Collagen, as the most 

abundant structural proteins found in the extracellular matrix of vertebrates, 

is a good example of helical polymers for structural purpose, where three helical 

polypeptide chains are twisted around each other and form a triple helix.10-12 

 

Figure 2.1. Helices found in nature: DNA double helix, protein α-helix and collagen triple 

helix.  

The wide variety of applications of the helical structure in nature was an 

inspiration that chemists have applied in the development of synthetic helices 

in different areas13-15 such as nanomaterials,16-18 chiral recognition,19-22 

catalysis,23-27 and data storage.13-15 For instance, silica nanoparticles (NPs) 

grafted with helical polymers have been successfully employed as chiral 

α-helix

DNA double helix

Collagen triple helix
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stationary phases (CSPs) for HPLC columns.19, 28, 29 Helical polymers have also 

been investigated in optical data storage devices. It is theorised that the binary 

chiral information which arises from the helicity (right- or left-handed) could 

be used as an analogue to the binary system used currently (0 and 1).30, 31 

In the field of nanomaterials, the self-assembly of helical polymers has been 

extensively explored.26, 27, 32-43 Lecommandoux and coworkers used nature’s 

building blocks (i.e. amino acids) to investigate the synthesis and self-assembly 

of polypeptide-based diblock copolymers into different nanostructures and 

studied their possible application as stimuli-responsive materials.44-46 Diblock 

copolymer polypeptide assemblies were shown to respond to variations in pH 

and ionic force, as a consequence of the pH-sensitivity of polypeptides’ 

secondary structure, which transitioned from α-helix to random coil which 

thereby altered amphiphilic packing.45, 47-51 Pioneers in the self-assembly of 

polyisocyanides (PICs), Nolte and coworkers developed rod-coil diblock 

polyisocyanopeptide copolymers that self-assembled into polymersome which 

proved the feasibility of helix that contained PIC nano-structures.52-54 In chiral 

recognition, Wu and coworkers employed self-assembled helical PICs. These 

helical-core micelles showed a difference in uptake between two enantiomers of 

a racemic mixture of a chiral dye or alcohol.21, 22 To replicate the properties of 

cell penetrating peptides (CPP), which have excellent membrane permeability 

in part as a consequence of their helical shape55, Cheng et al. showed that 

cationic, α-helical, poly(arginine) mimics displayed enhanced cellular 

internalisation and were employed as molecular transporters to mediate 

intracellular delivery of DNA and siRNA.56 Building on this, Wu and coworkers 

reported that rapid cellular internalisation was observed with PEGylated left-

handed helical PIC corona micelles.57, 58 These last examples demonstrate the 

already advanced research conducted in nanomaterials for PICs. However, such 

assemblies are usually prepared by methods that are time- and resource-
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consuming and give solutions with a relatively low content of polymer. An 

alternative route to prepare nanostructures is polymerisation-induced self-

assembly (PISA, Scheme 2.1), which is an efficient approach to achieve 

nanostructures with different morphologies at high solids concentrations (up to 

50 wt%) with simple experimental procedures.59-65 Recently, Grazon et al. have 

demonstrated the PISA of helical polymers with the ring‐opening PISA 

(ROPISA) of N‐carboxyanhydrides where they chain-extended a PEG 

macroinitiator with γ‐benzyl‐L‐glutamate N‐carboxyanhydrides which 

produced a hydrophobic helical polypeptide block that self-assembled into well-

defined micelles.64 

 

Scheme 2.1. General model for polymerisation‐induced self‐assembly (PISA) showing the 

three most common morphologies: spherical micelles, worm-like micelles and polymersomes.  

While PISA is usually conducted by radical polymerisation techniques (RAFT, 

ATRP, NMP, etc.)59, 60, 66-77 that rely heavily on methacrylate monomers, 

metal-catalysed coordination polymerisation methodologies for PISA provide 

entirely new possible backbone and side-chain chemistry. Such methodologies 

have been reported but have yet to be fully explored to the same degree as 

their radical counterparts. For instance, a ROMP-mediated PISA (ROMPISA) 

was recently described and extended the possibility of PISA to norbornene 

monomers.78-82 PISA also has the advantage that encapsulation of small 

molecules can be accomplished in situ during polymerisation. Since the 

polymerisation of PIC can occur at room temperature, there is little risk of 

damage to thermolabile compounds like dyes, drugs or enzymes. Moreover, for 

nanoparticles prepared from helical polymers, the chiral induction effect of the 

Solvophilic 
polymer

Chain extension

Core-forming
monomer

Self-assembly

Spherical
micelle

Worm-like 
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nanoparticle cores can be probed by measuring the circular dichroism (CD) of 

an encapsulated dye. Chiral induction of CD for an achiral dye embedded in 

helical assemblies has been observed before, where the chiral supramolecular 

architecture contributed to the induction effect.83-88 However, it has not been 

reported for achiral supramolecular nano-objects such as micelles, where the 

overall architecture of the nanoparticle isn’t helical and has therefore no effect 

on the CD absorption of encapsulated compounds. In this Chapter, the in situ 

synthesis and self-assembly of helical PICs into different nanostructures via a 

nickel-catalysed coordination polymerisation-induced self-assembly (NiCCo-

PISA) and their chiral induction effect on an encapsulated achiral dye (Nile 

Red) was investigated. It is anticipated that such nanostructures will be useful 

in nanomedicine for the accessible synthesis of helix-containing delivery 

systems, while the chiral core could be leveraged for chiral recognition or 

asymmetric catalysis. 
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2.3. Nickel-catalysed polymerisation of 

poly(arylisocyanide)s 

2.3.1. Solvophobic and solvophilic homopolymers 

The common methodology to conduct dispersion PISA is through the chain-

extension of a solvophilic block with a solvent-miscible monomer whose 

corresponding homopolymer is solvophobic. The growing polymer block 

gradually becomes insoluble in the reaction media, forming an amphiphilic 

diblock copolymer that self-assembles in situ.60 In the early attempts to 

synthesise poly(isocyanide)s with chiral L-menthol side-chains, precipitation of 

the growing polymer was observed in DMSO during polymerisation. Thus, it 

was reasoned that menthyl-ester arylisocyanide (M AIC)89, 90 could be utilised 

as the core-forming monomer in PISA formulations (Scheme 2.2). Toward 

this end, a DMSO-soluble PEG-ester aryl isocyanide (PAIC) monomer was 

synthesised as the corona block. A PEG side-chain was chosen because of the 

expected solubility in both water and DMSO of the monomer and homopolymer 

as well as its known biocompatibility. The catalyst developed by Lee et al., o-

Tol(dppe)NiCl, was selected because of its ease of synthesis (2 steps), stability 

towards air and water, and the speed of the polymerisation it catalyses.91 In 

their investigation, Lee et al. reported the synthesis of a PIC pentablock 

copolymer in 1 minute by sequential addition of monomers, the different 

growing blocks were analysed by SEC which showed the increase in molecular 

weight as the different monomers feeds were added. 
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Both PAIC and M AIC were homopolymerised via a coordination 

polymerisation catalysed by o-Tol(dppe)NiCl. PAIC was polymerised in 

DMSO (Figure 2.2) as it is the solvent in which the NiCCo-PISA will be 

conducted while M AIC was polymerised in THF (Figure 2.3), as the 

homopolymer was not soluble in DMSO. Excellent control over the 

polymerisation process was observed in both cases, and polymers were obtained 

with low-to-moderate dispersities (ÐM <1.2) and number-average molecular 

weight (Mn) values (Table 2.1). The reported Mn values obtained by SEC 

were lower than the theoretical values calculated from the monomers molecular 

weight. These values were deduced from a polystyrene standard which assumes 

a globular shape from a coiled polymer. PICs are rigid-rod polymers; therefore, 

the PS standard is not an accurate model to calculate Mn. The measured Mn 

evolution was similar to what has been reported previously.91 

 

Scheme 2.2. Synthetic route followed for the preparation of diblock copolymers via 

NiCCo-PISA of P(PAIC)x-b-P(M AIC)y.  

Helical polymer

Hydrophobic content

SpheresWormsVesicles

NiCCo-PISA
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Figure 2.2. (A) Scheme of the homopolymerisation of PAIC. (B) The NMR tube contains 

P(PAIC) DPPAIC = 10 in DMSO which shows the solubility of the homopolymer in DMSO. 

(C) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 40 °C, PS 

standards) of the different DPs of P(PAIC)x homopolymer. (D) Mn,SEC (filled circles) and 

ÐM (hollow circles) as a function of monomer over catalyst ratio.  

 

Figure 2.3. (A) Scheme of the homopolymerisation of M AIC. (B) The NMR tube contains 

P(M AIC) DPM AIC = 10 in DMSO which shows the insolubility of the homopolymer in DMSO. 

(C) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 40 °C, PS 

standards) of the different DPs of P(M AIC)y homopolymer. (D) Mn,SEC (filled circles) and ÐM 

(hollow circles) as a function of monomer over catalyst ratio. 
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Table 2.1. Characterisation by SEC of synthesised homopolymers 

P(PAIC)x and P(M AIC)x homopolymers (x = 10, 20, 30, 40, 50). 

DPP(PAIC)
a M n, theo (kDa)b M

n, SEC 
(kDa)c

 ÐM
c 

10 6.9 7.2 1.17 

20 13.8 9.8 1.13 

30 20.7 12.8 1.13 

40 27.6 14.7 1.16 

50 34.5 16.8 1.16 

DPP(MAIC)
a M n, theo (kDa)b M

n, SEC 
(kDa)c ÐM

c 

10 2.9 2.2 1.11 

20 5.7 3.4 1.13 

30 8.6 4.8 1.13 

40 11.4 6.1 1.10 

50 14.3 7.1 1.10 

a
All conversions were > 99%, as determined by 

1
H NMR spectroscopy in 

CDCl3.
 b

Calculated from conversion with the monomer’s MW and feed 

ratio.
 c
Determined by SEC (THF + 2% v/v NEt3) using polystyrene (PS) 

standards. 

 

PICs are inherently helical in nature, and this helicity can be detected by 

circular dichroism (CD) spectroscopy. Moreover, these helices are static, which 

means that changes in helicity at room temperature are seldom observed.14 

However, in the absence of a driving force to influence the equilibrium during 

polymerisation between both screw-senses, they are present in equal quantities 

(i.e. a racemic helical mixture) and the overall CD signal is null. On the 

contrary, in P(M AIC), the chiral moiety on the side chain kinetically favours 

one of the helix screw-senses and this excess can be measured by CD (Figure 

2.4).90 In the case of M AIC, the CD signal is null and for P(MAIC)x the 

signal increases with Mn until it reaches a plateau at DPP(M AIC) = 20. The CD 
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signal for the homopolymer P(PAIC) is also null as there is no chiral side 

chain to drive the screw-sense selectivity. 

 

Figure 2.4. CD spectra of M AIC monomer and P(M AIC) homopolymers (DPP(MAIC) = 

10, 20, 30, 40 and 50) in THF at 0.5 mg·mL
-1
. Inset: CD signal at λ = 360 nm vs DPP(MAIC). 

 

2.3.2. Amphiphilic P(PAIC)x-b-P(M AIC)y block copolymers  

Block copolymerisation of PAIC and M AIC was conducted by the in-situ 

chain-extension of a P(PAIC)x macroinitiator with M AIC as the core-forming 

monomer in DMSO, which yielded diblock copolymers P(PAIC)x-b-

P(M AIC)y. The control over the polymerisation was verified by targeting 

different degrees of polymerisation (DPs) of both the solvophilic and 

solvophobic blocks and constructing Mn vs DPP(M AIC) plots (Figure 2.5, 

Figure 2.6 and Figure 2.7). A linear relationship between targeted DP and 

Mn indicated the polymerisation process was controlled (Table 2.3). However, 

when high DPP(M AIC) were targeted, high molecular weight shoulders were 

observed. The SEC measurement was repeated in CHCl3 and the high 

molecular weight shoulders were still present which indicated the secondary 

population presence was not caused by the solvent or the solvent-specific 
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was conducted in a good solvent, namely THF, no shoulder was observed, 

which suggested that the apparition of high molecular weight population most 

likely originated from the PISA process itself (Figure A2.20). The reported 

Mn obtained by SEC were lower than the theoretical values (vide supra). 

 

Figure 2.5. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of the chain extensions of macroinitiator P(PAIC)10 with M AIC 

targeting different DPP(MAIC). (B) Evolution of Mn, SEC (filled circle) and ĐM (hollow circle) 

values measured by SEC as a function of targeted DPP(MAIC). The Mn, theo (dashed line) 

calculated from the monomer molecular weight and feed ratio is displayed as reference 

 

 

Figure 2.6. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of the chain extensions of macroinitiator P(PAIC)20 with M AIC 

targeting different DPP(MAIC). (B) Evolution of Mn, SEC (filled circle) and ĐM (hollow circle) 

values measured by SEC as a function of targeted DPP(MAIC). The Mn, theo (dashed line) 

calculated from the monomer molecular weight and feed ratio is displayed as reference 
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Figure 2.7. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) for chain extensions of macroinitiator P(PAIC)30 with M AIC 

targeting different DPP(MAIC). (B) Evolution of Mn, SEC (filled circle) and ĐM (hollow circle) 

values measured by SEC as a function of targeted DPP(MAIC). The Mn, theo (dashed line) 

calculated from the monomer molecular weight and feed ratio is displayed as reference 

In PISA, the solids content can have a dramatic impact on the nanostructures 

produced by the self-assembly reaction.62 When the solids contents is increased, 

the nano-objects can progress to higher morphologies (i.e. spherical micelles to 

worm-like micelles or worm-like micelles to vesicles). NiCCo-PISA of 

P(PAIC)20-b-P(M AIC)30 was conducted with 0.5, 1, 3.5, 5 and 10 wt% to 

assess the influence of the solids content on the resulting nano-objects. This 

solids contents screening showed no change in the resulting spherical 

morphologies by DLS over the studied range (Table 2.2; all the size 

distributions are found in the Appendix: Figure A2.21). Since there was no 

apparent influence of concentration on the size distribution, the concentration 

was held constant at 5 wt% throughout the study and the block length was 

varied (Figure 2.8). 
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Figure 2.8. Intensity-weighted size distributions of NiCCo-PISA mixture conducted at 

5 wt% of P(PAIC)20-b-P(M AIC)30 in DMSO obtained by DLS. The intensity (red line), 

volume (blue line) and number (black line) distributions are displayed Inset: Correlogram. 

 

Table 2.2. DLS characterisation of the NiCCo-

PISA mixture of P(PAIC)20-b-P(M AIC)30 in 

DMSO conducted at different solids contents 

Solids contents (%) Size (nm) 

0.5 26 (0.16) 

1 20 (0.18) 

3.5 27 (0.19) 

5 20 (0.18) 

10 25 (0.35) 

To determine whether the diblock copolymers obtained from NiCCo-PISA 

exhibited helicity, P(PAIC)x-b-P(M AIC)y copolymers of different block 

ratios were analysed by CD spectroscopy after dissolution in a good solvent for 

both blocks, namely THF, to circumvent the possible interferences emerging 

from light-scattering by the nano-objects (example with the DPP(PAIC) = 20 

series Figure 2.9; all the series are in the Appendix: Figure A2.22 to 

Figure A2.24). While the P(PAIC) homopolymers did not display any 

signal, the diblock copolymers showed a clear signal at λ = 360 nm, consistent 
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with previous literature reports.89-91 By comparing the change in the intensity 

of this signal for the different solvophobic block lengths, a linear increase of 

signal response with the DPP(M AIC) was observed, which confirmed the helical 

nature of the nanostructures’ core for all the DPs and ratios studied (Table 

2.3). Importantly, as a consequence of the static nature of the helix, the CD 

spectrum of the copolymer unimers dissolved in THF was expected to be similar 

to that of the nanoparticles in DMSO. The slope of the CD vs DPP(M AIC) plot 

became more gradual as the PAIC content was increased, concurrent with the 

increased content of opposite screw-sense helices present in the P(PAIC) 

block (Figure 2.10). 

 

 

Figure 2.9. CD (THF, 0.5 mg·mL
-1
) spectra of PAIC monomer and P(PAIC)10-b-

P(M AIC)x copolymers (x = 0, 10, 20, 30, 40, 50). Inset: CD signal at λ = 360 nm plotted 

vs DPP(MAIC). 
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Figure 2.10. CD signal at λ = 360 nm plotted vs DPP(MAIC) for P(PAIC)x-b-P(M AIC)y 

copolymers with DPP(PAIC) = (A) 10, (B) 20 and (C) 30 and DPP(MAIC) = 0, 10, 20, 30, 40, 

50. The different colours correspond to the DPP(MAIC) = 0 (black), 10 (red), 20 (blue), 30 

(green), 40 (purple), 50 (orange). 
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Table 2.3. Characterisation of synthesised P(PAIC)x-b-P(M AIC)y diblock 

copolymers. 

Samplea 
M n, theo 

(kDa)b 

M n, SEC 

(kDa)c 

ÐM

c 

CD 360
d 

(mdeg) 

P(PAIC)10 6.9 6.5 1.24 0 

P(PAIC)10-b-P(M AIC)10 9.8 7.3 1.25 11 

P(PAIC)10-b-P(M AIC)20 12.6 8.5 1.17 14 

P(PAIC)10-b-P(M AIC)30 15.5 10.1 1.25 22 

P(PAIC)10-b-P(M AIC)40 18.3 11.6 1.42 23 

P(PAIC)10-b-P(M AIC)50 21.1 13.8 1.58 27 

P(PAIC)20 13.8 9.2 1.20 0 

P(PAIC)20-b-P(M AIC)10 16.7 10.2 1.19 6 

P(PAIC)20-b-P(M AIC)20 19.5 11.1 1.22 13 

P(PAIC)20-b-P(M AIC)30 22.4 12.5 1.21 16 

P(PAIC)20-b-P(M AIC)40 25.2 14.7 1.20 23 

P(PAIC)20-b-P(M AIC)50 28.1 16.8 1.37 26 

P(PAIC)30 20.7 12.8 1.13 0 

P(PAIC)30-b-P(M AIC)10 23.6 15.7 1.28 5 

P(PAIC)30-b-P(M AIC)20 26.4 16.8 1.31 10 

P(PAIC)30-b-P(M AIC)30 29.3 18.0 1.35 12 

P(PAIC)30-b-P(M AIC)40 32.1 18.4 1.45 19 

P(PAIC)30-b-P(M AIC)50 35.0 18.5 1.53 21 

P(M AIC)50 14.3 7.1 1.16 38 

a
All conversions were >99%, as determined by 

1
H NMR spectroscopy in CDCl3.

 

b
Calculated from conversion using the monomer’s MW and feed ratio: Mn, theo = MW 

× [M]/[I].
 c
Determined by SEC (THF + 2% v/v NEt3, 40 °C, PS standards).

 d
CD signal 

at λ = 360 nm. 
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2.4. Nickel-catalysed coordination polymerisation-induced 

self-assembly of helical poly(arylisocyanide)s 

As a consequence of the insolubility of P(MAIC) in DMSO, chain-extension 

of a P(PAIC) macroinitiator with M AIC led to the formation of self-

assembled nanostructures. Dynamic light scattering (DLS) was used to 

measure the size (or hydrodynamic diameter, Dh) of the nano-objects in the 

various block copolymer solutions targeting different DPs (the size 

distributions can be found in the Appendix, Table 2.4). For the P(PAIC)x-

b-P(M AIC)20 series, single populations of nano-objects were observed, with 

sizes ranging from 16 to 25 nm which depended on DPP(PAIC). As the targeted 

DPP(MAIC) was increased, multiple nano-object populations were detected, 

consistent with the evolution of mixed morphologies that contains both 

spherical and worm-like micelles. At high DPP(M AIC), primarily mixed 

morphologies were obtained with the exception of P(PAIC)10-b-P(M AIC)50, 

which exhibited a single population of particles with Dh = 630 nm. 

Transmission electron microscopy (TEM) was employed to determine the 

obtained morphologies. To prepare TEM samples, the crude NiCCo-PISA 

reaction mixtures were diluted in DMSO to 0.1-0.02 mg·mL-1 and deposited 

onto graphene oxide-coated (GO) copper grids prior to staining and imaging. 

Spheres, worm-like micelles and polymersomes were achieved. In brief, the 

DPP(MAIC) = 20 series consisted of spherical micelles with DTEM = 18, 17, and 

21 nm for P(PAIC)10-b-(PM AIC)20, P(PAIC)20-b-(PM AIC)20, and 

P(PAIC)30-b-(PM AIC)20, respectively, in good agreement with the data 

obtained from DLS (Table 2.4, TEM images for each diblock copolymer can 

be found in the Appendix: Figure A2.25 to Figure A2.36). Mixed 

morphologies that contained both spherical and worm-like micelles occupied an 
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intermediate DP range in the phase space. For the P(PAIC)10-b-P(M AIC)40 

sample, a pure phase of worm-like micelles was apparent in the TEM images. 

Upon further increasing the DPP(M AIC) to 50, polymersomes were obtained 

with DTEM = 490 nm. The observed difference in diameter between DLS and 

TEM analysis is most possibly attributed to drying effects during the sample 

preparation process prior to TEM imaging that would induce shrinkage of the 

particle. When taken as a whole, the morphology for the different pairs of 

DPP(PAIC) and DPP(M AIC), and their transitions from one phase to another 

were combined to form a full phase diagram (Figure 2.11). Overall, decreasing 

the length of the P(PAIC) stabiliser block or increasing the length of the 

P(M AIC) core block resulted in the formation of higher-order morphologies 

such as worm-like micelles or polymersomes. Importantly, these higher-order 

morphologies were also demonstrated to retain their core helicity, which 

extended the breadth of possible nanostructures that can be synthesised in one 

step using a simple PISA methodology. 
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Table 2.4. Characterisation by DLS and TEM of the nanostructures obtained by NiCCo-

PISA of P(PAIC)x-b-P(M AIC)y diblock copolymers. 

Sample M orphologies DDLS (nm)a DTEM  (nm)b 

P(PAIC)10-b-P(M AIC)20 Spheres 18 (0.16) 18 ± 5 

P(PAIC)10-b-P(M AIC)30 Spheres/worms -c 17± 5d 

P(PAIC)10-b-P(M AIC)40 Worms -e -e 

P(PAIC)10-b-P(M AIC)50 Vesicles 630 (0.21) 490 ± 290 

P(PAIC)20-b-P(M AIC)20 Spheres 16 (0.24) 17 ± 5 

P(PAIC)20-b-P(M AIC)30 Spheres 20 (0.18) 21 ± 7 

P(PAIC)20-b-P(M AIC)40 Spheres/worms -c 24 ± 5d 

P(PAIC)20-b-P(M AIC)50 Spheres/worms -c 20 ± 5d 

P(PAIC)30-b-P(M AIC)20 Spheres 25 (0.18) 14 ± 5 

P(PAIC)30-b-P(M AIC)30 Spheres 26 (0.23) 20 ± 5 

P(PAIC)30-b-P(M AIC)40 Spheres 42 (0.15) 54 ± 24 

P(PAIC)30-b-P(M AIC)50 Spheres/worms -c 26 ± 12d 

a
Spherical particles size measured by DLS with dispersity (PD) in parenthesis.

 b
Spherical 

particles size calculated by TEM.
 c
Mixed morphologies did not have one population by DLS.

 

d
Size of the spherical particles in the spheres/worms mixed phase.

 e
No spherical particles 

present. 
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Figure 2.11. Phase diagram for P(PAIC)x-b-P(M AIC)y diblock copolymer nano-objects prepared 

via NiCCo-PISA (5 wt% solids content) by varying the DPP(PAIC) and DPP(MAIC), along with 

representative dry-state TEM images of different formulations. 

The polymersome morphology was not apparent given the previous analysis 

(DLS and TEM). DLS does not discriminate between spherical morphologies 

and no clear membrane was visible by TEM. Therefore, multi-angle DLS and 

static light scattering (SLS) were employed to help define the actual 

morphology of the P(PAIC)10-b-P(M AIC)50 nanoparticles. A goniometer was 

used which allowed the measurement of DLS and SLS data at different angles. 

The DLS data gave the apparent hydrodynamic radius (Rh) of the particles 

while the SLS data yielded the gyration radius (Rg) and their ratio (Rg/Rh) 

provides information on the morphology of the analysed nano-objects. If the 

ratio is 0.78, the particles are full micelles with the mass homogeneously 

distributed while a value of 1 indicates a hollow sphere with all the mass in the 

outer shell (i.e. vesicle, polymersome).92 The light scattering experiments were 
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conducted at 0.1, 0.3, 0.5, 0.75 and 1 mg·mL-1 in DMSO to account for 

concentration effects. For the multi-angle DLS, the mean translational diffusion 

coefficient (D) was calculated from the relaxation times at each angle, τ(θ, c) 

determined from the autocorrelation functions at each angle (θ, c) by the 

REPES algorithm as described by Jakeš.93 The Stokes-Einstein equation was 

used to determine the Rh of the particles (Equation 2.1). The calculated Rh 

was 290±26 nm which gave a diameter of 580 nm consistent with the size 

measured with the fixed angle DLS at 630 nm. 

 𝑅   
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For the multi-angle SLS, following Andersson et al.94, a Zimm plot was 

constructed using the Debye method (Equation 2.2 and Equation 2.3) to 

determine the Rg of the nanoparticles. To do this, the Rθ/Kc versus q2 data 

were plotted and a third order polynomial model was used to extrapolate  →

0. The fit’s intercept provided the molecular weight according to light 

scattering (MLS) while the slope at q2 = 0 can be utilised to retrieve Rg at the 

different concentrations. A first order model was employed for the 𝑐 → 0 

extrapolation (Figure 2.12) which yielded Rg and MLS 
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Figure 2.12. (A) Multi-angle SLS with Rg as a function of concentration and its linear 

regression where the intercept is Rg at → 0 . (B) Multi-angle DLS with Rh as a function of 

concentration and its linear regression where the intercept is Rh at 𝑐 → 0. 

For SLS calculations, refractive index increment (dn/dc) was necessary and 

was measured using a differential refractometer which gave 

2.14±0.35 × 10-4 L·g-1. The P(PAIC)10-b-P(M AIC)50 nanoparticles had a Rg 

of 302±2 nm, which gave a Rg/Rh ratio of 1.04±0.1 and the aggregation 

number (Mw, theo/MLS) with a MLS of 2.10 ± 0.10 × 105 kDa was calculated to 

be 3.68±0.29 × 103 which was in line with a vesicle morphology which 

confirmed the hollow sphere nature of the P(PAIC)10-b-P(M AIC)50 

nanoparticles.92 The radius values from the multi-angle measurement were 

consistent with the previous RDLS (315 nm) and RTEM (245 nm) analysis. 
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2.5. Chiral induction of circular dichroism absorption 

In order to use our polymeric system in a biologically relevant environment, 

the spherical micelle samples were transferred into water by dialysis. An 

increase of the micelle diameter from 25 to 60 nm was observed by DLS 

following the dialysis step; however, no major change in size over > 4 weeks 

indicated the particles were colloidally stable (Figure 2.13). To verify the 

morphology of the nano-objects after the transfer in water, dry-state TEM 

images were taken. This confirmed the spherical nature of the nanostructures 

and presented aggregates of the micelles that could be the reason of the large 

size distribution measured by DLS. Indeed, the size calculated from the nano-

objects in the TEM images was 21 nm, more in line with the sizes found for 

the micelles in DMSO. The capability to obtain stable, helix-containing 

micelles in aqueous media expanded the window of potential applications, 

which prompted us to explore the possibility of inducing chirality in small 

molecules via encapsulation within the nanoparticle cores. 



 Chapter 2  

65 

 

 

Figure 2.13. Intensity-weighted size distributions of P(PAIC)20-b-P(M AIC)30 in water obtained by DLS at 

(A) t = 0 and (B) after 4 weeks (right) that showed only little aggregation over time. Inset: DLS autocorrelation 

function. (C) Dry-state TEM images of sphere morphologies obtained from NiCCo-PISA of P(PAIC)20-b-

P(M AIC)30 after transfer in water by dialysis which showed individual particles along with aggregates. 

(D) Histogram of spherical particles’ size distribution measured from particle analysis of TEM images.  

To assess the capability of the spherical micelles to encapsulate solvophobic 

species, NiCCo-PISA targeting P(PAIC)20-b-P(M AIC)30 was conducted in a 

solution that contained 1 wt % - relative to the polymer content - of the 

lipophilic dye Nile Red (NR). The dye was expected to be taken up into the 

solvophobic nanoparticle cores during the PISA process and the resulting 

dialysed solution to be fluorescent. After dialysis against water (4-6 kDa 

MWCO), the aqueous solution was centrifuged, and the supernatant was 

filtered to remove unencapsulated NR. The resulting solution retained 

fluorescence, and further analysis by spectrophotometry confirmed the presence 

of NR within the nanoparticles (Figure 2.14A ). As a consequence of the dye’s 

solvatochromic nature, a shift from the maximum emission of NR in water (λ 
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= 660 nm) to the encapsulated solution (λ = 635 nm) was observed, which 

proved the effective encapsulation of NR in the nanostructure cores, and the 

lack of a signal at λ = 660 nm confirmed the successful removal of 

unencapsulated NR (Figure 2.14B). Polarity of the solvents is known to be 

one of the parameters that dictates the shift in maximum emission in the 

solvatochromic effect. In order to employ NR as a kind of polarity probe, 

solutions of NR in solvents with different polarities were analysed by 

spectrophotometry (Figure 2.15A) which showed a visible shift in maximum 

emission from λ = 573 nm for toluene to λ = 662 nm for water, which indicated 

clearly the solvatochromic behaviour for NR: as the polarity increases, the 

maximum emission shifts to the longer wavelength. The maximum emission of 

the different solvents’ solutions were compared to the solvent’s relative polarity 

(Figure 2.15B) which demonstrated this shift of the maximum emission 

wavelength followed a linear law however, DMSO diverged from the trend. As 

was mentioned earlier, polarity is not the only parameter that plays a role in 

the solvatochromic effect. This comparison indicated that the interior of the 

NP was comparable to isopropyl alcohol (IPA). 

 

Figure 2.14. (A) Fluorescence spectra for the excitation (black line, λex = 540 nm) and 

emission (red line, λem = 630 nm) of Nile Red in THF. (B) Fluorescence spectra (λex = 540 

nm) of Nile Red in water (black line) and encapsulated in NPs of P(PAIC)20-b-P(M AIC)30 

(red line, 5 mg·mL
-1
). Inset: aqueous solution of NPs (yellow solution) and NR encapsulated 

in NPs (purple solution) under ambient light (left) and UV light (right). 

 

600 650 700 750

0.0

0.2

0.4

0.6

0.8

1.0
 NR in water

 NR in NP

N
o

rm
a

li
z
e

d
 i
n

te
n

s
it

y

Wavelength (nm)

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

li
s

e
d

 i
n

te
n

s
it

y

Wavelength (nm)

 Excitation

 Emission
A B



 Chapter 2  

67 

 

 
Figure 2.15. (A) Fluorescence spectra (λex = 540 nm) of Nile Red in solvents with different 

polarity (from left to right): toluene, dioxane, DMSO, ethyl acetate, THF, DCM, Acetone, 

DMF, IPA, NPs in water MeOH and water. (B) Wavelength of the maximum emission vs 

the relative polarity of the solvents (water = 1). 

This uptake experiment was repeated with different initial concentrations of 

NR (0.5, 2, 5, 10, and 15 wt %) to determine the maximum loading efficiency. 

Aliquots from each NiCCo-PISA were taken after purification and freeze-dried. 

The resulting residues were dissolved in THF and analysed by UV/Vis 

spectroscopy. To allow calculation of the quantity of each compound 

(copolymer and dye), calibration curves for Nile Red and P(PAIC)20-b-

P(M AIC)30 diblock copolymer in solution were measured (Figure 2.16 and 

Figure 2.17) in THF. The UV/Vis spectra of the two species indicate that 

they each absorb at a different region (λ = 530 nm for Nile Red and λ = 360 

nm for the diblock copolymer). The UV/Vis absorption (λ = 530 nm) for 

different concentrations of Nile red in THF (A530), showed a linear relation 

(Equation 2.4) with the concentration of NR (cNR) in accordance with the 

Beer-Lambert law. Therefore, the concentration of Nile Red can be deduced 

from the absorbance at λ = 530 nm: 
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The same equation can be applied to the concentration of P(PAIC)20-b-

P(M AIC)30 (cP) and the absorption of the diblock copolymer at 

λ = 360 nm (A360): 

 𝑐𝑃  
𝐴360
 .07

 2.5 

The content of NR and copolymer can be calculated from the UV/Vis spectrum 

of the NiCCo-PISA solution content and therefore, the concentration (wt%) of 

dye relative to the polymer and the encapsulation efficiency.  

 

Figure 2.16. (A) UV/Vis spectra of different concentrations of Nile Red in THF. 

(B) Calibration curve for Nile Red in THF. 

 

 

Figure 2.17. (A) UV/Vis spectra of different concentrations of P(PAIC)20-b-P(M AIC)30 

in THF. (B) Calibration curve for P(PAIC)20-b-P(M AIC)30 in THF. 
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Using this formulation, the encapsulated NR and encapsulation efficiency were 

calculated for each initial concentration (Figure 2.18 and Table 2.5). When 

analysing the efficiency, this parameter decreased from 80% for 0.5 wt% of 

initial concentration to 8.5% for 15 wt% of initial NR. However, to calculate 

the actual quantity of NR encapsulated in the NPs, it was necessary to take 

into account both the initial concentration of NR and the encapsulation 

efficiency. The encapsulated dye increased from 0.46 wt% at 0.5 wt% of initial 

dye concentration until the dye quantity reached a maximum of 2.3 wt% 

encapsulated at 5 wt% of initial NR concentration which gave a maximum 

loading of 42%. After reaching this ceiling, the encapsulated NR decreased, 

which is normal behaviour for encapsulation at high concentration. 

 

 

Figure 2.18. (A) UV/Vis (THF, 1 mg·mL
-1
) spectra of the copolymer and encapsulated 

dye at different initial NR concentration; Inset: Concentration of encapsulated NR 

depending on the initial NR concentration. (B) Encapsulation efficiency of nile red into 

spherical nanoparticles of P(PAIC)20-b-P(M AIC)30. 

 

300 350 400 450 500 550 600

0.0

0.2

0.4

0.6

0.8

1.0

0 4 8 12 16

0.0

0.5

1.0

1.5

2.0

2.5

E
n

c
a

p
s

u
la

te
d

 N
R

 (
w

t%
)

Initial conc. of NR (wt%) NP alone

 0.5 wt%

 1 wt%

 2 wt%

 5 wt%

 10 wt%

 15 wt%

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

0 5 10 15

0

20

40

60

80

100  0.5 wt%

 1 wt%

 2 wt%

 5 wt%

 10 wt%

 15 wt%

E
ff

ic
ie

n
c
y
 (

%
)

Initial concentration of NR (wt%)

A B



 Chapter 2  

70 

 

Table 2.5. Encapsulation values and characterisation by CD spectroscopy of NR 

encapsulated in P(PAIC)20-b-P(M AIC)30 by NiCCo-PISA. 

Initial conc. 

NR a 

(wt%) 

Encapsulated 

NR 

(wt%) 

Encapsulation 

efficiency 

(%) 

CD 360 Δ CD 360 

0 - - 0.93 0 

0.5 0.46 78 0.15 -0.78 

1 0.73 67 -1.0 -2.0 

2 1.7 82 -2.2 -3.1 

5 2.2 42 -3.9 -4.8 

10 2.0 17 -2.2 -3.1 

15 1.3 8.5 -1.5 -2.4 

a
Solid content relative to the polymer content. 

Achiral (i.e. CD-inactive) dyes confined within helical supramolecular 

assemblies have been shown to exhibit CD activity by chirality transfer from 

the helical environment.85-88 The helical core of the P(PAIC)20-b-P(M AIC)30 

spherical micelles was hypothesised to induce a similar effect on the 

encapsulated NR which would arise solely from its chiral-core environment 

without supramolecular helicity. To verify this hypothesis, the CD spectrum of 

the dye-loaded spherical micelles was measured and showed a signal between 

λ = 450 nm and λ = 600 nm with a maximum at λ = 515 nm which 

corresponded to NR (Figure 2.19A) and provided evidence that the chiral 

nanoparticle environment influenced the absorption of a dye that was otherwise 

CD-inactive. This chiral induction was shown to evolve linearly with the 

content of NR in the nano-objects, which demonstrated that the CD signal 

originated from the encapsulated dye (Figure 2.19B). The chiral-induction 

effect of the core’s helical environment unveiled the potential of these nano-

objects in applications such as chiral recognition and asymmetric catalysis. 
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Figure 2.19. (A) CD (H2O) absorption spectra of the nanoparticle (NP) (blue) and NR-

loaded NP (red). Inset: Close-up on the NR absorption region at a higher concentration to 

allow detection of the signal. (B) Linear dependence of the CD response to the loading of 

NR in the NPs. Inset: CD (H2O) absorption spectra of the NiCCo-PISA solutions with 

different NR loadings. 
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2.6. Conclusion 

A new solvophilic aryl isocyanide monomer was developed: PAIC. Block 

copolymerisation of MAIC and PAIC was conducted successfully in DMSO 

that led to NiCCo-PISA which produced nanoparticles with helical blocks, and 

achieved nano-objects with common morphologies confirmed by TEM imaging 

– spheres, worm-like micelles and polymersomes– by varying the DP of the 

corona- or the core-forming blocks. This relation was presented as a phase 

diagram, which demonstrated that higher overall solvophobic content yielded 

higher-order morphologies. The size of the spherical morphologies was 

measured by DLS and the vesicle morphology was confirmed by multi angle 

SLS/DLS. Preservation of the helicity of the core polymer for all the 

morphologies during the self-assembly process was confirmed by CD. The 

P(PAIC)20-b-P(M AIC)30 spherical micelles were successfully transferred in 

water by dialysis and proved to aggregate during the purification step. 

However, the size distribution measured by DLS stayed stable over 4 weeks. 

Encapsulation of NR into the micelles was performed effectively with 

P(PAIC)20-b-P(M AIC)30 copolymer for a range of dye concentrations and 

after transfer into water the helical core was shown by CD spectroscopy to 

have a chiral-induction effect. Overall, the reported methodology and the 

resulting nano-objects could find applications in areas such as nanomedicine, 

chiral separation, and enantioselective catalysis. 
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2.7. Appendix 

 

 

 

Figure A2.20. Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of P(PAIC)10-b-P(M AIC)50 synthesised in DMSO (red line) and THF 

(black line). 

 

 

Figure A2.21. Intensity-weighted size distributions of NiCCo-PISA mixture of 

P(PAIC)20-b-P(M AIC)30 conducted solids weight content of (A) 0.5, (B) 1, (C) 3.5, (D) 5 

and (E) 10 wt% in DMSO obtained by DLS. The intensity (red line), volume (blue line) and 

number (black line) distributions are displayed. The hydrodynamic diameters are given in 

nm along with the PD below. 
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Figure A2.22. CD (THF, 0.5 mg·mL
-1
) spectra of PAIC monomer and P(PAIC)10-b-

P(M AIC)x copolymers (x = 0, 10, 20, 30, 40, 50). Inset: CD signal at λ = 360 nm plotted 

vs DPP(MAIC). 

 

 

 

Figure A2.23. CD (THF, 0.5 mg·mL
-1
) spectra of PAIC monomer and P(PAIC)20-b-

P(M AIC)x copolymers (x = 0, 10, 20, 30, 40, 50). Inset: CD signal at λ = 360 nm plotted 

vs DPP(M AIC). 
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Figure A2.24. CD (THF, 0.5 mg·mL
-1
) spectra of PAIC monomer and P(PAIC)30-b-

P(M AIC)x copolymers (x = 0, 10, 20, 30, 40, 50). Inset: CD signal at λ = 360 nm plotted 

vs DPP(M AIC). 
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2.7.1. TEM images of the NiCCo-PISA mixtures 

 

Figure A2.25. (A and B) Dry-state TEM images of the sphere morphology obtained from NiCCo-

PISA of P(PAIC)10-b-P(M AIC)20. (C) Intensity-weighted size distributions of P(PAIC)10-b-

P(M AIC)20 in DMSO obtained by DLS. Inset: DLS autocorrelation function. (D) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images. 
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Figure A2.26. (A and B) Dry-state TEM images of the mixed sphere and worm morphologies obtained from 

NiCCo-PISA of P(PAIC)10-b-P(M AIC)30. (C) Histogram of spherical particles’ size distribution 

measured from particle analysis of TEM images. 

 

 

Figure A2.27. (A and B) Dry-state TEM images of the worm morphology obtained from 

NiCCo-PISA of P(PAIC)10-b-P(M AIC)40. 
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Figure A2.28. (A and B) Dry-state TEM images of the vesicle morphology obtained from NiCCo-

PISA of P(PAIC)10-b-P(M AIC)50. (C) Intensity-weighted size distributions of P(PAIC)10-b-

P(M AIC)50 in DMSO obtained by DLS. Inset: DLS autocorrelation function. (D) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images. 
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Figure A2.29. (A and B) Dry-state TEM images of the sphere morphology obtained from NiCCo-

PISA of P(PAIC)20-b-P(M AIC)20. (C)  Intensity-weighted size distributions of P(PAIC)20-b-

P(M AIC)20 in DMSO obtained by DLS. Inset: DLS autocorrelation function. (D) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images. 
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Figure A2.30. (A and B) Dry-state TEM images of the sphere morphology obtained from NiCCo-

PISA of P(PAIC)20-b-P(M AIC)30. (C) Intensity-weighted size distributions of P(PAIC)20-b-

P(M AIC)30 in DMSO obtained by DLS. Inset: DLS autocorrelation function. (D) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images. 
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Figure A2.31. (A and B) Dry-state TEM images of the mixed sphere and worm morphologies obtained from 

NiCCo-PISA of P(PAIC)20-b-P(M AIC)40. (C) Histogram of spherical particles’ size distribution 

measured from particle analysis of TEM images. 
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Figure A2.32. (A and B) Dry-state TEM images of the mixed sphere and worm morphologies obtained from 

NiCCo-PISA of P(PAIC)20-b-P(M AIC)50. (C) Histogram of spherical particles’ size distribution 

measured from particle analysis of TEM images. 
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Figure A2.33. (A and B) Dry-state TEM images of the sphere morphology obtained from NiCCo-

PISA of P(PAIC)30-b-P(M AIC)20. (C) Intensity-weighted size distributions of P(PAIC)30-b-

P(M AIC)20 in DMSO obtained by DLS. Inset: DLS autocorrelation function. (D) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images. 
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Figure A2.34. (A and B) Dry-state TEM images of the sphere morphology obtained from NiCCo-

PISA of P(PAIC)30-b-P(M AIC)30. (C) Intensity-weighted size distributions of P(PAIC)30-b-

P(M AIC)30 in DMSO obtained by DLS. Inset: DLS autocorrelation function. (D) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images. 
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Figure A2.35. (A and B) Dry-state TEM images of the sphere morphology obtained from NiCCo-

PISA of P(PAIC)30-b-P(M AIC)40. (C) Intensity-weighted size distributions of P(PAIC)30-b-

P(M AIC)40 in DMSO obtained by DLS. Inset: DLS autocorrelation function. (D) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images. 
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Figure A2.36. (A and B) Dry-state TEM images of the mixed sphere and worm morphologies obtained from 

NiCCo-PISA of P(PAIC)30-b-P(M AIC)50. (D) Histogram of spherical particles’ size distribution 

measured from particle analysis of TEM images. 
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3.2. Introduction 

Post-polymerisation modification (PPM) is a powerful and versatile approach 

that has been widely employed as a tool to introduce functional groups onto a 

polymer to broaden its range of properties.1-4 For example, functionality in a 

micelle’s core provides an easy and polyvalent way to introduce different 

moieties such as dyes for labelling applications5, 6 in the nanomedical field, 

catalysts or covalent attachment of drugs.7 It can also be employed as a method 

to modify the polarity of the micelle core, which leads to morphological 

transition.8 In order to achieve the desired functionality, a variety of handles 

are employed in PPM: amides,9-11 nitriles,12 hydrazides,13 thiazolidines,14 

epoxides,15-17 cyanuric chlorides,18 halogenated alkyls,19, 20 azides,21 alkynes,22 

alkenes,23-25 β-ketoesters,26 thiocarbamates,27 and thioethers.28 Similarly, 

various reactions are employed to achieve PPM: click chemistry,29 

transesterification,30 nucleophilic aromatic substitution,18 nitroxide radical 

coupling,31 thiol‐para‐fluoro click reaction,8, 32, 33 keto–enol tautomerisation,34 

dihydroxylation,35 thiol-ene,36 thiol–disulfide exchange,37 and multi component 

reactions (MCRs) such as the Ugi and Passerini rections38 and the Kabachnik-

Fields MCR.39 PPM is mainly aimed at side-chain chemistry however, end-

chain modification has also been extensively studied.23, 40-42 

The molecule of interest introduced during PPM can be either a nucleophile or 

an electrophile; therefore, one must carefully consider the type and 

functionality that is desired. However, active nucleophile pendant chains are 

more prone to disrupt the polymerisation and/or be incompatible with 

comonomers and, consequently, they must be protected during the 

polymerisation process, which requires additional steps. Therefore, an 

electrophilic pendant group is generally preferable as the active site for PPM 

approaches. The PPM approach also allows to bypass the potentially time-
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consuming steps of synthesising novel functional monomers, where 

functionality could disrupt the polymerisation process and/or be incompatible 

with the monomer active site. The number of synthetic steps required for 

monomer synthesis is reduced overall as only the monomer that bears the active 

site is needed to achieve the different functionalities. 

Practically, PPM has been employed in the modification of sequence‐defined 

precursors for digital polymers as demonstrated by Lutz and co-workers. They 

have developed poly(phosphodiester)s decorated with alkyne functionality that 

they modified with the copper(I)-catalysed azide alkyne cycloaddition 

(CuAAC) click reaction with azides.43 In the area of self-assembly, Wooley and 

co-workers have developed polyphosphoesters that contained alkyne44 or 

alkene25, 45 groups that could be functionalised easily by thiol nucleophiles 

through thiol-yne or thiol-ene click chemistry, respectively and that would 

modify their behaviour once self-assembled. In one instance, they demonstrated 

the PPM of a polyphosphoester that contained alkyne via click thiol-yne 

reaction with primary thiols attached to functional groups which exhibited 

various charges in water. The self-assembly of the resulting copolymers led to 

the formation of micelles with different surface charge: non-ionic, anionic, 

cationic and zwitterionic (Scheme 3.1). Finally, PPM is very useful to develop 

stimuli-responsive polymers37, 46-48 and this area will be expanded in Chapter 4. 
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Scheme 3.1. Functionalisation of polyphosphoesters decorated with alkyne side-chains by 

a range of thiols self-assembled into micelles with different surface charges. Reproduced from 

the work of Wooley and co-workers published in ACS, Journal of the American Chemical 

Society. 
44

 

 

Pentafluorophenyl (PFP) esters are activated electrophiles reactive towards 

amines and alcohols when the right conditions are selected. PFP esters can be 

employed in PPM as active site bearing monomers when the desired 

functionality can be tied to a nucleophile. For RAFT, both pentafluorophenyl 

methacrylate (PFPMA) and pentafluorophenyl acrylate (PFPA) have been 

developed and studied to demonstrate their employment as effective monomers 

for the development of responsive functional polymers via PPM with primary 

amines.30, 49-52 Meijer and co-workers have developed single-chain polymeric 

nanoparticles (SCPNPs) composed of polyacrylate copolymers that contained 

PFPA. This system was easily modified by reaction with different amines to 

provide the SCPNPs with precise functionality: ligand capable of binding 

copper for catalysis and Jeffamine for photosensitisation.53 PFPMA has lately 
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been employed by Couturaud et al. to conduct RAFT PISA in DMSO and 

subsequently cross-link the core composed of activated esters to achieve redox-

responsive nanoparticles.54  

PFP-derived monomers have therefore already been proven to undergo PISA 

in DMSO and, considering that it is the solvent employed for NiCCo-PISA, it 

was hypothesised that a similar PFP aryl isocyanide monomer could be used 

for this self-assembly technique. Wu and co-workers have developed a PFP 

aryl isocyanide (FAIC, Figure 3.1) that could be employed as a comonomer 

to introduce an electrophile handle into helical polyisocanides (Scheme 3.2).55-

57 They have shown that the in situ substitution of the PFP ester by a chiral 

moiety could take place during the polymerisation and that helicity could be 

induced as a consequence of the disparity between the reaction rate of 

aminolysis (fast) and polymerisation (slow), which made this effectively a one-

pot polymerisation of chiral monomers. They also demonstrated the FAIC 

monomer could readily polymerise under the same conditions as the menthyl-

ester arylisocyanide (M AIC) employed in Chapter 2. If the solvophobicity of 

the FAIC and MAIC monomers towards DMSO are similar, their 

copolymerisation would represent an ideal system for the synthesis of 

functionalisable NiCCo-PISA micelles. The chiral menthyl pendant of the 

M AIC monomer induces screw-sense selective polymerisation as shown in 

Chapter 2 and it is hypothesised that a copolymer that contained FAIC and 

M AIC as comonomers would result in helical polymers. 

In the field of circularly polarised luminescence (CPL), helical assemblies have 

been employed as scaffolds for inducing circularly polarised emission of 

embedded dyes. 58-63 Having a functionality that allows the grafted dye to be 

chosen in the final step of the synthesis would make for more reproducible CPL 

nanostructures. 
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Figure 3.1. Menthyl-ester arylisocyanide (M AIC), pentalfuorophenol ester arylisocyanide 

(FAIC) and PEG-ester aryl isocyanide (PAIC) monomers used in this work. 

 

Scheme 3.2. Post-polymerisation modification approach with the FAIC monomer that 

illustrates the wide scope of nucleophiles that can be employed. Reproduced from the work 

of Yin et al. published in RSC, Polymer Chemitry.
55
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In this Chapter, the synthesis, helicity, and self-assembly behaviour of 

P(PAIC)‐b‐P(M AIC-co-FAIC) block copolymers synthesised by NiCCo-

PISA as a possible platform to graft different nucleophiles into the helical core 

using complementary methods such as NMR spectroscopy, FT-IR spectroscopy 

and spectrophotometry was explored. Moreover, the efficiency of PPM of the 

resulting nano-objects using different primary amines and alcohols, and the 

effect of the new functionality on the nano-objects’ stability and properties was 

investigated. The combination of the simplicity of the synthesis of helix-

containing micelles conferred by NiCCo-PISA and the wide range of potential 

modifications possible by PPM would result in a versatile and facile synthesis 

of functional helix-containing micelles. 

  



 Chapter 3  

100 

 

3.3. Functionalisable helical polymers 

The FAIC monomer was synthesised following a different route than the 

M AIC and PAIC monomers (Scheme 3.3). A formamidobenzoic acid 

compound was first achieved by reaction of aminobenzoic acid with ethyl 

formate. The formamide was coupled with PFP and the successful coupling 

was validated by the presence of three signals in the 19F NMR spectrum of the 

purified compound in addition to appearance of the PFP signal by 13C NMR 

and shift of the aryl protons signal by 1H NMR. As for the M AIC and PAIC 

syntheses, the formamide intermediates have two conformations - cis or trans – 

that are clearly observed by NMR spectroscopy. In this case, the cis 

conformation composed up to 25 % of the total material. Finally, the PFP ester 

formamide was dehydrated into the isocyanide by reacting with POCl3 under 

basic conditions to yield FAIC . The product, like M AIC and PAIC, was 

kept at -25 °C under nitrogen atmosphere to slow down its decomposition. 

 

Scheme 3.3. Synthesis route for FAIC: formylation of the 4-aminobenzoic acid followed 

by the coupling with pentafluorophenol catalysed by EDC and the dehydration into the 

isocyanide monomer (FAIC). 

To develop functionalised particles, it was necessary to introduce FAIC into 

the NiCCo-PISA micelles without disrupting the polymerisation or self-

assembly processes. In order to investigate the former, M AIC and FAIC were 

copolymerised in THF aiming for a DP 30 (similar to the core of the micelles 

employed in the previous Chapter) with different comonomer ratios to achieve 
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statistical copolymers that contained 0-100 mol% of FAIC units. After 

purification by repeated precipitation in methanol, the analysis of the 

copolymers by SEC indicated that there was no major change in the profile 

between the different copolymers, with number average molecular weights (Mn) 

which ranged between 4.4-4.5 kDa and dispersity (ÐM) between 1.13-1.21 

(Figure 3.3 and Table 3.1) across the series. However, the P(FAIC)30 

homopolymer, when dissolved in THF, produced a slightly turbid solution, 

which indicated that a small portion of the polymer was insoluble in this 

solvent. After filtration using a 0.2 µm PTFE filter, the solution became clear, 

which indicated the successful removal of the insoluble fraction. 

 

Scheme 3.4. Copolymerisation of M AIC and FAIC with DP = 30. 
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Figure 3.2. Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of P(M AIC)x-co-P(FAIC)y DP 30 with content of FAIC which 

ranged between 0-100 mol%. 

The helicity of the copolymers, quantified by the strength of the signal at λ = 

360 nm in the CD spectra, assigned to the n–π* transition of the C=N of the 

polyisocyanide backbone, was linearly dependent on the content of M AIC 

(chiral monomer), which decreased until no CD absorption was present at 100% 

of FAIC in the absence of chiral information (Figure 3.3 and Table 3.1). 

This linear dependence suggested an absence of the sergeant-soldier 

phenomenon observed in some dynamic helical polymers, where a small amount 

of chiral monomer is sufficient to induce a large helicity and leads to a non-

linear helicity/molecular weight relationship.64 This phenomenon has already 

been observed for a similar type of copolymer, where Takahashi and co-workers 

have copolymerised L- and D-M AIC with their achiral p-cyclohexyl 

counterpart and showed an induction of screw-sense for DP 100 random 

copolymers.65 However, the small deviation from the linear decrease of the CD 

signal between 20% and 50% of FAIC content resemble, with a smaller 

amplitude, the trend of copolymers that effectively have sergeant-soldier effect 

and could be a consequence of such an effect. The phenomenon has been 

demonstrated with DP 100 copolymers and there might be a critical molecular 
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weight higher than DP 30 necessary to achieve the maximum sergeant-soldier 

effect. On the other hand, PIC copolymers with bulky substituent are known 

to be static and therefore generally do not exhibit sergeant-soldier effect which 

would explain the lack of screw-sense induction. 

 

Figure 3.3. CD (THF, 0.5 mg·mL
-1
) spectra of P(M AIC)x-co-P(FAIC)y DP 30 with 

content of FAIC from 0% to 100%. 

The successful integration of the PFP units into the copolymers was detected 

by 19F NMR spectroscopy (Figure 3.4). The broad signals at δ = -153, -158 

and -162 ppm corresponded to the incorporated PFP moieties from the FAIC 

monomer. The broadening of the signal was a consequence of the 

conformational mobility restriction by the polyisocyanide rigid helix. The line 

width at half height (LWHH) of the copolymer signal as calculated using the 

MestReNova software was found to be between 350 and 450 Hz while the 

molecular FAIC signals were comprised between 10 to 15 Hz. The intensity of 

the fluorine signals increased with the quantity of PFP present in the 

copolymer, which indicated the increase of FAIC comonomer inside the 

copolymer except for the polymer that contained 100% of PFP. The lower 

signal in 19F NMR spectroscopy of the P(FAIC)30 homopolymer was a 

consequence of its poor solubility in chloroform. The broadness of the PFP 19F 
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NMR signal of the copolymers did not change, which indicated that the rigidity 

of the helices did not vary with the quantity of FAIC monomer inserted. 

Overall, this demonstrated that the copolymerisation of FAIC with M AIC 

did not have any major influence on the copolymer molecular weight or 

distribution. This was a good indicator that the copolymerisation of M AIC 

and FAIC should be applicable in NiCCo-PISA. On the other hand, the 

decrease of chiral information clearly impacted the helicity of the resulting 

copolymers, which meant that the quantity of the M AIC comonomer needed 

to be high enough to keep the core helical. 

 

Figure 3.4. 
19

F NMR spectrum of P(M AIC)x-co-P(FAIC)y DP 30 with FAIC content 

from 0% to 100% compared to molecular FAIC in CDCl3 (377 MHz, 298 K). 
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Table 3.1. Characterisation of synthesised P(M AIC)x-co-P(FAIC)y copolymers. 

Polymer FAIC (%) M n, SEC (kDa)
a
 ÐM

 a
 CD 360 (mdeg)

b
 

P(M AIC)30 0 4.4 1.13 34 

P(M AIC)27-co-P(FAIC)3 10 4.5 1.16 31 

P(M AIC)24-co -P(FAIC)6 20 4.4 1.19 28 

P(M AIC)21-co -P(FAIC)9 30 4.4 1.20 26 

P(M AIC)18-co -P(FAIC)12 40 4.5 1.19 23 

P(M AIC)15-co-P(FAIC)15 50 4.5 1.21 19 

P(M AIC)12-co-P(FAIC)18 60 4.4 1.17 14 

P(M AIC)9-co-P(FAIC)21 70 4.5 1.15 10 

P(M AIC)6-co-P(FAIC)24 80 4.4 1.15 5 

P(M AIC)3-co-P(FAIC)27 90 4.5 1.15 4 

P(FAIC)30 100 4.5 1.16 0 

aDetermined by SEC (THF + 2% v/v NEt3) using polystyrene (PS) standards. bCD (THF, 0.5 mg·mL-1) 

signal at λ = 360 nm. 
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3.4. Functionalised NiCCo-PISA micelles 

In order to achieve core-functionalisable micelles and study the impact of the 

relatively more solvophobic FAIC monomer on the final self-assembled 

morphology, NiCCo-PISA was conducted in DMSO with DPP(PAIC) of 20 and 

DPsolvophobic (i.e. DPP(M AIC) + DPP(FAIC)) of 30 aiming for micelles (Figure 

3.5). Different FAIC loadings were targeted: 0%, 20%, 50% and 100 mol% of 

the core. The resulting P(PAIC)20-b-(P(M AIC)y-co-P(FAIC)z)30 diblock 

copolymers were named following their FAIC content in the solvophobic block: 

D0%, D20%, D50% and D100%. The unfunctionalisable D0% that 

contained no PFP moiety was chosen as a control to ensure the nucleophiles 

would not react with the M AIC and PAIC units. D20%, D50% and D100% 

were chosen to differentiate the impact on the nanoparticles of the different 

loading of nucleophiles. 

 

Figure 3.5. P(PAIC)30-b-(P(M AIC)y-co-P(FAIC)z)30 or DZ% copolymer achieved by 

NiCCo-PISA for core-functionalisable nano-objects. 

DLS analysis of the copolymer assemblies was conducted to ensure that the 

particle distribution was not affected by the incorporation of FAIC into the 

copolymer. Indeed, no major change in size was detected for D20% and D50% 

compared to D0% (Figure 3.6). However, for D100%, the size distribution 

and correlogram indicated that aggregation occurred, which was likely caused 

by the higher solvophobicity of the FAIC monomer compared to the M AIC 
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monomer. This meant an increased solvophobicity of the nano-objects’ core 

which altered the surface energy of the nanostructures and led to morphological 

evolution. 

 

Figure 3.6. Size distributions of (A) D0%, (B) D20%, (C) D50% and (D) D100% in 

DMSO obtained by DLS. The intensity (red line), volume (blue line) and number (black 

line) distributions are displayed. The insets show the correlograms. 

The different copolymers were analysed by CD spectroscopy and the results 

showed that the helicity was retained during the self-assembly process as was 

shown in the previous Chapter with the PISA of the P(PAIC)20-b-P(M AIC)30 

copolymer without FAIC (Figure 3.7). However, a decrease in the CD signal 

was observed until 0 mdeg was reached for 100% of FAIC, concordant with 

the CD analysis conducted on the P(M AIC)x-co-P(FAIC)y DP 30 

copolymers. 

SEC of the purified D0%, D20% and D50% diblock copolymers displayed no 

detectable change in molecular weight, which indicated that the polymerisation 
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process was not impacted by the incorporation of FAIC as demonstrated 

earlier for the P(M AIC)x-co-P(FAIC)y DP 30 copolymers. In contrast, the 

D100% copolymer showed at least two different populations with a ÐM so 

large that the molecular weight distribution (MWD) extended outside of the 

calibration range which rendered calculations of Mw, Mn and ÐM inaccurate. 

This MWD hinted that the self-assembly had an impact on the growth of the 

polymer as seen in Chapter 2 when NiCCo-PISA was conducted with high 

DPM AIC and the copolymers with the more solvophobic core led to bimodal 

molecular weight distributions. 

 

Figure 3.7. (A) CD (THF, 0.5 mg·mL
-1
) spectra and (B) normalised SEC RI molecular 

weight distributions (THF + 2% v/v NEt3, 40 °C, PS standards) of P(PAIC)20-b-

(P(M AIC)y-co-P(FAIC)z)30 with 0%, 20%, 50% and 100% of FAIC. 

The copolymerisation of D100% was repeated in THF (a better solvent for 

both blocks than DMSO) to assess the role of the polymer solubility in the 

bimodal distribution. The copolymerisation in THF also gave a broad, bimodal 

distribution - although with a smaller high molecular weight secondary 

population (Figure 3.8). This could indicate that the formation of self-

assembled nanostructures was also occurring in THF as a consequence of the 

low solubility of the FAIC block in this solvent as illustrated earlier with the 

P(FAIC)30 homopolymer. However, this secondary population might also arise 

from a disruption of the polymerisation process caused by the self-assembly of 

104 105 106 107 108
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a
li
s
e
d

 d
w

/d
lo

g
M

Molecular weight (g·mol-1)

 D0%

 D20%

 D50%

 D100%

250 300 350 400 450 500 550 600 650
-30

-20

-10

0

10
C

D
 (

m
d

e
g

)

Wavelength (nm)

 D0%

 D20%

 D50%

 D100%

A B

0 50 100

0

5

10

15

C
D

3
6

0
 (

n
m

)

FAIC content (%)



 Chapter 3  

109 

 

the growing copolymer chains followed by bimolecular coupling which led to 

dead chains. Because the polymerisation for this diblock copolymer was not 

controlled, D100% was not used in the subsequent substitution reactions. 

 

Figure 3.8. Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 40 

°C, PS standards) of D100% polymerised in THF (black) and DMSO (red). 

 

Table 3.2. Characterisation of synthesised D0%, D20%, D50% and D100% 

copolymers. 

Polymer DDLS (nm)a M n, SEC (kDa) b ÐM
b CD 360 (mdeg)

c 

D0% 20 (0.18) 11.2 1.24 16 

D20% 21 (0.14) 12.4 1.24 15 

D50% 20 (0.25) 10.5 1.34 7 

D100% 51 (0.50) -d -d 0 

aSpherical particles size measured by DLS with PD in parenthesis. bDetermined by SEC (THF + 

2% v/v NEt3) using PS standards. cCD (THF, 0.5 mg·mL-1) signal at λ = 360 nm. dMolecular 

weight distribution is outside the calibration range. 

In the following sections, the substitution reaction of the copolymers D0%, 

D20% and D50% by primary amine nucleophiles (Scheme 3.5) were tested 

and verified in order to assess the scope of polymer modification for the block 

copolymers. Nucleophiles were varied to assess the generality of the PPM 
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approach in the P(PAIC)x-b-(P(M AIC)y-co-P(FAIC)z)n system confirmed 

with complementary techniques. 

 

Scheme 3.5. Substitution of P(PAIC)x-b-(P(M AIC)y-co-P(FAIC)z)n with three 

nucleophiles: ethanolamine (EOA), trifluoroethylamine (TFEA) and an 

aminochloromaleimide (ACM).
 

 

3.4.1. Functionalisation with ethanolamine 

Firstly, ethanolamine (EOA) – a primary amine that contains an alcohol 

functionality – was reacted in situ after the NiCCo-PISA with D0%, D20% 

and D50% (Scheme 3.6). Aminolysis of PFP are usually conducted in basic 

conditions that accelerate the reaction rate however, these conditions also lead 

to hydrolysis of the PFP esters into carboxylic acids.54 With aminolysis being 

faster than hydrolysis, the choice was made to conduct the reactions without 

base to diminish the hydrolysis at the cost of reaction speed. Moreover, the 

higher rate of reaction of the amine compared to the alcohol ensured that the 

aminolysis would be the dominant reaction leaving the free alcohol as the 

resulting functionality. It was hypothesised that the alcohol functionality, once 

integrated into the copolymer, would be easily detected by FT-IR spectroscopy 
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after removal of the excess reactant and drying to avoid unwanted signal from 

water. 

 

Scheme 3.6. Substitution of P(PAIC)x-b-(P(M AIC)y-co-P(FAIC)z)n with ethanolamine 

(EOA).
 

An excess of the polar amine was employed to ensure the diffusion of the 

compound into the solvophobic core of the micelles and its reaction with the 

activated ester. The reaction was allowed to stir for 24 h before it was analysed 

by DLS (Figure 3.9 and Table 3.3) to verify the stability of the 

nanostructures to the change in polarity expected in the core from the 

substitution of the PFP units for alcohol functionalities. The size of the 

assemblies did not change for D0%+EOA at 20 nm, which indicated a good 

stability of the non-reactive nanostructure to the reaction conditions. The 

diameter of D20%+EOA slightly increased from 19 to 21 nm, which is within 

error. However, there was a clear indication of the modification of the 

nanostructure morphology for D50%+EOA, where the initial size was 20 nm 

with a PD of 0.25 and the diameter after substitution increased to 34 nm with 

a PD of 1 which indicated an extremely broad distribution of sizes. This can 

be explained by the increase in polarity and therefore solubility of the core that 

clearly impacted the assembly of the copolymer. This overall higher 

solvophilicity led to the partial disassembly of the nano-objects which led to a 

mixture of unimers and nanostructures represented by the broad DLS size 
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distribution. Moreover, the decrease in the correlation function maximum – 

from 0.8 to 0.7 - was further evidence of disassembly. 

 

Figure 3.9. Size distributions of (A) D0%+EOA, (B) D20%+EOA, and (C) 

D50%+EOA in DMSO obtained by DLS. The intensity (red line), volume (blue line) and 

number (black line) distributions are displayed. The insets show the correlograms. 

After this first study, the reaction mixtures were dialysed against water for 3 

days resulting in macroscopic precipitation for all of them, which indicated 

aggregation of the nanostructures. The suspensions were freeze-dried to allow 

solid-state analysis and redissolution in good solvents in order to avoid light-

scattering effect during spectroscopic measurements. Before analysis by FT-IR 

spectroscopy, the copolymers were freeze-dried over 48 h to avoid any trace of 

water in the samples that could conceal the EOA O-H stretch signal. FT-IR 

spectroscopy (Figure 3.10 and Table 3.3) informed on the substitution 

reaction via several bands. A broad band at 3350 cm-1 (O-H and N-H, stretch) 

indicated the presence of alcohol and amide groups and therefore the successful 

insertion of EOA into the copolymer. The signal strength is directly related to 

the quantity of the associated functionality and this is well indicated by the 

stronger signal for D50%+EOA compared to D20%+EOA. The absence of 

amide and alcohol signals for D0%+EOA demonstrated the stability of the 

M AIC and PAIC pendant groups to the reaction conditions, which ensured 

that no reaction took place in the corona or substitution of the chiral units. In 

addition, four bands in particular indicated that the substitution of PFP units 

was successful: 1761 cm-1 (C=O, stretch) and 1246 cm-1 (C-O, stretch) for the 
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ester function; 1516 cm-1 (C=C, stretch) for the PFP aromatic unit and 1037 

cm-1 (C-F, stretch) for the fluorine. Their disappearance suggested the 

aminolysis reaction reached completion (>95%) and no PFP unit was 

detectable.  

 

Figure 3.10. FT-IR spectra of the D0% (black), D20% (red) and D50% (blue) 

copolymers unreacted (dotted line) and reacted with EOA (solid line). (A) Full spectrum. 

(B) Zoom in the 4000-3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. (D) Zoom 

in the 1400-1000 cm
-1
 region. 

To further verify the absence of PFP units, 19F NMR spectroscopy of D20% 

and D50% before and after reaction was conducted (Figure 3.11). The 

presence of the three broad signals at δ = -153, -158 and -162 ppm which 

corresponded to the incorporated PFP units in the unreacted copolymers and 

indicated that the PFP moiety was resistant to the reaction conditions in the 

absence of amine as well as the dialysis. Moreover, the LWHH for the fluorine 

signals were similar to that calculated earlier for the P(M AIC)x-co-P(FAIC)y 

DP 30 copolymer: 350 to 450 Hz. The complete disappearance of these signals 
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in the presence of amine suggested the complete reaction of the activated esters 

after aminolysis. The absence of molecular PFP signal also demonstrated that 

the reaction by-product, pentafluorophenol, was successfully removed during 

the purification step. By 1H NMR spectroscopy, a new broad signal appeared 

after the aminolysis at δ = 2.30 ppm, in concordance with the EOA CH2 

protons at δ = 2.65 ppm (Figure 3.12). The broadness of the signal indicated 

that the moiety was inside the rigid helix which confirmed that the signal was 

not produced by molecular EOA. 

 

Figure 3.11. 
19

F NMR of D20%, D20%+EOA, D50% and D50%+EOA in CDCl3 (377 

MHz, 298 K). 

D50%

D20%+EOA

D20%

D50%+EOA
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Figure 3.12. 
1
H NMR of D20%, D20%+EOA, D50%, D50%+EOA and EOA in 

CDCl3 (400 MHz, 298 K). 

The SEC analysis of the copolymers before and after substitution showed no 

significant change in the molecular weight distribution of the D20%+EOA 

except a slight high molecular weight tailing. On the other hand, 

D50%+EOA displayed a broad MWD which indicated the alcohol 

functionalities interacted with the SEC column and artificially broadened the 

distribution. The SEC measurement was repeated in CHCl3 and the broadening 

persisted which indicated this effect was not caused by the solvent or the 

solvent-specific column employed. Some of the tailing might also be caused by 

the possible hydrolysis of the PFP groups into carboxylic groups. Similar to 

the D100% homopolymer presented earlier, the D50%+EOA MWD was too 

broad to calculate Mw, Mn, and ÐM. CD spectroscopy was employed to 

determine the change in helicity after the aminolysis (Figure 3.13). Both 

copolymers showed no significant change in helicity after substitution. The 

signal at λ = 360 nm stayed constant while the signal at 250 nm decreased 
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D20%
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slightly. This latter absorption band was derived from the aromatic rings in 

the copolymer and therefore was expected to decrease after substitution. These 

data confirmed the stability of the helical backbone to the reaction conditions 

and their resilience to the substitution of 20% to 50% of the core units by a 

more polar moiety. Moreover, PICs are sterically locked however, modification 

with a less sterically hindered achiral group did not lead to decrease in the 

overall screw-sense selectivity for this copolymer which showed the robustness 

of its helicity. 

 

Figure 3.13. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) and (B) CD (THF, 0.5 mg·mL
-1
) spectra of D0%, D20%, 

D20%+EOA, D50% and D50%+EOA. The inset shows the helicity (CD at λ = 360 nm) 

of the copolymers compared to D0%. 
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Table 3.3. Characterisation of D0%, D20% and D50% reacted with EOA. 

Polymer 
DDLS 

(nm)a 

M n, SEC 

(kDa)b 
ÐM

 b 
CD 360 

(mdeg)c 

D0% 20 (0.18) 11.2 1.24 14 

D0%+EAO 20 (0.16) 11.4 1.22 -e 

D20% 21 (0.14) 12.4 1.24 13 

D20%+EOA 19 (0.17) 13.5 1.38 13 

D50% 20 (0.25) 10.5 1.34 9 

D50%+EOA 34 (1.00) -d -d 8 

aSpherical particles size measured by DLS with PD in parenthesis. bDetermined by SEC (THF + 2% 

v/v NEt3) using PS standards. cCD (THF, 0.5 mg·mL-1) signal at λ = 360 nm. dMolecular weight 

distribution is outside the calibration range. eNot measured. 

 

3.4.2. Functionalisation with trifluoroethylamine 

Trifluoroethylamine (TFEA) – a primary amine that contained fluorine – was 

reacted in situ after the NiCCo-PISA with D0%, D20% and D50% (Scheme 

3.7). It was hypothesised that the fluorine functionality, once integrated into 

the copolymer, could be easily detected by 19F NMR spectroscopy, where the 

signal for PFP is expected to be different than that of TFEA, after removal of 

the excess reactant. The fluorinated amine was reacted in the same way as 

EOA and the resulting solutions were analysed by DLS (Figure 3.14) to assess 

the impact of the new fluorinated core on the stability of the nanostructures. 

Similar to the EOA substitution, both D0%+TFEA and D20%+TFEA 

exhibited little to no change in diameter after the reaction. In contrast, the size 

distribution of D50%+TFEA was slightly altered, with diameter that 

increased from 20 nm to 23 nm and the PD from 0.25 to 0.32. In this instance, 

however, the result was not as substantial as it was for EOA. This less dramatic 

change in size distribution was likely a consequence of the similar 

solvophobicity of TFEA compared to PFP. Moreover, the correlation function’s 
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maximum was quite low (0.6) and might have been a consequence of the change 

in refractive index that would become closer to that of DMSO after 

substitution. 

 

Scheme 3.7. Substitution of P(PAIC)x-b-(P(M AIC)y-co-P(FAIC)z)n with 

trifluoroethylamine (TFEA).
 

 

 

Figure 3.14. Size distributions of (A) D0%+TFEA, (B) D20%+TFEA, and (C) 

D50%+TEFA in DMSO obtained by DLS. The intensity (red line), volume (blue line) 

and number (black line) distributions are displayed. The insets show the correlograms. 

By FT-IR spectroscopy, the analysis was similar to that of EOA. In particular, 

a new signal at 3300 cm-1 indicated the presence of the new amide functionality 

(Figure 3.15). The same signal as for the EOA reaction disappeared, which 

showed the completion of the reaction (>95%) except for D20%+TFEA. The 

excess used for the substitution reactions was proportional to the FAIC 

quantity in the diblock copolymers; therefore, the lower excess employed for 

the substitution of D20%+TFEA explains the non-completion of the 

reaction. The area of the signal for the unreacted PFP at 1705 cm-1 which 
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relates to the C=O ester group was calculated to correspond to a reaction 

completion of 70% via relative integration to the signal at 1597 cm-1 of C=N 

band that did not change during the reaction. 

 

Figure 3.15. FT-IR spectra of the D0% (black), D20% (red) and D50% (blue) 

copolymers unreacted (dotted line) and reacted with TFEA (solid line). (A) Full spectrum. 

(B) Zoom in the 4000-3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. (D) Zoom 

in the 1400-1000 cm
-1
 region. 

19F NMR spectroscopy clearly indicated the change from the unreacted 

copolymers D20% and D50% to the TFEA substituted copolymers, 

D20%+TFEA and D50%+TFEA (Figure 3.16). The three signals for the 

PFP units disappeared and were replaced by a new broad signal at δ = -72 

ppm, which showed that there was no PFP signal to be detected. The 

broadness of the signal also implied that the new fluorine moiety was part of 

the rigid helix. The absence of a sharp signal at δ = -73 ppm confirmed the 

complete incorporation of TFEA and the successful removal of unreacted 

TFEA by the purification steps. No new signal was detected by 1H NMR 
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spectroscopy due to an overlap of the TFEA proton signal with the PAIC 

signal at δ = 3.75-3.25 ppm (Figure A3.24). 

 

Figure 3.16. 
19

F NMR of D20%, D20%+TFEA, D50%, D50%+TFEA and TFEA in 

CDCl3 (377 MHz, 298 K). 

The impact of the substitution of the copolymers by TFEA was noticeable by 

SEC (Figure 3.17A) but less so than for EOA. Only D50%+TFEA showed 

a clear tailing in the high molecular weight region, which indicated interaction 

of the copolymer with the SEC column. The TFEA unit chemistry diverges 

only slightly from the PFP, therefore the tailing was unlikely to arise from 

their interaction with the SEC column. However, it was likely to arise from the 

carboxylic acid pendant groups which came from the portion of PFP moieties 

that underwent hydrolysis. The tailing effect is much smaller than for 

D50%+EOA, which possibly indicated a small number of hydrolysed 

moieties. The CD spectra of the TFEA substituted polymers were similar to 

the spectra of the EOA substituted copolymers (Figure 3.17B). The helicity 

of the TFEA substituted copolymers decreased slightly; however, there was no 
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change detected that would indicate a complete loss of helicity or replacement 

of the menthyl chiral units with TFEA chiral moiety. The decrease was also 

more pronounced at λ = 250 nm than 360 nm for the reasons presented earlier 

for the EOA substitution – i.e. the signal at λ = 250 nm is derived from the 

aromatic rings in the copolymer and therefore is expected to decrease after 

substitution. 

 

Figure 3.17. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of D0%, D0%+TFEA D20%, D20%+TFEA, D50% and 

D50%+TFEA. (B) CD (THF, 0.5 mg·mL
-1
) spectra of D0%, D20%, D20%+TFEA, 

D50% and D50%+TFEA. The inset shows the helicity (CD at λ = 360 nm) of the 

copolymers compared to D0%. 

 

104 105 106 107 108
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a
li
s
e
d

 d
w

/d
lo

g
M

Molecular weight (g·mol-1)

 D0%

 D20%

 D50%

 D0%+TFEA

 D20%+TFEA

 D50%+TFEA

250 300 350 400 450 500 550 600 650
-30

-20

-10

0

10

C
D

 (
m

d
e
g

)

Wavelength (nm)

 D0%

 D20%

 D50% 

 D20%+TFEA

 D50%+TFEA

 blank

A B

D
0%

D
20

%

D
20

%
+T

FE
A

D
50

%

D
50

%
+T

FE
A

0

20

40

60

80

100

R
e

la
ti

v
e
 h

e
li

c
it

y
 (

%
)



 Chapter 3  

122 

 

Table 3.4. Characterisation of D0%, D20% and D50% reacted with 

TFEA. 

Polymer DDLS 

(nm) a 

M n, SEC 

(kDa) b 

ÐM
 b CD 360 

(mdeg)  c 

D0% 20 (0.18) 11.2 1.24 14 

D0%+TFEA 20 (0.17) 11.4 1.25 -e 

D20% 21 (0.14) 12.4 1.24 13 

D20%+TFEA 18 (0.21) 13.0 1.20 13 

D50% 20 (0.25) 10.5 1.34 9 

D50%+TFEA 23 (0.32) -d -d 8 

aSpherical particles size measured by DLS with PD in parenthesis. bDetermined by 

SEC (THF + 2% v/v NEt3) using PS standards. cCD (THF, 0.5 mg·mL-1) signal at 

λ = 360 nm. dMolecular weight distribution is outside the calibration range. eNot 

measured. 

 

3.4.3. Functionalisation with maleimide dye 

To further analyse the copolymer’s nanostructures and composition, a 

fluorescent aminochloromaleimide (ACM) was synthesised66 for introduction 

into the nano-object cores (Scheme 3.8). The NiCCo-PISA mixtures were 

reacted for 24 h with five equivalents of ACM respective to the FAIC content 

in DMSO at 55 °C. By DLS, while the D20%+ACM  copolymer still formed 

micelles of similar size to the unmodified diblock copolymer, the 

D50%+ACM  copolymer’s nano-object distribution indicated a possible 

disassembly of the nanostructures (Figure 3.18). The higher solvophilicity of 

the dye compared with the PFP units likely increased the solvability of the 

core which induced the solvation of the micelle unimer constituents. 
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Scheme 3.8. Substitution of P(PAIC)x-b-(P(M AIC)y-co-P(FAIC)z)n with a 

aminochloromaleimide (ACM).
 

 

 

Figure 3.18. Size distributions of (A) D0%+AM C, (B) D20%+ACM , and (C) 

D50%+ACM  in DMSO obtained by DLS. The intensity (red line), volume (blue line) and 

number (black line) distributions are displayed. The insets show the correlograms. 

By FT-IR spectroscopy, decrease in the FAIC signals was detectable for both 

reactions but neither reached completion (Figure 3.19). The dye being 

hydrophilic, it was possible that its diffusion into the core might have been 

impeded by the hydrophobic nature of the core. Integration of the signal at 

1760 cm-1 gave an apparent conversion of 50% and 70% for D20%+ACM  and 

D50%+ACM , respectively. However, the dye-substituted copolymers’ signal 

at 1760 cm -1 showed a broader signal than the unreacted copolymers. The 

signal likely overlapped with the new amide signal which diminished artificially 

the conversion. This low conversion and therefore lower increase in core 

solvophilicity explain the better structural integrity of the dye-substituted 

copolymer micelles compared to the previous functionalised nanostructures (i.e. 
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D50%+EOA and D50%+TFEA). However, the following spectroscopic 

analyses are more qualitative than quantitative and are simply used to confirm 

the presence or absence of ACM. 

 

Figure 3.19. FT-IR spectra of the D0% (black), D20% (red) and D50% (blue) 

copolymers unreacted (dotted line) and reacted with ACM (solid line). (A) Full spectrum. 

(B) Zoom in the 4000-3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. (D) Zoom 

in the 1400-1000 cm
-1
 region. 

SEC analysis of the dye-substituted copolymer showed no change in the 

molecular weight distribution for D0%+ACM  which is consistent with no 

reaction of the maleimide with the PEG or menthyl units. The D20%+ACM  

copolymer showed a slight tailing in the high molecular weight region, while 

the D50%+ACM  copolymer exhibited clear tailing in this region which 

indicated a large interaction of the dye-substituted copolymer with the SEC 

column (Figure 3.20A). As seen previously, the interaction arises from the 

functionalised moiety and can be augmented by the hydrolysed PFP pendant 
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groups. In the case of the dye-substituted copolymers, the secondary amine was 

likely to interact with the SEC column in the same way the alcohol 

functionalities did for the D50%+EOA copolymer. CD spectroscopy showed 

an increase of the CD signals at λ = 250 nm and 360 nm for both dye-

substituted copolymers (Figure 3.20B). ACM is active in these regions as 

evidenced by its UV/Vis spectrum. CD spectroscopy measures the absorbance 

of the helical species and as a consequence of the ACM similar absorption to 

the copolymer, the CD signal was stronger. This further corroborates the 

successful introduction of the dye into the copolymer and demonstrates that 

the polymer does not completely obfuscates the grafted ACM. This would be 

important for circularly polarised light applications, where the dye’s emission 

and its detection are essential. 

 

Figure 3.20. (A)Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) and B) CD (THF, 0.5 mg·mL
-1
) spectra of D0%, D0%+ACM  D20%, 

D20%+ACM , D50% and D50%+ACM . The inset shows the helicity (CD at λ = 360 

nm) of the copolymers compared to D0%. 

The incorporation of the maleimide dye was also detected by UV/Vis 

spectroscopy, with an increase of the signal at λ = 360 nm the ACM signal 

which overlapped with the copolymer signal (Figure 3.21). In addition, the 

UV/Vis spectra of the copolymers in water were dramatically different between 

the different copolymers (Figure 3.21A); however, this might be a 
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consequence of light scattering by the nano-objects. Measurements made in 

THF (i.e. without assembly) show a difference in absorption in the 360 nm 

region that coincides with the absorption of the dye and the polymer (Figure 

3.21B). This absorption increased coincident with higher ACM loading. 

 

Figure 3.21. UV/Vis in (A) water, (B) THF spectra of the copolymers D0% (black line), 

D20%+ACM  (red line) and D50%+ACM  (blue line) compared to the spectrum of the 

free ACM (black dash). 

By fluorescence spectrophotometry, while the original polymer D0% was not 

fluorescent in the absence of ACM substitution, an emission band was detected 

at 488 nm for the dye-substituted polymers in THF, in line with the 

fluorescence emission of the free dye (Figure 3.22A). Moreover, a solution of 

the copolymer D0% and the free ACM displayed a signal at the same 

wavelength which proved that the copolymer itself did not interfere with the 

wavelength maximum emission (λem). After transfer of the species in water, the 

λem for the dye-substituted nanostructures shifts to 510 nm with a wavelength 

maximum emission difference (Δλ) of 22 nm while for the free ACM the change 

is larger with the new λem at 577 nm  and Δλ = 89 nm (Figure 3.22B). The 

maleimide dye is a solvatochromic fluorophore, therefore, the λem is dependent 

on its environment and particularly on the environment polarity. The changes 

in λem for the different solvents indicated that the dye was located in 

environments with different polarity. Therefore, the shifts in λem from the free 
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dye in water to the free ACM in THF indicated the passage from a highly polar 

solvent to a less polar solvent. The λem of the nanostructures that contained 

the dye suggests that the micelle core is less polar than water but more than 

THF. The high signal-to-noise ratio for ACM emission in water was a 

consequence of the poor emission of the dye in water because of quenching by 

water molecules. Maleimide dyes are effectively quenched in protic solvents as 

a result of electron driven proton transfer from the hydrogen bonding between 

water and the fluorophore.67 The sharp signals present in the emission spectra 

of the D50%+ACM  micelles in water are a consequence of the scattering of 

light by the nano-objects. 

 

Figure 3.22. Fluorescence spectra for the different copolymer substituted by ACM along 

with the free ACM in (A) THF and (B) water. 

The lifetime measurements of the dye displayed vast discrepancies between the 

different copolymers (Figure 3.23A, Table 3.5). Indeed, the less ACM was 

present, the shorter the measured lifetime of the dye in the copolymer which 

indicated quenching, possibly by the polymer itself, occurred. To investigate 

the influence of the spatial location of the dye, solutions of the D20% and 

D50% copolymer with the relevant quantity of the free ACM were measured 

in THF. No shift in lifetime was observed, which reinforced the idea that the 

decrease of lifetime was a consequence of the dye being in close proximity to 

the polymer (Figure 3.23B). The lifetime measurements in water indicated 
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that ACM was readily quenched which is expected for a maleimide dye since 

they are effectively quenched by small amount of water (Figure 3.23C). Even 

within the hydrophobic core of the NiCCo-PISA micelles, the presence of water 

is impossible to avoid and is sufficient to quench ACM. 

 

Figure 3.23. Lifetime measurement spectra. (A) Comparison between D20%+ACM , 

D50%+ACM  and the free ACM in THF. (B) Copolymers mix with ACM and free ACM 

in THF. (C) Copolymers mix with ACM and free ACM in water. 

 

Table 3.5. Lifetime measurements of the different assembled copolymers 

and free ACM in water and THF. 

Sample τAv,a (ns) τAv,I (ns) 

D20%+ACM  (THF)a 6.5 ± 0.2 11.1 ± 0.3 

D20%+ACM  (water)b 1.1 ± 0.1 4.2 ± 0.1 

D20% ACM  (mix, THF)c 13.8 ± 0.1 15.4 ± 0.1 

D50%+ACM  (THF)a 7.7 ± 0.2 9.9 ± 0.3 

D50%+ACM  (water)b 0.7 ± 0.1 3.2 ± 0.1 

D50% ACM  (mix, THF)c 14.2 ± 0.1 15.5 ± 0.1 

ACM  (THF) 14.8 ± 0.1 15.7 ± 0.1 

ACM  (water) 0.8 ± 0.1 5.1 ± 0.2 

a
Functionalised copolymer after solution in THF (disassembled) bFunctionalised 

copolymer in water (assembled) cMixture of non-functionalised copolymer and ACM 

in THF (disassembled) 
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Table 3.6. Characterisation of D0%, D20% and D50% reacted with 

ACM. 

Polymer DDLS 

(nm)a 

M n, SEC 

(kDa)b 

ÐM
b CD 360 

(mdeg)c 

D0% 20 (0.18) 11.2 1.24 14 

D0%+ACM  20 (0.19) 11.2 1.24 -e 

D20% 21 (0.14) 12.4 1.24 13 

D20%+ACM 22 (0.14) 14.5 1.28 16 

D50% 20 (0.25) 10.5 1.34 9 

D50%+ACM 16 (0.37) -d -d 10 

aSpherical particles size measured by DLS with PD in parenthesis. 
bDetermined by SEC (THF + 2% v/v NEt3) using PS standards. cCD (THF, 

0.5 mg·mL-1) signal at λ = 360 nm. dMolecular weight distribution is outside 

the calibration range. eNot measured. 
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3.5. Conclusion 

Helical-core micelles that could easily be functionalised by different primary 

amine nucleophiles were synthesised by NiCCo-PISA and analysed by different 

analytical methods (NMR, FT-IR, fluorescence, and CD spectroscopy, and 

SEC) which showed the effective introduction of a range of functionalities that 

included alcohols, fluorinated units, fluorescent dyes, and catalytic moieties 

(Table 3.7). 19F NMR and FT-IR spectroscopies were employed to evaluate 

the reaction completion. High conversions were observed (≥70%) for most 

reactions. The PFP units inside the hydrophobic core were shown to be 

resistant to hydrolysis under the reaction conditions and against dialysis, which 

indicated that these micelles could be employed for applications in aqueous 

conditions. When hydrophilic amines were employed (i.e. EOA and ACM) 

disassembly of the micelles was observed for the D50% substituted copolymer 

while the D20% copolymer nanostructures stayed stable after substitution 

which demonstrated the effect of the modification of the core’s polarity on the 

nano-objects structural integrity. Possible hydrolysis of the copolymers was 

detected by SEC with the appearance of a high molecular weight tail for D50% 

substituted copolymers however, the effect was marginal. The introduction of 

a maleimide dye inside of the micelle cores indicated, by the presence of a 

solvatochromic effect, a difference in hydrophobicity of the nanostructures’ core 

with the aqueous milieu. Lifetime measurements indicated the presence of 

water in the core that readily quenched the grafted ACM. 
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Table 3.7. Overview of the characterisation of the copolymer nanoparticles synthesised in this Chapter. 

Polymer FAIC 

(%) 

Nucleophile DDLS 

(nm)a 

M n, SEC 

(kDa)b 

ÐM
b CD 360 

(mdeg)c 

D0% 0 -d 20 (0.18) 11.2 1.24 14 

D0%+EAO 0 EOA 20 (0.16) 11.4 1.22 -f 

D0%+TFEA 0 TFEA 20 (0.17) 11.4 1.25 -f 

D0%+ACM  0 ACM  20 (0.19) 11.2 1.24 -f 

D20% 20 -d 21 (0.14) 12.4 1.24 13 

D20%+EOA 20 EOA 19 (0.17) 13.5 1.38 13 

D20%+TFEA 20 TFEA 18 (0.21) 13.0 1.20 13 

D20%+ACM 20 ACM  22 (0.14) 14.5 1.28 16 

D50% 50 -d 20 (0.25) 10.5 1.34 9 

D50%+EOA 50 EOA 34 (1.00) -e -e 8 

D50%+TFEA 50 TFEA 23 (0.32) -e -e 8 

D50%+ACM 50 ACM  16 (0.37) -e -e 10 

aSpherical particles size measured by DLS with PD in parenthesis. bDetermined by SEC (THF + 2% v/v NEt3) using PS 

standards. cCD (THF, 0.5 mg·mL-1) signal at λ = 360 nm. dUnreacted copolymer eMolecular weight distribution is outside 

the calibration range. fNot measured 
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3.6. Appendix 

 

Figure A3.24. 
1
H NMR of D20%, D20%+TFEA, D50%, D50%+TFEA and TFEA 

in CDCl3 (400 MHz, 298 K). 
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4.2. Introduction 

Smart nanomaterials that undergo alteration when subjected to a particular 

stimulus have received plenty of attention1-4 and the design and development 

of these stimuli-responsive materials are of interest for applications such as 

drug-delivery5-8, biological imaging7, 9, 10 chiroptical materials11 and sensing12-

14. A wide variety of different triggers has been developed: pH12, 15-20, 

temperature19, 21-25, light26-31, magnetic field32-34, CO2,
35 glucose,36-38 

β-cyclodextrin,39 ions,14, 40, 41 electric potential,42 and redox potential,16, 43-46 

which allows to generate systems with a range of different responses such as 

changes in size,19, 24, 31 morphologies,47-49 light emission,11, 13 and permeability27, 

28, 50, 51 that are a result of an alteration in the solubility of the NPs. Complex 

systems were elaborated to allow multi-stimuli responsive structures.33, 50, 52-57 

Stimuli-responsive polymer nano-objects are achieved by using responsive 

polymers for the corona and/or the core of the NPs. Additionally, reactive 

cross-linkers can be employed to impart responsivity to a system. Cross-linked 

nano-objects are of interest for the stability they confer to the nano-objects 

which allows the conservation of their morphology under changes to their 

solvation state (i.e. different solvent or drying).  

An interesting application of stimuli-responsive NPs is the triggered 

disassembly of self-assembled nanostructures usually intended for drug delivery 

systems that need to release their cargo in a specific environment such as the 

particularly acidic or reductive conditions found in tumours. The introduction 

of a cross-linker that is cleaved under specific conditions allows the controlled 

stimuli-responsive disassembly which depends on the cross-linker that is 

employed such as disulfide bonds reactive towards thiols and reductive 

compounds,43, 45, 58, 59 or acetals reactive towards acidic conditions.16, 60, 61 Thus, 
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different stimuli can be leveraged to trigger disassembly of nanostructures 

under specific conditions. 

Helical polymers such as polyisocyanides have successfully been employed in 

stimuli-responsive systems and in a noteworthy report, Wu and co-workers 

developed a dual-responsive nanomaterial able to release its cargo in a cell 

environment (Figure 4.1). They synthesised an amphiphilic triblock 

copolymer poly(L-lactic acid)(-IR780)-b-hydrophobic poly(phenyl isocyanide)-

b-hydrophilic poly(phenyl isocyanide) (PLLA(-IR780)-HBPPI-HPPPI) 

through sequential living copolymerisation in one-pot where IR780 is a NIR 

absorptive dye. The copolymer self-assembled into nanostructures and, in 

addition to exhibiting a rapid cellular intake (10-12 min) in part as a result of 

its helical structure that mimics that of cell penetrating proteins,62, 63 it 

combined two triggers that increased the solubility of the core in water. Firstly, 

the HBPPI block contained phenylboronic pinacol ester that was oxidation 

responsive and hydrolysed in the presence of H2O2 to boronic acid. Secondly, 

the PLLA core was pH-responsive and hydrolysed under acidic conditions. 

When these two triggers were combined, the micelles disassembled which 

released their cargo.52 
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Figure 4.1. Cellular intake and stimuli-responsive behaviour of self-assembled PIC micelles. 

Reproduced from the work of Zong-Quan and co-workers published in ACS, 

Macromolecules.
52

 

In this Chapter, the inherent thermoresponsivity of the NiCCo-PISA NPs 

which resulted from the PEG corona was studied. Moreover, the utility of 

P(PAIC)‐b‐P(M AIC-co-FAIC) nanostructures synthesised by NiCCo-PISA 

followed by PPM as presented in Chapter 3 was explored using different 

primary amines and alcohols as a platform to achieve core cross-linked micelles 

which provided stability to the nanostructures. Then, the PPM with reactive 

cross-linkers to achieve stimulus-responsive micelles that could be affected by 

pH or a reducing environment was investigated.  
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4.3. Thermoresponsive NiCCo-PISA micelles 

Thermoresponsive nanostructures can be employed to release their cargo at a 

certain temperature or, if they are used as nanoreactors, this behaviour can be 

leveraged to allow facile recovery of the nanomaterial. The corona of the 

NiCCo-PISA micelles is composed of brush polymers decorated with PEG 

which is a known thermoresponsive polymer that exhibits lower critical solution 

temperature (LCST) behaviour in water.64 This responsive corona was 

hypothesised to lead to an increase in hydrophobicity when heated above its 

cloud point, which induced the thermally-triggered precipitation of the NPs.65 

The thermoresponsivity of the NPs was measured via turbidimetry using a 

UV/Vis spectrometer by monitoring the change in transmitted light at λ = 600 

nm (a wavelength at which the polymer does not absorb) over a range of 

temperatures. Turbidimetry was measured at different concentrations of D0% 

in water (0.5, 2 and 5 mg·mL-1) in order to assess the effect of NP concentration 

on the thermoresponsive behaviour (Figure 4.2). The solution that contained 

5 mg·mL-1 of NPs exhibited a strong attenuation of transmitted light with an 

onset at 52 °C and reached complete attenuation (i.e. 0% transmittance) at 75 

°C, which demonstrated the thermally-triggered aggregation of the NPs 

(pictures in Figure 4.2). The 2 mg·mL-1 solution displayed a higher 

temperature onset at 61 °C followed by a sharp decrease in transmitted light 

from 100% to 15% at 75 °C. This first decrease was followed by a second slow 

drop in transmitted light until 5% transmittance was reached at 95 °C. This 

loss of intensity in two stages was explained by a first aggregation at 60 °C as 

a result of the increase of hydrophobicity of the NPs, followed by a slower 

aggregation into bigger objects of the first precipitated aggregates. The solution 

of 0.5 mg mL-1 NPs exhibited the highest onset at 67 °C and the weakest light 

attenuation reached a plateau of 71% at 85 °C before a sharp loss of intensity 
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at 95 °C which decreased to 63%. For all concentrations, the thermally-

triggered aggregation was irreversible which was hypothesised to be a result of 

the entanglement of the brush-like corona between the aggregated micelles.66 

The different trigger temperature between the experiments demonstrated a 

concentration effect on the thermoresponsivity of the NPs where NP 

concentration had an inversely proportional influence on the temperature at 

which the particles start aggregating.  

  

Figure 4.2. UV/Vis (λ = 600 nm) turbidimetry of D0% at 0.5 mg·mL
-1
 (blue triangles), 2 

mg·mL
-1
 (red squares) and 5 mg·mL

-1
 (black circles). Pictures of the 5 mg·mL

-1
 solution 

before (left) and after (right) thermally-triggered aggregation. 

The evolution of the thermoresponsivity of the NPs was also followed by DLS 

which allowed the monitoring of the nano-objects size. Two concentrations, 0.5 

and 5 mg·mL-1, were studied. The evolution of the size measured by DLS in 

solution was a rough indicator of the aggregation of the NPs by thermally-

triggered precipitation. For the 0.5 mg·mL-1 solution, the nano-objects size 

stayed stable around 72 nm until the solution reached 80 °C after which the 

size increased rapidly along with the count rate to achieve 2450 nm at 95 °C. 

The trigger temperature found by DLS (80 °C) was higher than the one 

measured by UV/Vis (67 °C) which was first hypothesised to be a result of the 

difference in the technique employed - light scattering vs light absorption – 
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however, the size distribution (PD) and derived count rate (DCR) analysis 

were more in line with the UV/Vis turbidometry results. The PD change was 

more sensitive with a trigger temperature at 65 °C where the PD decreased 

from 0.23 to 0.08 at 80 °C before it increased again to 0.65 at 95 °C. This 

behaviour indicated a possible separation of the aggregates present in the initial 

solution between 65 °C and 80 °C before aggregation occurs again after 80 °C. 

The value of the DCR provides information on the presence or absence of NPs 

in the suspension where an increase in DCR indicates aggregation and a 

decrease indicates a sedimentation or dissolution of the particles. For both 

concentrations, the DCR, after a first phase of stagnation, increased 

exponentially until it reached a maximum then decreased to, or below, the 

initial value. This behaviour was explained by the aggregation of the NPs that 

would increase the DCR then, the precipitation out of solution and deposition 

at the bottom of the cuvette would lead to a decrease in DCR value as there 

are fewer objects in suspension to measure. The onset and maximum values 

were found at 65 °C and 85 °C respectively which corresponded to the values 

found by UV/Vis turbidimetry. This demonstrated the similarity of the 

behaviour observed by UV/Vis turbidimetry (transmittance) and DLS 

turbidimetry (PD and DCR). The results for the 5 mg·mL-1 solutions indicated 

a similar behaviour which corresponded to the UV/Vis turbidimetry (Figure 

4.3). 
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Figure 4.3. DLS monitoring of thermoresponsive behaviour of D0% at different 

concentration. In black, 0.5 mg·mL
-1
 measurement of the (A) size, (B) PD and (C) derived 

count rate in function of the temperature, and in blue, 5 mg·mL
-1
 measurement of the (D) 

size, (E) PD and (F) derived count rate in function of the temperature. 
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4.4. Cross-linking of NiCCo-PISA micelles with stable 

aliphatic diamine cross-linkers 

Building on the functionalisation of the NiCCo-PISA micelles demonstrated in 

Chapter 3, cross-linking was attempted to impart stability to the 

nanostructures with aliphatic diamine cross-linkers: 1,2-ethanediamine (EDA), 

1,4-butanediamine (BDA) and 1,6-hexanediamine (HDA) (Scheme 4.1). The 

three selected cross-linkers have different alkyl chain length and therefore 

variable hydrophobicity and size that could influence their diffusion inside of 

the core of the nano-objects. The change in the spacer length was hypothesised 

to influence the size of the micelles after transfer into a non-selective solvent 

where the longer chains would lead to larger size of the solvated nanoparticles. 

The amount of cross-linker employed must be carefully evaluated to avoid free 

amines that would increase the hydrophilicity of the micelles’ core and could 

lead to disassembly of the nanostructures as evidenced in Chapter 3 with the 

EOA substituted micelles. 

 

Scheme 4.1. Overview of the NiCCo-PISA block copolymer as a platform for alkyl diamine 

cross-linked nanomaterials. 



 Chapter 4  

147 

 

The NiCCo-PISA suspensions of D20% and D50% were first reacted with 0.5 

equivalent of cross-linker - relative to the quantity of FAIC - in DMSO at 55 °C 

for 24 h. Similar to what was described in Chapter 3, no base was employed in 

order to reduce the hydrolysis of the pentafluorophenyl esters (PFP) during 

the reaction. To assess the completion of the reaction, an aliquot of each 

reaction mixture was dialysed and freeze-dried before analysis by FT-IR 

spectroscopy. By observing the signals from the PFP C=O ester at 1755 cm-1 

and C=C aromatic at 1520 cm-1 it was possible to monitor the reaction. These 

signals revealed the presence of PFP in both the D20% and D50% cross-

linked copolymers which indicated that the reactions were incomplete. The 

cross-linking was repeated with 0.6 equivalent of cross-linker and the reaction 

was continued for three days. These new conditions pushed the substitution to 

completion (Figure 4.4, for D20% results see Figure A4.17). Moreover, the 

presence of the PFP unit after the incomplete reactions and dialysis, proved 

the stability of this functionality in aqueous milieu under the reaction 

conditions selected. Therefore, the core of the non-substituted D20% and 

D50% nanostructures was proven to be stable in water. As explained above, 

the freeze-dried copolymers were analysed by FT-IR spectroscopy to 

investigate the change in functional groups after the cross-linking where the 

PFP signals are expected to disappear and be replaced by new amide signals. 

For all the amine cross-linkers, the signal from the C=O ester at 1755 cm-1 was 

replaced by a weaker and broader signal at 1750 cm-1 which originated from 

the new amide bond (C=O stretching). In Chapter 3, the signal at 1755 cm-1 

was used to monitor the completion of the reaction, however the presence of 

the new amide signal made it unsuitable to determine the reaction yield. Hence, 

the signal for the C=C aromatic signal from the PFP unit at 1520 cm-1 was 

employed to monitor the presence of PFP in the copolymers. Two other signals 

indicated the presence or absence of PFP: 1240 cm-1 for the C-O ester bond 
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and 1030 cm-1 for the C-F bond. However, D20% did not contain enough PFP 

units to allow detection of a C-O ester bond. A new broad signal appeared at 

3300 cm-1 for all the cross-linked micelles which indicated that the new amide 

N-H bond. 

 

Figure 4.4. FT-IR spectra of the D50% copolymer (black line) cross-linked with EDA 

(red line), BDA (blue line) and HDA (green line).(A) Full spectrum. (B) Zoom in the 

4000-3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. (D) Zoom in the 1400-1000 

cm
-1
 region. 

The analysis of the crude reaction mixtures by DLS indicated sizes of 18, 22 

and 20 nm, and PDs of 0.11, 0.22 and 0.14 for D50%+EDA, D50%+BDA 

and D50%+HDA respectively (Figure A4.18 and Figure A4.19), in line 

with the previous results observed in Chapter 2. The cross-linking on both 

D20% and D50% did not have any visible effect on the nanostructures’ 

stability. The DMSO suspensions of cross-linked nanostructures were 

transferred into water by dialysis over three days. The first observation was 

the transition from a transparent solution for the DMSO mixtures to opaque 
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suspensions after the transfer in water. This visual cue was validated by the 

DLS measurements where the measured size of the particles increased from 

approximatively 20 nm in DMSO to 80-200 nm in water with PDs which ranged 

from 0.19 to 0.24, which indicated a larger range of sizes. These larger apparent 

sizes could have been a consequence of the swelling of the NPs in water, their 

aggregation or a combination of these two effects. One way to rapidly verify if 

nanoparticles are stabilised by cross-linking is to transfer them into a non-

selective solvent for both blocks. Non-cross-linked nano-objects will disassemble 

(i.e. dissolve) and this loss of integrity is indicated by a low correlogram 

function and very small size by DLS. On the other hand, effectively cross-linked 

NPs produce a significant size distribution and correlogram by DLS. To assess 

this, the dialysed micelles were freeze-dried and re-solvated in THF. Analysis 

of these solutions by DLS indicated that the presence of nano-objects of similar 

dimensions to the NPs suspended in DMSO (Figure 4.5A-C) while the non-

crosslinked nano-objects displayed no self-assembly (Figure 4.5D), which 

suggested that the cross-linked NPs were stable in a non-selective solvent, 

which demonstrated an efficient cross-linking and the successful stabilising 

effect of the cross-linked core. When the different cross-linkers were compared, 

the sizes and PDs of the NPs in DMSO, no significant change was detected 

while in THF the sizes and PDs decreased with the increase of the cross-linker 

chain length. This effect was especially noticeable for the D50% series. 

D50%+EDA – the shortest chain with two carbons – displayed a size of 40 

nm in THF while D50%+BDA – four carbons – and D50%+HDA – six 

carbons – exhibited 32 nm and 28 nm respectively. Unlike what was 

hypothesised, the shorter the chain, the larger the size. Given the rigidity of 

the copolymer backbone it is possible that the shorter cross-linkers when 

reacted once were less capable of reaching another reactive PFP pendant group 

- because of their length and/or lack of flexibility - to complete the cross-linking 
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which left unreacted amines in the core. The presence of free amine in the core 

would lead to an increase in the core’s hydrophilicity and larger sizes when the 

nano-objects are fully solvated. 

 

Figure 4.5. Size distributions of (A) D50%+EDA, (B) D50%+BDA, (C) 

D50%+HDA and (D) D50% in THF obtained by DLS. The intensity (red line), volume 

(blue line) and number (black line) distributions are displayed. The insets show the 

correlograms. 

In light scattering, the signal that originates from aggregates of the measured 

NPs can artificially broaden the correlogram and increase the measured size. 

Analysis by multi-angle DLS (MADLS) allows the partial differentiation 

between the diffusion modes (i.e. the signal that comes from the individual 

nano-objects) and the spurious modes not caused by Brownian motion but by 

small amount of large scattering species such as dust, bubbles or aggregates. 

D0%, D50%+EDA, D50%+BDA and D50%+HDA suspensions of 

0.1 mg·mL-1 in water were analysed after filtration on a 0.22 µm Nylon filter 

to remove bigger particles such as dust. The decay rate (𝛤) was calculated from 
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the correlation function measured at angles 40° to 150° and a Γ vs q2 plot 

(Equation 4.1) was constructed for each copolymer solution (Figure A4.20): 

 𝛤   2𝐷 4.1 

Where q is the wave vector (a function of the measurement angle) and D is the 

apparent diffusion coefficient. The slope of the linear regression represents the 

diffusion coefficient (D) in the Einstein-Stokes equation (Equation 4.1): 

 𝑅   
𝑘 𝑇

6 𝜂𝐷
 4.2 

Where kB is the Boltzmann constant, T is the absolute temperature and η is 

the solvent’s viscosity. When executed for our systems, the linear regressions 

showed a R2 ≥0.99 which indicated a good statistical concordance. When the 

hydrodynamic radii (Rh) for the copolymer nanoparticles in suspension were 

calculated, this technique yielded smaller size than DLS which ranged from 70 

to 90 nm with smaller discrepancies between the values but still quite far from 

what would be expected from 20 nm cross-linked particles transferred into 

water (Table A4.3). However, aggregation caused increase of the measured 

sizes were still possible.  

To verify the potential aggregation of the nano-objects, zeta-potential of the 

different suspension of micelles in water were measured. The zeta-potential is 

a measure of the potential difference between the colloidal dispersions medium 

and the stationary layer of fluid attached to the dispersed particle. If the zeta-

potential of a nanoparticles dispersion is comprised between ±30 mV, the 

repulsive electrostatic forces are too low to avoid the attractive forces between 

the nanoparticles that led to their contact and entanglement visualised as their 

aggregation and precipitation out of solution (i.e. flocculation).67 The zeta 

potential of the solution of micelles varied between 7 and -27 mV (Table 4.1) 
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therefore, the surface charges of the NPs are too low to avoid aggregation which 

justified the large sizes measured by DLS in water. 

To observe the actual morphology of the cross-linked nano-objects after the 

transfer into water, TEM images were taken of the D50%+HDA suspension. 

Spherical micelles with similar sizes to the ones observed in DMSO were visible, 

which reinforced the hypothesis that the large sizes measured by DLS and 

MADLS came from flocculation (Figure 4.6). On the TEM images, aggregates 

of individual micelles were observed which confirmed the flocculation effect and 

showed that the morphology of the spherical nanoparticles did not change. 

Flocculation happened when the particles were transferred from DMSO into 

water and was a consequence of the change in polarity of the solvent. During 

dialysis, the environment slowly became more polar which leads to a greater 

attraction between the amphiphilic stabilised micelles. The aggregation of the 

NPs was certainly aggravated by the brush nature of the corona block. Indeed, 

the corona was a densely grafted brush polymer P(PAIC)30 and the neutral 

PEG side chains were therefore more likely to entangle and favour aggregation 

of the NPs. The average size of the NPs in the dry state TEM images was 

calculated by measuring 250 NPs and gave 15 ±3 nm (average ±standard 

deviation), smaller than the size measured by DLS in DMSO. This can be 

explained by shrinkage of the micelles caused upon drying for TEM 

preparation. Moreover, the fact that the individual micelles could be 

distinguished from the aggregates led to smaller sizes than the ones measured 

by DLS and MADLS in water. 
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Figure 4.6. (A) Dry-state TEM image of D50%+HDA after dialysis. (B) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images of 250 

particles.  

 

Table 4.1. Characterisation of the NiCCo-PISA copolymers before and after cross-linking. 

Polymer 

DDLS 

DM SOa 

(nm) 

DDLS 

THFa 

(nm) 

DDLS 

H 2O
a 

(nm) 

DTEM
b 

(nm) 

Zeta pot. 

(mV) 

D0% 20 (0.18) -c 100 (0.20) 21 ±7 -15 ±5 

D20% 21 (0.14) -c 46 (0.25) -d -17 ±4 

D20%+EDA 21 (0.12) 36 (0.30) 190 (0.27) -d -17 ±3 

D20%+BDA 21 (0.13) 33 (0.28) 180 (0.19) -d -2 ±3 

D20%+HDA 21 (0.12) 34 (0.37) 200 (0.19) -d 3 ±3 

D50% 22 (0.16) -c 140 (0.15) -d 7 ±7 

D50%+EDA 18 (0.11) 40 (0.44) 170 (0.24) -d 5 ±5 

D50%+BDA 22 (0.22) 32 (0.35) 80 (0.19) -d 0 ±4 

D50%+HDA 20 (0.14) 28 (0.24) 100 (0.20) 15 ±3 -1 ±3 

aHydrodynamic radius measured by DLS at a 173° angle. PD is in parenthesis. bDried state TEM from 

water suspension of NPs. cNo assemblies. dNot measured 

Measurement of the helicity of the micelle core was conducted by CD 

spectroscopy of the cross-linked micelles in THF to ensure solvation of both 

blocks at 0.5 mg·mL-1. This analysis revealed that for all systems the core was 
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still helical after the cross-linking reactions. A measurable decrease of the CD 

signal at λ = 360 nm (CD360) was detected for D50% reacted with EDA, BDA 

and HAD, from 9 mdeg for the unreacted copolymer to 6 mdeg for the cross-

linked micelles (Figure 4.7 and Table A). The decrease was smaller for the 

D20% cross-linked micelles. While D20%+EDA was at a similar level than 

the unsubstituted D20% copolymer at 13 mdeg, D20%+BDA and 

D20%+HAD decreased to 11 mdeg and 12 mdeg, respectively. The D50% 

original helix contained more “defects” (i.e. achiral moieties) and had a lower 

CD360 than D20%. Thus, a small decrease in the overall helicity caused by the 

cross-linking reaction had a larger impact on the final helicity. However, the 

drop was not complete, and the helicity was mainly retained (>60%) after the 

cross-linking reaction for both D20% and D50%-based micelles. This was 

encouraging for applications that would leverage the helical core of the nano-

objects and proved the stability of the core’s helices to the reaction conditions 

employed. 

 

Figure 4.7. CD (THF, 0.5 mg·mL
-1
) spectra of (A) the unsubstituted D20% and its cross-

linked counterparts, and (B) the unsubstituted D50, and its cross-linked counterparts. D0% 

and a blank are added as reference. The inset shows the helicity (CD at λ = 360 nm) of the 

copolymers compared to D0% 
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4.5. Cross-linking of NiCCo-PISA micelles with responsive 

cross-linkers  

After cross-linking with aliphatic diamines, the introduction of reactive cross-

linkers that offer a response to a stimulus or take part in a reaction as catalyst 

was explored. Two primary amine cross-linkers were investigated as the 

responsive cross-linkers: cystamine (CA) that contained a redox sensitive 

disulfide bridge and 2-[1-(2-amino-ethoxy)-1-methyl-ethoxy]-ethylamine (AEE) 

that had a pH sensitive acetal linker (Scheme 4.2). 

 

Scheme 4.2. Overview of the NiCCo-PISA block copolymer as a platform for cross-linked 

nanomaterials with responsive cross-linker. 

The same reaction conditions as the previous cross-linking experiments were 

employed and FT-IR spectroscopy analysis showed completion of the reactions 

for both CA and AEE cross-linking (Figure 4.8, for D20% results see 

Appendix). The new signal for the amide N-H bond at 3400 cm-1 was present 

for the CA and AEE cross-linked copolymers. This area is also where the O-H 

bond signal for carboxylic acid is present and the lack of signal for D0% 

indicated the absence of hydrolysis. 
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Figure 4.8. FT-IR spectra of the D50% copolymer (black line) cross-linked with CA (red 

line) and AEE (blue line). (A) Full spectrum. (B) Zoom in the 4000-3000 cm
-1
 region. (C) 

Zoom in the 1800-1400 cm
-1
 region. (D) Zoom in the 1400-1000 cm

-1
 region. 

DLS analysis of the nano-objects’ after cross-linking indicated no major change 

in the NP size distribution with sizes around 20 nm and PD in line with the 

non-cross-linked micelles (Figure 4.9, Table 4.2 and the Appendix). The 

NPs were transferred to water by dialysis over three days. Macroscopic 

precipitation was observed for the CA cross-linked nano-objects translated into 

large sizes measured by DLS between 140 and 200 nm and PDs which ranged 

from 0.29 to 0.46 which indicated broad sizes distributions. On the other hand, 

the D20%+AEE and D50%+AEE exhibited sizes of 64 nm and 55 nm, and 

PDs of 0.27 and 0.18, respectively, which indicated sizes closer to the individual 

micelles in DMSO. The NPs were freeze-dried, re-solvated in THF and the 

resulting solutions were analysed by DLS to assess the stabilisation effect of 

the cross-linking. Assemblies were detected which indicated that the micelles 

were still in suspension and no sign of aggregation of the NPs was visible by 
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DLS after transfer in THF. The sizes and PD values in THF were similar to 

the HDA cross-linked micelles which was expected as CA and AEE and cross-

linkers are eight and nine atoms long respectively (Figure 4.9). A similar 

trend as before with EDA, BDA and HDA in THF was observed. The longer 

the cross-linker chain, the closer the NP size distribution in THF were to the 

NPs in DMSO and the narrower their distribution. Moreover, this effect was 

improved with the increasing density of cross-linking site. D20%+CA and 

D20%+AEE had both sizes of 35 nm with PDs of 0.33 and 0.25 respectively 

similar to the “stable” D20% cross-linked micelles. D50%+CA and 

D50%+AEE 2 both had a size of 26 nm with a PD of 0.20 and 0.16 

respectively. The sizes and PDs were similar to D50%+HAD which indicated 

an efficient cross-linking. 

 

Figure 4.9. Size distributions of D50%+CA in (A) DMSO, (B) H2O and (C) THF, and 

D50%+AEE in (D) DMSO, (E) H2O and (F) THF obtained by DLS. The intensity (red 

line), volume (blue line) and number (black line) distributions are displayed. The insets 

show the correlograms. 

TEM imaging of D50%+CA (Figure 4.10) and D50%+AEE (Figure 

4.11) was conducted to assess the morphology of the cross-liked nano-objects. 

Reminiscent of the D50%+HAD and D0% in water, the dry-state TEM 
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images of the stimuli-responsive micelles exhibited spherical morphologies and 

aggregates of the NPs that could explain their large sizes by DLS. The size 

measured on the images (from 300 particles each) were 16 ±3 nm for 

D50%+CA and 15 ±3 nm for D50%+AEE closer to the sizes measured in 

DMSO before dialysis (20 nm) and with a narrow distribution. 

 

 

Figure 4.10. (A) Dry-state TEM image of D50%+CA after dialysis. (B) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images of 300 

particles. 

 

Figure 4.11. (A) Dry-state TEM image of D50%+AEE after dialysis. (B) Histogram of 

spherical particles’ size distribution measured from particle analysis of TEM images of 300 

particles. 
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Table 4.2. Characterisation of the NiCCo-PISA copolymers before and after cross-linking. 

Polymer DDLS DM SO
a
 

(nm) 

DDLS THF
a
 

(nm) 

DDLS H 2O
a
 

(nm) 

DTEM
b 

(nm) 

Zeta pot. 

(mV) 

D0% 20 (0.18) -
c
 100 (0.20) 21 ±7 -15 ±5 

D20% 21 (0.14) -
c
 46 (0.25) -

d
 -17 ±4 

D20%+CA 21 (0.11) 35 (0.33) 180 (0.32) -
d
 -12 ±3 

D20%+AEE 22 (0.15) 35 (0.25) 64 (0.27) -
d
 -17 ±3 

D50% 22 (0.16) -
c
 140 (0.15) -

d
 7 ±7 

D50%+CA 19 (0.10) 26 (0.20) 180 (0.29) 16 ±3 -13 ±3 

D50%+AEE 22 (0.15) 26 (0.16) 55 (0.18) 15 ±3 -9 ±9 

aHydrodynamic radius measured by DLS at a 173° angle. PD is in parenthesis. bDried state TEM 

from water suspension of NPs. cNo assembly. dNot measured. 

CD spectroscopy of the CA cross-linked micelles exhibited a lower CD360 than 

the unsubstituted D20% or D50% (Figure 4.12 and Table A4.5). On the 

other hand, D20%+AEE and D50%+AEE micelles displayed higher CD360 

with 14 mdeg and 8.9 mdeg respectively. These variations were lower than a 

10% increase from the original D20% and D50% copolymers which was within 

measurement error. The overall results indicate that the helicity was retained 

after the cross-linking reaction which proved the effective synthesis of 

potentially stimuli-responsive cross-linked NPs that contained a chiral core. 



 Chapter 4  

160 

 

 

Figure 4.12. CD (THF, 0.5 mg·mL
-1
) spectra of the unsubstituted D20% and its cross-

linked counterparts, and the unsubstituted D50, and its cross-linked counterparts. D0% 

and a blank are added as reference. The inset shows the helicity (CD at λ = 360 nm) of the 

copolymers compared to D0%. 

 

4.5.1. Redox responsive NPs 

CA cross-linked NPs (D20%+CA and D50%+CA) in water at a 

concentration of 0.2 mg·mL-1 were subjected to L-glutathione (GSH) reducing 

agent at a concentration of 10 mM. The disulfide bond was expected to cleave 

and result in more solvophilic thiol functionalities (Scheme 4.3) inside the 

core, which would drive the nano-objects towards disassembly. As 

demonstrated by the EOA substituted micelles in Chapter 3, the introduction 

of hydrophilic functionalities in the core can lead to disassembly of the nano-

objects. 

 

Scheme 4.3. Scheme of the redox-triggered cleavage of the cystamine disulfide linkers. 

The size distribution of the NPs was monitored by DLS over a period of 4 

weeks (Figure 4.13). The degradation of the responsive NPs was still ongoing 

after several days which was slow compared to previously reported systems.43, 
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45 The longer reaction time can be linked to two factors. First, the high 

hydrophobicity of the NPs core – that contained L-menthyl side-chains - 

prevented a fast entry of the hydrophilic thiol. Secondly, the aggregation 

behaviour of the NPs might have delayed the complete disassembly of the 

systems into the unimers and could explain the continuous increase in size. The 

switch from the stabilising disulfide bridges to thiol functionalities increased 

the unimers’ exchange rate and favoured micelle aggregation which led to the 

size increase observed for D20%+CA from 190 nm to 585 nm, a three-fold 

growth. In the case of D50%+CA only a slight slope was noticeable over the 

whole reaction time and the size increased from 155 nm to 220 nm which is not 

expected with a higher density cross-linked NP. An increase of cleavable groups 

typically leads to a greater response to the stimulus. In the case of the disulfide 

bond, cleavage by GSH is a reversible reaction and the closer proximity of the 

functionalities in the core in D50% than D20% could have led to more 

restoration of the cross-linking bonds which exhibited seemingly more stable 

NPs. D0% treated with GSH showed no sign of swelling, aggregation or 

disassembly with a size that did not evolve over the reaction time which stayed 

around 125 nm. This indicated that the CA cross-linked micelles are effectively 

triggered by the presence of a redox agent to start a change in the NPs size 

distribution especially noticeable for D20%+CA. 
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Figure 4.13. Evolution of the of the CA-substituted copolymer’s size while reacted with 

GSH monitored by DLS 

 

4.5.2. pH responsive NPs 

AEE cross-linked NPs (D20%+AEE and D50%+AEE) were subjected to 

acidic pH to assess their pH-responsiveness. The acetal linkers are cleaved into 

alcohols under acidic conditions (Scheme 4.4) which led to an increase of the 

core solvophilicity and potential disassembly of the NPs. The resulting 

functionality is identical to the EOA substituted micelles in Chapter 3. The 

size evolution of the AEE crosslinked micelles was monitored by DLS over a 

period of 4 weeks. 

  

Scheme 4.4. Scheme of the acid-triggered cleavage of the acetal linkers. 

The NPs were incubated at pH 2 for 4 weeks, D20%+AEE showed a little 

increase in size 30 nm (from 215 nm to 245 nm) over 4 weeks. The starting size 

of the D20%+AEE was larger than the previously measured DLS size (64 

nm) as a consequence of the ongoing aggregation of the neutral NPs in solution. 
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to 110 nm that corresponded to a negligible increase of 10 nm which suggested 

that they kept the same size during their time under these low pH conditions. 

On the other hand, the D50%+AEE micelles exhibited a steady increase of 

their size from 55 nm at t0 to 205 nm after 4 weeks which indicated a clear 

response towards the acid stimuli which was expected for the higher density 

cross-linked NPs. The fact that the D50%+AEE micelles were from the 

beginning less aggregated than their D20% counterpart speaks also in favour 

of the aggregation-induced slow disassembly hypothesis. 

 

Figure 4.14. Evolution of the of the AEE-substituted copolymer’s size at pH 2 monitored 

by DLS 

In order to circumvent the very slow rate of the disassembly reactions in water, 

the acid-triggered cleavage was analysed in THF where the disassembly was 

hypothesised to be much faster as a consequence of the better solubility of the 

core in THF compared to water. First, D20%+AEE and D50%+AEE were 

reacted with HCl in THF at 10 mM and the disassembly time frame, monitored 

every 10 minutes by DLS, was shorter than the time between the measurement 

points (Figure 4.16). In the long term (24 days), both assemblies, after a first 

dramatic increase in size, started to disassemble. The D50%+AEE however, 

had a slower decrease from 300 nm to 120 nm in 4 weeks while D20%+AEE 

had a drop in size as dramatic as the initial increase over the first three days 
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and the size stayed constant around 75 nm afterwards. This hinted at a possible 

lower stability of D20%+AEE and/or a faster cleavage of the AEE links 

compared to D50%+AEE which could be a consequence of the difference in 

linkage density. The overall monitoring proved that both systems were pH 

sensitive and disassembled under acidic trigger. 

 

Figure 4.15. Evolution of the of the AEE-substituted copolymer’s size at HCl 10mM in 

THF monitored by DLS over (A) 5 h and (B) 24 days. 

The reaction with 10 mM of HCl in THF was too quick to observe the gradual 

evolution of the size distribution. To slow down the disassembly process, a 

concentration of HCl 100 times lower was employed (100 µM) and the results 

were as expected that the disassembly was happening slower than in the HCl 

10 mM case. The size increased following an exponential trend before it reached 

a plateau at 120 nm (Figure 4.16). In 3 h, the size monitored by DLS 

increased from 20 nm to 120 nm as a result of the swelling of the micelles for 

both D20%+AEE and D50%+AEE. The points for the D20%+AEE 

system were more scattered than its D50% counterpart which hinted to a 

stability issue of the former. The higher hydrophilicity of the cleaved 

D50%+AEE would lead to a higher dynamic of the unimers and a more 

uniform distribution of the sizes in the sample. On a longer period of 24 days, 

the D50%+AEE size stagnates at between 150 and 120 nm while 

D20%+AEE size decreases right after it reached plateau until a size of around 
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50 nm after 4 weeks. This confirms the behaviour observed for the higher 

concentration of HCl where the D20%+AEE system disassembled faster than 

the D50%+AEE. 

 

Figure 4.16. Evolution of the of the AEE-substituted copolymer’s size at HCl 100 µM in 

THF monitored by DLS over (A) 5 h and (B) 24 days. 
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4.6. Conclusions 

Nano-objects with a cross-linked helical core were achieved after modification 

of the PPM methodology developed in Chapter 3 to employ a range of cross-

linkers (Scheme 4.5). Moreover, the thermoresponsivity of the NPs was 

confirmed by UV/Vis and DLS turbidometry. The stability of the cross-linked 

micelles was confirmed by DLS measurements in THF while the preservation 

of the helicity was confirmed by CD spectroscopy. Micelles cross-linked by 

cystamine exhibited redox-triggered disassembly behaviour monitored by DLS 

in water while NPs crosslinked with AEE exhibited a response to low pH in 

water and THF monitored by DLS. This study augmented the investigation 

on the use of NiCCo-PISA as scaffold for possible applications in smart 

materials or nanoreactors where the chiral core could be leveraged for 

enantioselectivity as will be investigated in Chapter 5. 
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Scheme 4.5. Overview of the NiCCo-PISA block copolymer as a platform 

for cross-linked nanomaterials. 
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4.7. Appendix 

 

Figure A4.17. FT-IR spectra of the D20% copolymer (black line) cross-linked with EDA 

(red line), BDA (blue line) and HDA (green line). (A) Full spectrum. (B) Zoom in the 4000-

3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. (D) Zoom in the 1400-1000 cm

-1
 

region. 
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Figure A4.18. Size distributions of cross-linked D20%+EDA, D20%+BDA and 

D20%+HDA in (A-C) DMSO, (D-F) H2O and (G-I) THF obtained by DLS. The intensity 

(red line), volume (blue line) and number (black line) distributions are displayed. The insets 

show the correlograms. 
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Figure A4.19. Size distributions of cross-linked D50%+EDA, D50%+BDA and 

D50%+HDA in (A-C) DMSO, (C-F) H2O and (G-I) THF obtained by DLS. The intensity 

(red line), volume (blue line) and number (black line) distributions are displayed. The insets 

show the correlograms. 
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Figure A4.20. Multiple angle dynamic light scattering analysis of (A) D0% and cross-

linked (B) D50%+EDA, (C) D50%+BDA and (D) D50%+HDA at 0.1 mg·mL
-1
 in 

water.  

 

Table A4.3. Results from MADLS compared to the mono angle DLS at 173°. 

Polymer DDLS, 173° H 2O (nm)a DMADLS H 2O (nm)b 

D0% 100 (0.20) 84 ±1.3 

D50%+EDA 170 (0.24) 82 ±1.2 

D50%+BDA 80 (0.19) 76 ±0.5 

D50%+HDA 100 (0.20) 95 ±1.6 

aHydrodynamic radius measured by DLS at a 173° angle. PD is in parenthesis. bDh values 

calculated from multiple angle DLS analysis using the Stokes-Einstein equation (mean ± 

10%) 
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Table A4.4. CD spectroscopy of the NiCCo-

PISA copolymers before and after cross-linking 

Polymer CD 360 (mdeg)a 

D0% 14 

D20% 13 

D20%+EDA 13 

D20%+BDA 11 

D20%+HDA 12 

D50% 8.7 

D50%+EDA 6.0 

D50%+BDA 6.0 

D50%+HDA 6.2 
aCD signal at λ = 360 nm in THF. 

 

 

Figure A4.21. FT-IR spectra of the D20% copolymer (black line) cross-linked with CA 

(red line) and AEE (blue line). (A) Full spectrum. (B) Zoom in the 4000-3000 cm
-1
 region. 

(C) Zoom in the 1800-1400 cm
-1
 region. (D) Zoom in the 1400-1000 cm

-1
 region. 

 

4000 3500 3000 2500 2000 1500 1000
0

20

40

60

80

100

 D0%

 D20%

 D20%+CA

 D20%+AEE

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm-1)

N-H 

1800 1750 1700 1650 1600 1550 1500 1450 1400
0

20

40

60

80

100

 D0%

 D20%

 D20%+CA

 D20%+AEE

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm-1)

C=O 

C=C (aro.)

4000 3800 3600 3400 3200 3000
80

85

90

95

100

 D0%

 D20%

 D20%+CA

 D20%+AEE

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm-1)

A B

DC

1400 1350 1300 1250 1200 1150 1100 1050 1000
0

20

40

60

80

 D0%

 D20%

 D20%+CA

 D20%+AEE

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm-1)

C-F 



 Chapter 4  

173 

 

 

Figure A4.22. Size distributions of cross-linked D20%+CA in (A) DMSO, (B) H2O and 

(C) THF, and D50%+AEE in (D) DMSO, (E) H2O and (F) THF obtained by DLS. The 

intensity (red line), volume (blue line) and number (black line) distributions are displayed. 

The insets show the correlograms. 

 

Table A4.5. CD spectroscopy of the NiCCo-

PISA copolymers before and after cross-linking 

Polymer CD 360 

(mdeg)a 

D0% 14 

D20% 13 

D20%+CA 13 

D20%+AEE 14 

D50% 8.7 

D50%+CA 6.5 

D50%+AEE 8.9 

aCD signal at λ = 360 nm in THF. 
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5.2. Introduction 

Enantioselective reactions and catalysis are of major importance in 

pharmaceutical and biomedical fields. The methods employed generally 

leverage chiral species to impart the enantioselectivity and since helices are 

chiral objects, an enriched right- or left-handed polymer helix can be used to 

induce enantioselectivity in either chiral resolution or asymmetric catalysis. 

The chiral nature of the helix has been employed in chiral separation with 

various types of polymer helices such as polymethacrylates,1-3 polyacetylenes4, 

5 and polyisocyanides.6-9 A noteworthy example is the enantioselective 

enrichment of a racemic mixture by poly(aryl isocyanide) helix-containing 

micelles that has been showed by Wang et al.9 They developed 

thermoresponsive amphiphilic star block copolymers decorated with left-

handed helices and demonstrated that when these thermoresponsive 

nanoparticles (NPs) were precipitated in the presence of racemic methyl benzyl 

alcohol, the S-enantiomer was selectively adsorbed and removed from the 

racemic solution (Figure 5.1). The enantioselective absorption and release of 

one enantiomer in the micelles core led to enantioselective enrichment.  

 

Figure 5.1. Diagram that explains the coprecipitation enantioselective enrichment of a 

racemic mixture of methyl benzyl alcohol (R- and S-5) with micelles 4L in water. 

Reproduced from the work of Wang et al. published in ACS Macro Letters.
9
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Pioneering the field of helical polymers for asymmetric catalysis, Reggelin et 

al. have studied polymethacrylates for enantioselective reactions primarily by 

employing them as chiral ligands.10-13 The pros and cons of organocatalysis will 

not be discussed (see Chapter 1) and the focus will be on the organocatalytic 

area of helical polymer catalysts; however, it is noteworthy that helical 

polymers have also been used as chiral ligands for asymmetric metal 

catalysis.10, 11, 14-17 In the area of organocatalysis, synthetic polymer helices 

have been employed as scaffolds for enantioselective catalysis either as a means 

to increase the selectivity of an already chiral catalyst18-27 or to induce 

enantioselectivity to an achiral catalyst.12, 28-30 In a notable instance, Guichard 

and co-workers have leveraged the helicity of chiral (thio)urea oligomer 

foldamers to achieve enantioselective Michael reactions with enantiomeric 

excess (ee%) up to >99%.31 Shorter oligomers that do not fold yielded lower 

ee% which demonstrated the necessity for the oligomers to be in a helical 

conformation to achieve high enantioselectivity. Suginome and co-workers have 

developed helical poly(quinoxaline-2,3-diyl) copolymers grafted with achiral 

pyridyl pendant groups that exhibited enantioselective catalysis of the Steglich 

rearrangement.30 The static helical copolymer was composed of 95% of chiral 

comonomer blended with 5% of the achiral catalyst comonomer (Scheme 5.1). 

The resulting helical catalyst was employed in several Steglich rearrangements 

that achieved up to 95% ee and demonstrated the effect of the helicity in these 

catalysts with pendant achiral active sites. The use of achiral catalytic moieties 

opens the path for helical functional copolymers similar to those developed in 

Chapter 3 that can be adapted by post-polymerisation modification (PPM) to 

include various achiral catalytic side-chains and easily achieve enantioselective 

helical catalysts from a unique polymeric scaffold without the need to develop 

a new catalytic system for every situation.  
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Scheme 5.1. Right-handed helical poly(quinoxaline-2,3-diyl)s copolymer decorated with 

achiral pyridyl pendant groups used in the enantioselective catalysis of Steglich 

rearrangement. Reproduced from the work of Yamamoto et al. published in ACS, Journal 

of the American Chemistry Society.
30

  

One of the downsides of the catalytic systems presented above is that they are 

mostly run in toxic organic solvents. The development of nanoparticles that 

contain the helical catalysts stabilised by hydrophilic coronae in water (i.e. 

nanoreactors) are an alternative to the use of organic solvents. Moreover, these 

systems would improve on the molecular catalysts when the “concentrator 

effect” is considered - discovered by Helms et al. 32, 33- which showed that 

catalytic reactions performed in confined environments display faster kinetics 

and sometimes better overall efficiencies. Polymeric nanoreactors have been 

shown to use a range of different active sites such as metals,34-37 organic 

species,38, 39 enzymes40-44 or a combination45 with various polymer structures 

such as single-chain nanoparticles,46-48 tubes,49, 50 micelles,51-57 and 

polymersomes58-66. Finally, the phase separation between the distinct 

nanoreactor parts - corona, core or membrane – allows for the passive molecular 

recognition of species that diffuse inside the nano-object based on their 

hydrophobicity.67-70  
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Building upon the field of helical polymer enantioselective catalysis and 

nanoreactors, one can envision helical-core micelles that contain catalysts that 

would achieve chiral recognition while their hydrophobic core would allow them 

to speed up reaction rates in a green solvent such as water while also being 

recyclable. Moreover, the use of PPMs to insert the catalytic functionalities 

would allow these structures to be highly modular which enable the attachment 

of the desired catalyst to the preformed polymer helix. Poly(aryl isocyanides) 

copolymers that carry DMAP moieties for use as helical molecular catalysts 

have been developed. Diblock amphiphilic copolymers were synthesised to 

allow self-assembly into nanoreactors with a helical core. Finally, NiCCo-PISA 

functionalisable nano-objects developed in Chapters 3 and 4 were modified by 

PPM to achieve nanoreactors and employed in acylation reactions to assess 

their possible enantioselectivity. 
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5.3. Molecular helix catalysis of DMAP for acylation 

reactions 

5.3.1. Molecular poly(aryl isocyanide) helices 

Inspired by previous reports of helical catalysts, the first intention was to 

develop molecular polyisocyanide catalysts that contain pendant DMAP 

moieties. A first attempt at the synthesis of a monomer that contained the 

DMAP moiety directly attached to it was successful however, the monomer led 

to very broad MWD which indicated a negative interaction of the DMAP with 

the catalyst. After this ineffective attempt, the FAIC and PPM route was 

preferred. 

Synthesis of helical statistical copolymers composed of 80 mol% of chiral 

menthyl aryl isocyanide (M AIC) and 20 mol% of pentafluoro phenol ester aryl 

isocyanide (FAIC) monomers with a degree of polymerisation (DP) of 150 was 

conducted in THF which led to polymer helices that could be easily 

functionalised by PPM (Scheme 5.2A). Unlike the copolymers synthesised in 

the previous Chapters, the copolymers in this section were synthesised with a 

palladium catalyst71 (see Chapter 7) as a consequence of their synthesis that 

took place prior to the development of the nickel catalyst employed later. To 

introduce the DMAP functionality, a DMAP modified moiety primary alcohol 

(DMAP-OH) was synthesised through a known methodology.72 DMAP-OH was 

reacted with the FAIC/M AIC copolymer under the same conditions as the 

previous primary amine nucleophiles i.e. DMSO at 55 °C with 5 equivalents of 

nucleophile respective to the FAIC content (Figure 5.2A). The DMAP unit 

was hypothesised to accelerate the alcohol reaction through an activation of 

the PFP ester followed by an intramolecular nucleophile substitution (Scheme 

5.2B). The reactions were run without a base to lower the hydrolysis rate 
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which made the last deprotonation step entirely dependent on the free 

pentafluorophenolate in solution. Therefore, it was expected that protonated 

DMAP units would be present in the final product. In the case that this system 

should be employed in catalysis as a nanoreactor, basic conditions should be 

employed in order ensure that all the DMAP units are free to achieve maximum 

efficiency of the nanoreactor. PPM with DMAP-OH appeared to occur more 

slowly than the previous reactions, with a reaction time of three days instead 

of one required to achieve completion of the substitution. This lower reaction 

rate was likely to be a consequence of the weaker nucleophilicity of the alcohol 

compared to the amines even with DMAP activation.  

 

Scheme 5.2. (A) Scheme of the FAIC copolymer synthesis with the subsequent PPM with 

DMAP-OH to yield the DMAP copolymer. (B) PFP ester activation of the FAIC moiety 

by DMAP-OH followed by the intramolecular substitution reaction. 

Analysis by SEC was conducted to assess the impact of the copolymerisation 

and PPM on the polymer molecular weight distributions (MWD). The 

FAIC/M AIC copolymer had a number average molecular weight (Mn) of 19.0 

kDa which was close to the 25.0 kDa from the M AIC homopolymer (Figure 

5.2A). The larger variance between the homopolymer and the copolymer 

compared to that exhibited in the previous Chapters was a result of the absence 
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of a large solvophilic block (i.e. P(PAIC)) attached to the M AIC/FAIC 

block which made the modification in comonomer composition more impactful 

on the resulting copolymer Mn. The dispersity (ÐM) for both MWDs were 

similar at 1.20 and 1.24 for the homopolymer and copolymer respectively. The 

introduction of the DMAP moiety was conducted in a similar fashion to 

Chapter 3, which yielded a copolymer with a Mn lower than both the M AIC 

homopolymer and FAIC/M AIC copolymer at 14.4 kDa. Moreover, an 

increase of ÐM was found with a value of 1.44. These differences were a 

consequence of the DMAP moiety which interacted with the SEC columns 

which led to a shifted and artificially broadened MWD that indicated the 

successful reaction of the pentafluorophenyl (PFP) ester units. 

Analysis of the various polymers by CD spectroscopy was employed to evaluate 

and compare their helicity. The CD signal at λ = 360 nm (CD360) was taken 

as the comparison point. The values were larger than for the previously 

reported copolymers in previous Chapters as a result of the absence of a large 

solvophilic achiral block. The CD360 for the M AIC homopolymer, the 

FAIC/M AIC copolymer and the DMAP-functionalised copolymer were 48, 

49, and 49 mdeg, respectively, which indicated that the helicity of the 

macromolecules was maintained before and after introduction of chiral FAIC 

and PPM with DMAP-OH (Figure 5.2B).  
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Figure 5.2. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of the M AIC homopolymer, FAIC copolymer and DMAP copolymer. 

(B) CD (THF, 0.5 mg·mL
-1
) spectra of the M AIC homopolymer, FAIC copolymer and 

DMAP copolymer. 

Both the FAIC/M AIC and DMAP copolymers were analysed by NMR 

spectroscopy to detect the introduction of the DMAP moiety. 19F NMR 

spectroscopy informed on the presence or absence of PFP moieties in the 

copolymer and clearly showed broad signals at δ = 152, 158, and 162 ppm 

which corresponded to the PFP units in the FAIC/M AIC copolymer similar 

to the monomeric FAIC shifts (Figure 5.3). The broadened signal indicated 

that the PFP units were in a rigid environment i.e. the helical copolymer. The 

introduction of the DMAP moiety was verified by the disappearance of the 

PFP signals which indicated that the reaction of these units and their 

replacement. By 1H NMR spectroscopy, the FAIC/M AIC copolymer 

exhibited three distinct broad signals at δ = 7.8-6.8, 6.2-5.2 and 5.0-4.2 ppm 

which corresponded to two aryls and one menthol proton (Figure 5.4). The 

introduction of the DMAP moiety was clearly visible with the emergence of 

three new broad signals related to the two aryl protons of the DMAP units at 

δ = 8.3-7.9 and 6.8-6.4 ppm, and the methyl group found at δ = 3.3-2.8 ppm. 

The broadness of the signal further confirmed the successful introduction of 

the moiety into the rigid helix. The combination of 1H and 19F NMR 

spectroscopy demonstrated the successful reaction of the PFP units and their 

replacement by the DMAP moieties. 
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Figure 5.3. 
19

F NMR of FAIC monomer, FAIC/M AIC copolymer and DMAP copolymer 

in CDCl3 (377 MHz, 298 K). 

 

 

Figure 5.4. 
1
H NMR of FAIC monomer, FAIC/M AIC copolymer and DMAP copolymer 

in CDCl3 (400 MHz, 298 K). 
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To verify the stability of the M AIC units towards the reaction conditions, the 

M AIC homopolymer was subjected to PPM conditions with DMAP-OH for 3 

days. Analysis by SEC showed no difference in the MWD which proved the 

resilience of the M AIC ’s ester to the nucleophilic substitution of DMAP-OH 

(see Appendix: Figure A5.21A). The FAIC copolymer was heated at 55 °C 

in THF (reaction conditions without nucleophile) and the resulting copolymer 

was similar in MWD which demonstrated the resistance of the FAIC 

copolymer’s activated esters to the hydrolysis from the water traces present in 

THF (Figure A5.21B) 

The DMAP copolymer was employed as a helical catalyst that contained 20% 

of DMAP (hDM AP-20%) in the acylation reaction of 1-phenyl-1-propanol 

with butyric anhydride (Figure 5.5A). The reactions were conducted in THF 

at 0.02 M of alcohol (1 equiv.) with butyric anhydride (3 equiv.) under basic 

conditions (i-Pr2NEt, 1.5 equiv.) and a catalyst loading of 1 mol%. Mesitylene 

was added to the reaction mixture as an internal standard. To monitor the 

reaction progress and enantioselectivity, chiral GC-MS was employed, to 

separate the different reagents and products along with their enantiomers 

(Figure 5.5B). To this end, aliquots (0.1 mL) were taken from the reaction 

mixtures at different time points and diluted in THF (1.5 mL) before filtration 

through silica to remove the catalyst. The filtrate was further filtered through 

a 0.22 µm filter before analysis by GC-MS.  
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Figure 5.5. (A) Scheme of the acylation reaction in THF of 1-phenyl-1-propanol by butyric 

anhydride catalysed with hDMAP under basic conditions. (B) An example of a GC-MS 

chromatogram of the reaction mixture that indicates the different reagents and products. 

The reaction catalysed by either molecular DMAP or hDM AP-20% was 

conducted and showed a higher activity for the molecular DMAP after 24 h of 

reaction with a quantitative conversion compared to a 49% conversion for 

hDM AP-20% (Figure 5.6). This difference was explained by possible 

hydrolysis of the PFP units during PPM that would have led to a lower loading 

of active site for the helical copolymer than expected. Unfortunately, no 

enantioselectivity was detected for the hDMAP-20% catalysed reaction. The 

density of DMAP moieties was suspected to be too high to allow proper 

enantioselectivity induction from the pendant menthol groups therefore, a 

hDM AP-1% was synthesised. As expected the lower loading of FAIC units 

led to almost identical MWD between the M AIC homopolymer, the FAIC 

copolymer (1%) and the DMAP copolymer (1%) i.e. hDM AP-1% (Figure 
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A5.22B). Catalysis of the acylation reaction was conducted with 0.1 mol% of 

catalyst instead of 1 mol% for reasons of quantities available of the hDM AP-

1% copolymer. As expected, the catalysed reaction proved slower than the 

hDM AP-20% and reached 49% conversion after 96 h similarly to hDM AP-

20%. No enantiomeric excess was detected. 

 

Figure 5.6. Alcohol conversion over time measured by GC-MS of the acylation reaction 

catalysed by DMAP (black spheres), hDM AP-20% (red squares) or hDM AP-1% (blue 

triangles). The catalyst loading is indicated in mol%. 0.02 M [OH] 

 

5.3.2. Solvent exchange self-assembled diblock amphiphile 

poly(aryl isocyanide)s 

It was hypothesised that the tightly packed environment of a micelle could lead 

to an asymmetric reaction via enantioseparation of a racemic reagent over the 

diffusion into the chiral core. Amphiphilic block copolymers that could be self-

assembled by solvent-exchange (SE) were synthesised with PEG aryl 

isocyanide (PAIC) as their corona-forming monomer in THF before PPM by 

DMAP-OH (Scheme 5.3). The DP of both the hydrophilic and hydrophobic 

blocks were chosen as 50 that produced a final DP of 100. To assess the effect 

of the location of the DMAP unit, two types of blocks were prepared, diblock 
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copolymers with a mixed core of M AIC and FAIC i.e. P(PAIC)-b-

(P(M AIC)-co-(P(FAIC)) and triblock copolymers with a layer of M AIC 

followed by a core of FAIC i.e. P(PAIC)-b-P(M AIC)-b-P(FAIC). The 

triblock was achieved by sequential addition of the M AIC and FAIC 

comonomer in-situ during the polymerisation process without purification 

between additions. Moreover, both structures were synthesised with either 10 

mol% or 20 mol% of FAIC (compared to the M AIC monomer). 

 

Scheme 5.3. Homopolymerisation of PAIC DPPAIC = 20 followed by the chain extension 

with a mixture of FAIC and M AIC DPFAIC+M AIC = 30 which yielded an amphiphilic 

diblock copolymer. PPM of the copolymer with DMAP-OH produces DMAP helical 

copolymers. 

The copolymers were analysed by SEC with the 10 mol% diblock (SED10%) 

and triblock (SET10%) copolymers which exhibited Mn of 17.0 and 17.5 kDa, 

respectively, were observed while the 20 mol% diblock (SED20%) and triblock 

(SET20%) copolymers had Mn of 13.2 and 13.5 kDa, respectively (Figure 

5.7A-B and Table 5.1). The difference in Mn between the 10 mol% and 20 

mol% copolymers can be explained by the larger ÐM of the latter with values 

of 1.14 and 1.12 for SED10% and SET10%, respectively, while the ÐM of 

SED20% was 1.30 and SET20% was 1.32. After PPM with DMAP-OH, the 

MWD of all the copolymers shifted to lower Mn while the ÐM stayed constant 

for the 10 mol% copolymers and increased for the 20 mol% copolymers as a 

consequence of the higher density of DMAP moiety in the latter that could 
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interact with the SEC columns (Figure 5.7A-B and Table 5.1). Even though 

the Mn of the unsubstituted block copolymers were similar to the previously 

analysed FAIC copolymers (19.0 kDa), the effect of PPM with DMAP-OH on 

the MWD was lower as expected for block copolymers that contained fewer 

functionalisation points. 

CD spectroscopy was employed to determine the helicity of the copolymers and 

its resilience to the PPM conditions. The unsubstituted copolymers exhibited 

values of CD360 around 3 mdeg, the low value consistent with a helical core of 

M AIC/FAIC attached to a large achiral corona of PAIC (Figure 5.7C-D 

and Table 5.1). After PPM with DMAP-OH, the presence of the CD signal 

demonstrated the stability of the helical core however, the CD360 decreased to 

values around 2 mdeg, which indicated a negative effect of the substitution on 

the helicity. 
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Figure 5.7. Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 40 

°C, PS standards) of the (A) diblock and (B) triblock copolymers before (dotted line) and 

after (solid line) PPM with DMAP-OH. CD (THF, 0.5 mg·mL
-1
) spectra of the (C) diblock 

and (D) triblock copolymers before (dotted line) and after (solid line) PPM with DMAP-

OH. 

The self-assembly of the amphiphilic copolymer was conducted by solvent 

exchange (SE). The copolymers were dissolved in a non-selective solvent (i.e. 

THF) before water was added slowly (0.6 mL·h-1) under strong stirring to 

achieve a suspension of nanostructures that was purified by dialysis in water 

for 3 days to remove unreacted reagents such as DMAP-OH. The resulting 

suspensions were analysed by DLS to measure the size of the nano-objects. The 

FAIC copolymers that contained 10 mol% of FAIC exhibited similar sizes of 

29 nm and 25 nm for the solvent-exchange self-assembled SED10% and 

SET10%, respectively (Figure 5.8 and Table 5.1). The size distribution 

(PD) were low with 0.15 and 0.27 for SED10% and SET10%, respectively. 

Both the 20 mol% substituted copolymers exhibited similar sizes but proved 
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larger than their 10 mol% counterpart at 54 nm and 49 nm for SED20% and 

SET20%, respectively. This might be a result of their aggregation because, as 

explained in Chapter 3, this type of micelles with dense brush-like corona, were 

shown to be prone to aggregation that led to an increase of the measured size 

by DLS. Their PD was also low at 0.16 and 0.12 for SED20% and SET20% 

respectively. 

 

Figure 5.8. Size distributions of (A) SED10, (B) SED20%, (C) SET10% and (D) 

SET20% in DMSO obtained by DLS. The intensity (red line), volume (blue line) and 

number (black line) distributions are displayed. The insets show the correlograms. 

DLS measurements were taken after the PPM by DMAP and purification by 

dialysis of the FAIC-containing copolymers. SED10%+DM AP exhibited an 

increase in size from 29 nm to 40 nm while SET10%+DM AP showed no 

change at 25 nm. Their PD stayed low at 0.24 and 0.12 for SED10%+DM AP 

and SET10%+DM AP respectively (Figure 5.9 and Table 5.1). Both the 

20 mol% substituted copolymers displayed increase in size from around 50 nm 

for the unsubstituted copolymers to 100 nm and 78 nm. These increases might 

be a result of their swelling because of the higher polarity of their core along 

with possible aggregation. 
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Table 5.1. Characterisation by SEC, CD and DLS of the nanostructures obtained by SE 

self-assembly of P(PAIC)50-b-(P(M AIC)y-co-P(FAIC)z)50 block copolymers.  

Polymer Mn (kDa)a ÐM
a CD360 (mdeg)b Dh (nm)c 

SED10% 17.0 1.14 2.7 29 (0.15) 

SET10% 17.5 1.12 2.7 25 (0.27) 

SED20% 13.2 1.30 2.3 54 (0.16) 

SET20% 13.5 1.32 3.0 49 (0.12) 

SED10%+DM AP 16.6 1.14 1.9 40 (0.24) 

SET10%+DM AP 16.4 1.18 2.1 25 (0.12) 

SED20%+DM AP 9.4 1.63 2.2 100 (0.24) 

SET20%+DM AP 11.2 1.53 2.1 78 (0.40) 

a
Determined by SEC (THF + 2% v/v NEt3, 40 °C, PS standards).

 b
CD signal at λ = 360 

nm.
 c
Spherical particles size measured by DLS with PD in parenthesis.

 
 

To verify the morphology of the SE self-assembled nano-objects, dry-state 

TEM of P(PAIC)50-b-P(M AIC)50 was conducted, which demonstrated the 

 

Figure 5.9. Size distributions of (A) SED10%+DM AP, (B) SED20%+DM AP, (C) 

SET10%+DM AP and (D) SET20%+DM AP in DMSO obtained by DLS. The intensity 

(red line), volume (blue line) and number (black line) distributions are displayed. The insets 

show the correlograms. 
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spherical nature of the nanoparticles (Figure 5.10A). Measurement of the 

nanostructures’ size on the TEM images yielded an average size of 18 ±3 nm 

close to what was found in Chapter 3 and 4 for the NiCCo-PISA nano-objects 

(Figure 5.10B). It was interesting to find that copolymers with such different 

DPs and MWDs achieved nanostructures of comparable sizes and 

morphologies. 

 

Figure 5.10. (A) Dry-state TEM images of the sphere morphology obtained from SE self-

assembly of P(PAIC)50-b-P(M AIC)50. (B) Histogram of spherical particles’ size 

distribution measured from particle analysis of TEM images. 

The 20 mol% nanoreactors (SED20%+DM AP and SET20%+DM AP) 

were used in the subsequent acylation reaction. The nanoreactors effectively 

catalysed the reaction with conversions of 51% and 43% for 

SED20%+DM AP and SET20%+DM AP, respectively (Figure 5.11). 

The difference in final conversion might be a consequence of the location of the 

active sites where for SET20%+DM AP the reagents have to diffuse through 

the M AIC layer before they reach the core containing the DMAP moieties 

while the active sites are directly accessible in the mixed M AIC/DMAP core 

of SED20%+DM AP. Molecular DMAP, on the other hand, yielded no 

product after 2.5 h of reaction. The effect of the solvent on the activity of 

molecular DMAP has already been reported by Cotanda et al.,73 which showed 

8 12 16 20 24 28
0

5

10

15

20

25

 

F
re

q
u

e
n

c
y
 (

%
)

Diameter (nm)

Dave = 18 3 nmA B



 Chapter 5  

198 

 

that in water and under similar conditions this reaction only reached 8% after 

24 h. Ishihara and co-workers explained that polar solvents caused the 

formation of ammonium salts and led to a decrease in reactivity, while less 

polar solvents facilitated the regeneration of the DMAP catalyst which resulted 

in higher reactivities.74 The fact that the nanoreactors were able to catalyse 

the reaction while molecular DMAP was not demonstrated the “concentrator 

effect”, where the hydrophobic core accelerates the diffusion of the hydrophobic 

substrate into the catalytic core which led to a high concentration of reagents 

close to the catalytic moieties thereby increasing the reaction rate. Finally, 

butyric anhydride is prone to deleterious hydrolysis even without DMAP, and 

while the anhydride was employed in excess (3 equiv.), the reaction eventually 

stopped before completion as a result of the complete consumption of 

anhydride. 

 

Figure 5.11. (A) Alcohol conversion over time measured by GC-MS of the acylation 

reaction catalysed by DMAP (black spheres), SED20%+DM AP (red squares) or 

SET20%+DM AP (blue triangles). (B) The final GC chromatogram after 2.5 h of reaction 

catalysed by DMAP, SED20%+DM AP or SET20%+DM AP that shows the starting 

material (SM) 1-phenyl-1-propanol and the product (P) 1-phenylpropyl butyrate signals. 1 

mol% catalyst and 0.02 M [OH] 
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5.4. NiCCo-PISA nanoreactors for catalysis 

5.4.1. DMAP-OH functionalised NiCCo-PISA nanoreactors 

5.4.1.1. PPM  of N iCCo-PISA nanoparticles with DM AP-OH 

Using the functionalisable NiCCO-PISA micelles developed in Chapter 3, 

nanoreactors that contained DMAP catalytic moieties were synthesised with 

20% and 50% of active site in the core block. DMAP-OH was reacted with the 

NiCCo-PISA nanostructures under the same conditions as the primary amine 

nucleophiles in the previous Chapters i.e. DMSO at 55 °C with 5 equivalents 

of nucleophiles respective to the FAIC content (Scheme 5.4). 

 

Scheme 5.4. Post-polymerisation modification of P(PAIC)20-b-(P(M AIC)y-co-

P(FAIC)z)30 copolymer with DMAP-OH. 

The reaction completeness was verified by FT-IR spectroscopy and this time, 

the signal at 1516 cm-1 which relates to the C=C benzene group was employed 

to integrate the unreacted PFP instead of the 1705 cm-1 band because the 

region was devoid of noise from the product. Moreover, the initial PFP signals 

at 1516 cm-1 were larger than the initial PFP signals at 1705 cm-1 which led to 

more accurate results. The quantity of unreacted PFP was calculated as 

previously via relative integration to the signal at 1597 cm-1 of the C=N band 

that does not change over the course of the reaction. The integration showed 

that D50%+DM AP copolymer was deprived of PFP units which suggested 
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a reaction conversion of >95% while the PFP signals that remained for 

D20%+DM AP indicated a reaction conversion of 75 %.  

 

Figure 5.12. FT-IR spectra of the D0% (black), D20% (red) and D50% (blue) 

copolymers unreacted (dotted line) and reacted with DMAP-OH (solid line). (A) Full 

spectrum. (B) Zoom in the 4000-3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. 

(D) Zoom in the 1400-1000 cm
-1
 region. 

By DLS, D0%+DM AP exhibited a larger size than the unreacted micelles 

D0% (20 nm compared to 33 nm) as a consequence of aggregation of the 

micelles over the course of the reaction (Figure 5.13). The diameter of the 

D20%+DM AP nanostructures was similar to the unreacted D20% with a 

very narrow size distribution PD = 0.08. This narrower size distribution can 

be explained if the DMAP-OH moiety influences the surface potential of the 

micelles. The normal PEG corona is neutral therefore, there is no interaction 

to prevent the aggregation of particles. With DMAP units that diffused from 

the core to the corona, the outer shell of the micelle becomes charged and 
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electrostatic repulsive interactions keep the particles apart from their 

neighbour which diminished the aggregation and led to narrower detected size 

distribution. The D50%+DM AP nanostructures’ size decreased from 20 nm 

to 18 nm combined with a decrease of the correlogram function maximum, 

which indicated that the micelles disassembled as a consequence of the higher 

solubility of the core. 

 

Figure 5.13. Size distributions of (A) D0%+DM AP, (B) D20%+ DM AP, and (C) 

D50%+ DM AP in DMSO obtained by DLS. The intensity (red line), volume (blue line) 

and number (black line) distributions are displayed. The insets show the correlograms. 

While the DLS analysis could not clearly rule out a possible reaction of the 

nucleophile for D0%+DM AP, the SEC of the copolymer indicated no change 

in the MWD. This was not the case for D20%+DM AP and D50%+DM AP. 

Both possessed a high Mn tail or population, respectively, which indicated that 

the interaction of the DMAP pendant groups with the column material 

broadened the MWD. CD spectroscopy of the copolymers displayed a larger 

CD360 for the DMAP-OH copolymers compared with the un-functionalised 

D20% and D50% which can be explained by the possible absorption of the 

DMAP pendant groups in this region. 

100 101 102 103 104

0

5

10

15

20

25

30

101 103 105 107
0.0

0.2

0.4

0.6

0.8

1.0

g
2

Time (s)

In
te

n
s

it
y

 (
%

)

Size (nm)

D0%+DMAP

Size: 33 nm

PD: 0.33

100 101 102 103 104

0

5

10

15

20

25

30

35

101 103 105 107
0.0

0.2

0.4

0.6

0.8

1.0

g
2

Time (s)

In
te

n
s

it
y

 (
%

)

Size (nm)

D20%+DMAP

Size: 21 nm

PD: 0.09

100 101 102 103 104

0

5

10

15

20

101 103 105 107
0.0

0.2

0.4

0.6

0.8

1.0

g
2

Time (s)

In
te

n
s

it
y

 (
%

)

Size (nm)

D50%+DMAP

Size: 18 nm

PD: 0.25

A B C



 Chapter 5  

202 

 

 

Figure 5.14. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of D0%, D0%+DM AP, D20%, D20%+DM AP, D50% and 

D50%+DM AP. (B) CD (THF, 0.5 mg·mL
-1
) spectra of D0%, D20%, D20%+DM AP, 

D50% and D50%+DM AP. 

 

Table 5.2. Characterisation of D0%, D20% and D50% before and 

after PPM with DMAP-OH. 

Polymer DDLS 

(nm)a 

M n, SEC 

(kDa)b 

ÐM
b CD 360 

(mdeg)c 

D0% 20 (0.18) 11.2 1.24 14 

D0%+DM AP 33 (0.33) 12.5 1.25 - 

D20% 21 (0.14) 12.4 1.24 13 

D20%+DM AP 21 (0.09) 14.9 1.41 15 

D50% 20 (0.25) 10.5 1.34 9 

D50%+DM AP 18 (0.25) -d -d 9 

a Spherical particles size measured by DLS with PD in parenthesis. b Determined 

by SEC (THF + 2% v/v NEt3) using PS standards. c CD (THF, 0.5 mg·mL-1) 

signal at λ = 360 nm. d Molecular weight distribution is outside the calibration 

range. 

The block copolymer with 50 mol% content of DMAP was discarded as 

nanoreactor because of the bimodal MWD displayed in SEC which caused the 

determination of the actual structure of the copolymer to be unsure. In order 

to be able to compare these new systems with the SE self-assembled 

nanoreactors, diblock and triblock NiCCo-PISA copolymers that contained 10 
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mol% of DMAP-OH were also synthesised and characterised as before, and the 

results were similar to those of the previous copolymers. (Figure A5.23-5). It 

is significant however to note that the T10%+DM AP reaction achieved 

completion while the D10%+DM AP achieved only 61 % conversion. This 

will surely impact the activity of the resulting nanoreactors. 

5.4.1.2. Catalysis of acylation reactions with DM AP-OH 

functionalised N iCCo-PISA nanoparticles 

The NiCCo-PISA 10 mol% diblock (D10%+DM AP) and triblock 

(T10%+DM AP) nanoreactors were compared to the SET10%+DM AP 

from the previous section and free DMAP in an acylation reaction conducted 

in water. As was previously found, free DMAP achieved a null conversion after 

20 h while SET10%+DM AP and D10%+DM AP reached comparable 

alcohol conversions of 9% and 11%, respectively (Figure 5.15A). 

Interestingly, for T10%+DM AP and D10%+DM AP, the results were 

opposite to what was found for the SE self-assembled nanoreactors: the triblock 

copolymer nanoreactor proved faster and yielded higher conversions than the 

diblock system. However, as shown by FT-IR, the T10%+DM AP 

nanoreactors contained more active sites than the D10%+DM AP ones which 

explained the difference in activity. There was no enantiomeric excess for either 

D10%+DM AP nor T10%+DM AP (Figure 5.15B). 
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Figure 5.15. (A) Alcohol conversion over time measured by GC-MS of the acylation 

reaction catalysed by DMAP (black spheres), SET10%+DM AP (red squares), 

T10%+DM AP (blue triangles) or D10%+DM AP (green triangles). (B) The final GC 

chromatogram after 20 h of reaction catalysed by DMAP, SET10%+DM AP, 

T10%+DM AP or D10%+DM AP that shows the starting material (SM) 1-phenyl-1-

propanol and the product (P) 1-phenylpropyl butyrate signals. 0.5 mol% catalyst and 0.02 

M [OH] 

It was hypothesised that a high rate of diffusion of the starting material into 

the nanoreactor core would prevent the chiral core from effectively 

differentiating between enantiomers which might have a negative effect on the 

enantioseparation. A more hydrophilic alcohol was chosen to determine the 

effect of hydrophilicity on the reaction rate and enantioselectivity. The more 

hydrophilic alcohol should diffuse more slowly into the core, which would lower 

the reaction rate and final conversion but would allow the chiral menthol side-

chains to affect the diffusion rate of both enantiomers and achieve 

enantioselectivity. Toward this end, 1-phenyl-1-ethanol and 1-phenyl-1-

propanol were reacted in a similar manner with butyric anhydride under basic 

conditions and catalysed by D10%+DM AP and D20%+DM AP in water. 

The nanoreactors with the highest DMAP content proved to be more active as 

a result of the higher density of active moieties at the NP’s surface (Figure 

5.16A). Moreover, as expected, the more hydrophilic alcohol (1-phenyl-1-

ethanol) reacted slower and achieved lower conversions of 69% and 54% for 

D20%+DM AP and D10%+DM AP respectively as a consequence of its 
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lower diffusion rate through the micelle core compared to the more hydrophobic 

1-phenyl-1-propanol that exhibited conversions of 88% and 79% for 

D20%+DM AP and D10%+DM AP respectively. Unfortunately, no 

significant enantiomeric excess was observed over the course of the reactions 

for all of the assessed systems (Figure 5.16B). 

 

Figure 5.16. (A) Alcohol conversion and (B) enantiomeric excess over time measured by 

GC-MS of the acylation of 1-phenyl-1-propanol (1p1p) or 1-phenyl-1-ethanol (1p1e) reacted 

with butyric anhydride (3 equiv.) catalysed by D20%+DM AP (black spheres), 

D10%+DM AP (red squares), T20%+DM AP (blue triangles) or T10%+DM AP (green 

triangles). 0.5 mol% catalyst, 1.5 equiv. i-Pr2NEt and 0.02 M [OH]. 

In order to verify the effects of the alcohol diffusion into the core and the basic 

conditions, two more parameters were tested. Firstly, the alcohol starting 

material was allowed to diffuse inside the chiral core over 5 h in the reaction 

mixtures without butyric anhydride to allow the system to reach equilibrium 

before the start of the reaction. The reaction rate and final conversions were 

comparable to the previous reaction and no enantiomeric excess was observed 

(Figure A5.26A-B). Then, reaction without basic conditions was conducted 

to assess the effect of i-Pr2NEt on the reaction rate, final conversion, and 

enantiomeric excess. The reaction rates were slower with similar final 

conversions except for the acylation of 1-phenyl-1-ethanol catalysed with 

D10%+DM AP where the final conversion dropped from 54% to 35% which 

demonstrated the impact of the basic conditions on the reaction rate and final 
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conversion (Figure A5.27A-B). These differences were likely a consequence 

of the formation of DMAP salt over the course of the reaction that lowered the 

DMAP moieties activity. 

All the experiments yielded no enantioselectivity and this could be explained 

by a couple of reasons. Firstly, the DMAP-OH units are linked through an 

ethyl linker to the helical backbone which make them distant enough from the 

menthyl pendant groups that they could be unaffected by their chirality. 

Secondly, in the case of the triblock copolymers, the hydrophilic block could 

be able to diffuse to the surface of the core which would render the chiral 

second layer inefficient. A way to counter the diffusion of the hydrophilic 

DMAP block would be to crosslink the core with a species that contained 

DMAP unit. 

 

5.4.2. DMAP(OH)2 cross-linked nanoreactors 

5.4.2.1. PPM  of N iCCo-PISA nano-objects with DM AP(OH)2 

Building on the cross-linked micelles developed in Chapter 4, nanoreactors 

stabilised with a cross-linker that comprised a DMAP unit were synthesised 

with 10 mol% and 25 mol% of DMAP active sites. To introduce the DMAP 

functionality with a cross-linker, a DMAP-modified moiety primary diol 

(DMAP(OH)2) was synthesised through a modified literature methodology.75 

DMAP(OH)2 was reacted with the FAIC/M AIC copolymer under the same 

conditions as the previous primary amine nucleophiles i.e. DMSO at 55 °C with 

0.6 equivalents of nucleophiles respective to the FAIC which yielded quantities 

of DMAP half that of the FAIC content (Scheme 5.5). 
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Scheme 5.5. Post-polymerisation modification of P(PAIC)20-b-(P(M AIC)y-co-

P(FAIC)z)30 copolymer with DMAP(OH)2. 

Analysis by FT-IR spectroscopy indicated that the reactions were complete at 

45% and 60% for D20%+DM AP(OH)2 and D50%+DM AP(OH)2 

respectively (Figure 5.17). This was not a surprise as the diols would be less 

reactive than their diamine counterparts even with the intramolecular DMAP 

catalysis. However, no signal was detected in the 3600-3000 cm-1 region which 

indicated that no free O-H was present which suggested that all the reacted 

DMAP(OH)2 succeeded to react twice an generate a cross-link. It also indicated 

the absence of hydrolysis. 
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Figure 5.17. FT-IR spectra of the D0% (black), D20% (red) and D50% (blue) 

copolymers unreacted (dotted line) and reacted with DMAP(OH)2 (solid line). (A) Full 

spectrum. (B) Zoom in the 4000-3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. 

(D) Zoom in the 1400-1000 cm
-1
 region. 

DLS analysis of the nanoparticles after cross-linking indicated no major change 

in the size distribution with sizes around 20 nm and PD consistent with the 

non-cross-linked micelles (Figure 5.18A and Figure 5.18D). After dialysis 

for 3 d, macroscopic precipitation was observed for both 

D20%+DM AP(OH)2 and D50%+DM AP(OH)2 as a consequence of NPs 

aggregation which was indicated by larger sizes measured by DLS with an 

increase up to 200 nm for D20%+DM AP(OH)2 and larger PDs with values 

of 0.46 and 0.39 for D20%+DM AP(OH)2 and D50%+DM AP(OH)2 

respectively (Figure 5.18B and Figure 5.18E). The NPs were freeze-dried 

before solvation in THF and the resulting solutions were analysed by DLS to 

assess the stability of the cross-linked nano-object. Assemblies with sizes similar 
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to the micelles in DMSO were detected which demonstrated the stabilisation 

effect of the DMAP(OH)2 cross-linker (Figure 5.18C and Figure 5.18F) 

 

Figure 5.18. Size distributions of D20%+DM AP(OH)2 in (A) DMSO, (B) H2O and (C) 

THF, and D50%+ DM AP in (D) DMSO, (E) H2O and (F) THF obtained by DLS. The 

intensity (red line), volume (blue line) and number (black line) distributions are displayed. 

The insets show the correlograms. 

As a consequence of their large size, the cross-linked assemblies were not 

analysed by SEC to avoid obstruction of the columns. CD spectroscopy analysis 

of the copolymers indicated a drop in the helicity signal. 

D20%+DM AP(OH)2 decreased from 13 mdeg for D20% to 12 mdeg while 

D50%+DM AP(OH)2 decreased from 8.7 mdeg for D50% to 6.0 mdeg. The 

overall results indicated a retention of the helicity after the cross-linking 

reaction that confirmed the effective synthesis of cross-linked NPs that 

contained a chiral core. 
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Figure 5.19. CD (THF, 0.5 mg·mL
-1
) spectra of D0%, D20%, D20%+DM AP(OH)2, 

D50% and D50%+DM AP(OH)2. 

The proof-of-concept for the cross-linking of NiCCo-PISA micelles with 

DMAP(OH)2 was a success and as discussed at the end of the previous section, 

in order to assess the effect of a core cross-linked nanoreactors, triblock 

copolymers that contained 20 mol% of FAIC were self-assembled through 

NiCCo-PISA. PPM with DMAP(OH)2 was conducted with 1, 0.7, 0.5 and 0.3 

equivalents of nucleophile compared to the PFP sites to evaluate the effect of 

catalytic site density on the nanoreactors activity and enantioselectivity. 

5.4.2.2. Catalysis of acylation reactions with DM AP(OH)2 cross-

linked N iCCo-PISA nanoparticles 

The nanoreactors that contained different densities of catalytic sites were 

employed in the acylation reaction of 1-phenyl-1-propanol and displayed a 

difference in reaction rate dependent to the amount of active sites in the 

nanoreactors’ core (Figure 5.20A). As expected, the nanoreactor modified 

with 1 equivalent of DMAP(OH)2 displayed a final alcohol conversion of 89% 

while the nanoreactors modified with 0.7, 0.5 and 0.3 equivalents exhibited 

final alcohol conversions of 44%, 34% and 15% respectively. This demonstrated 

that the reaction rate of the nanoreactors could be tuned by changing the 

amount of nucleophile employed. Moreover, free PFP units are expected to be 
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left and further modification should be possible. As before, no significant 

enantioselectivity was detected over the course of the reactions time (Figure 

5.20B). This absence of enantioselectivity could be a consequence of the fast 

diffusion of the alcohol into the core compared to the possible difference in 

diffusion rate between the two enantiomers. Moreover, the DMAP unit might 

protrude outside of the helix which would cancel the chiral hindrance caused 

by the menthyl pendant groups. Enantioselectivity could be achieved with 

more hydrophilic alcohols to slow down its diffusion into the core or with larger 

chiral groups that would increase the chiral hinderance and increase the 

diffusion rate difference between the two enantiomers. Another strategy would 

be to study a reaction that uses a prochiral starting material to induce the 

chirality instead of chiral separation between two enantiomeric starting 

material.  

 

Figure 5.20. (A) Alcohol conversion and (B) enantiomeric excess over time measured by 

GC-MS of the acylation of 1-phenyl-1-propanol reacted with butyric anhydride (3 equiv.) 

catalysed by DMAP (black spheres) or T20%-DM AP(OH)2 reacted with 1 (red squares), 

0.7 (blue triangles), 0.5 (green triangles) or 0.3 (orange pentagons) equivalent of cross-linker. 

0.5 mol% catalyst, 1.5 equiv. i-Pr2NEt and 0.02 M [OH] 
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5.5. Conclusion 

A range of menthol-bearing helical catalysts were produced in both molecular 

and self-assembled structures. The catalytic activity of the molecular helical 

catalyst was lower than DMAP in THF however, the nanostructures that 

contained DMAP moieties displayed catalysis activity in water while molecular 

DMAP did not. This illustrated the benefit of the encapsulation of an active 

moiety in a hydrophobic pocket surrounded by an aqueous media that led to 

higher activity overall. Various parameters were tested such as catalyst density 

and location, basic conditions and diffusion time however, while they all 

displayed different effects on the reaction rate and final conversions, no 

enantioselectivity was observed for any of these systems. 
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5.6. Appendix 

 

Figure A5.21. Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of (A) the M AIC homopolymer before (black) and after (red) reaction 

with DMAP-OH in THF at 55 °C, and (B) the FAIC copolymer before (black) and after 

(red) heating at 55 °C in THF. 

 

 

Figure A5.22. Normalised SEC RI molecular weight distributions (THF + 2% v/v NEt3, 

40 °C, PS standards) of (A) the M AIC homopolymer, FAIC copolymer and DMAP 

copolymer with 20 mol% FAIC units, and (B) the M AIC homopolymer, FAIC copolymer 

and DMAP copolymer with 1 mol% FAIC units. 
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Figure A5.23. FT-IR spectra of the D0% (black), D10% (red) and T10% (blue) 

copolymers unreacted (dotted line) and reacted with DMAP-OH (solid line). (A) Full 

spectrum. (B) Zoom in the 4000-3000 cm
-1
 region. (C) Zoom in the 1800-1400 cm

-1
 region. 

(D) Zoom in the 1400-1000 cm
-1
 region. 

 

 

Figure A5.24. (A) Normalised SEC RI molecular weight distributions (THF + 2% v/v 

NEt3, 40 °C, PS standards) and (B) CD (THF, 0.5 mg·mL
-1
) spectra of D0%, D10%, 

T10%, D10%+DM AP and T10%+DM AP. 
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Figure A5.25. Size distributions of D10% (A) before and (B) after PPM with DMAP-OH 

in DMSO and (C) D10%+DM AP in H2O, and T10% (A) before and (B) after PPM with 

DMAP-OH in DMSO and (C) T10%+DM AP in H2O obtained by DLS. The intensity 

(red line), volume (blue line) and number (black line) distributions are displayed. The insets 

show the correlograms. 

 

 

Figure A5.26. (A) Alcohol conversion and (B) enantiomeric excess over time measured by 

GC-MS of the acylation of 1-phenyl-1-propanol (1p1p) or 1-phenyl-1-ethanol (1p1e) reacted 

after 5 h of diffusion with butyric anhydride (3 equiv.) catalysed by D20%+DM AP (black 

spheres), D10%+DM AP (red squares), T20%+DM AP (blue triangles) or 

T10%+DM AP (green triangles). 0.5 mol% catalyst, 1.5 equiv. i-Pr2NEt and 0.02 M [OH] 
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Figure A5.27. (A) Alcohol conversion and (B) enantiomeric excess over time measured by 

GC-MS of the acylation of 1-phenyl-1-propanol (1p1p) or 1-phenyl-1-ethanol (1p1e) reacted 

with butyric anhydride catalysed by D20%+DM AP (black spheres), D10%+DM AP 

(red squares), T20%+DM AP (blue triangles) or T10% (green triangles). 0.5 mol% 

catalyst, and 0.02 M [OH] 
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6.1. Conclusions 

The objective of the research carried out for this thesis was to develop water-

based nanoreactors for the asymmetric catalysis of transesterification reactions 

to mimic enzymes. To achieve this ambition, chiral core micelles with active 

pendant groups were envisioned as plausible nanoreactors that would 

differentiate between different enantiomers. To synthesise such nanostructures, 

a new type of polymerisation-induced self-assembly (PISA) based on the nickel-

catalysed coordination polymerisation of helical aryl isocyanide copolymers 

(NiCCo-PISA) was developed. Synthesis of amphiphilic block copolymers 

composed of solvophilic achiral mPEGyl 4-isocyanobenzoate (PAIC) and 

solvophobic chiral menthyl 4-isocyanobenzoate (M AIC) was conducted in 

DMSO leading to the formation of a range of nano-object morphologies i.e. 

spherical micelles, worm-like micelles and polymersomes with helical cores. The 

helical nature of the P(PAIC)-b-P(M AIC) block copolymer assemblies’ core 

was investigated by conducting the NiCCo-PISA process in the presence of an 

achiral dye. Induction of a CD signal was observed in the region of the CD-

silent dye which showed the effect of the chiral core on encapsulated 

compounds. This study demonstrated the easy synthesis of helices-containing 

nanostructures and the positive effect the helical core could have.  

Next, to allow the introduction of active pendant groups, integration of a 

perfluorophenyl 4-isocyanobenzoate (FAIC) monomer that could be easily 

substituted by nucleophiles was conducted by copolymerisation of FAIC and 

M AIC as the core forming comonomers in NiCCo-PISA. Synthesis of block 

copolymer P(PAIC)-b-(P(M AIC)-co-P(FAIC)) spherical micelles with 

different quantities of FAIC units was achieved, which provided 

functionalisable nano-objects with helical cores. The helicity of the resulting 

nanostructures was retained after the NiCCo-PISA process and post-



 Chapter 6  

223 

 

polymerisation modifications (PPMs) of the nano-objects with primary amines 

tethered to easily detectable alcohol (ethanolamine), fluorinated 

(trifluoroethylamine) and fluorescent (aminochloridemaleimide) pendant 

groups were conducted. Introduction of the different units was confirmed, and 

the helicity of the resulting nanostructures’ core was retained after the 

substitution reactions. Interestingly, PPM of the nano-objects that contained 

a high quantity of FAIC units with polar side chains (i.e. ethanolamine or 

aminochloridemaleimide) led to the disassembly of the nanostructures in 

DMSO. To address this stability issue and possibly introduce stimulus-

responsiveness to the system later, PPM of the nanostructures with primary 

diamines 1,2-ethanediamine, 1,4-butanediamine and 1,6-hexanediamine was 

conducted. The resulting nano-objects showed limited change in their size, 

morphology and helicity; moreover, they exhibited stability in both selective 

(i.e. DMSO and water) and non-selective solvents (i.e. THF) that would result 

in possible applications in a larger range of environments.  

The study of the NiCCo-PISA nanostructures’ core and corona responsiveness 

was conducted with different stimuli. Thermoresponsiveness of the 

nanostructure’s corona was expected because of the PEG pendant groups that 

are known for exhibiting LCST behaviour. The nano-objects precipitated out 

of solution when heated in water which demonstrated a possible way to recover 

the nanoreactors when the reaction was complete. However, the comb-like 

nature of the corona combined with the grafting density made the thermally-

triggered precipitation irreversible. Building on the cross-linked micelles 

system, responsiveness of the core was made possible by PPM of the 

nanostructures with stimulus-responsive cross-linkers. Cystamine cross-linked 

nanoparticles exhibited a reduction-triggered response, where the size of the 

assemblies changed over time when they were subjected to a L-glutathione 

(GSH) environment. 2-[1-(2-amino-ethoxy)-1-methyl-ethoxy]-ethylamine 
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(AEE) cross-link nanostructure were shown to be pH-responsive in both DMSO 

and THF with a faster reaction time in the latter case. Stimuli-responsiveness 

is interesting for controlled release of cargo and the chiral core could be 

leveraged for enantiomeric segregation. Moreover, both stimuli are part of what 

differentiate cancerous cells from healthy cells and could be employed for the 

targeted release of drug cargo into tumours. 

Finally, catalysis was conducted with the acetylation of butyric anhydride with 

1-phenyl-1-propanol and 1-phenyl-1-ethanol chosen as model reactions. The 

reactions were first done with polyisocyanide (PIC) helices P(PAIC)-b-

(P(M AIC)-co-P(FAIC)) substituted with a DMAP primary alcohol dispersed 

in THF. This helical catalyst showed no enantioselectivity, maybe as a 

consequence of the distance between the DMAP active site and the helical 

backbone. A second system employed was the self-assembly of nanoreactors by 

solvent exchange of a P(PAIC)-b-(P(M AIC)-co-P(DMAP)) diblock 

copolymer on the same model as the catalytic helical PIC. While this system 

also did not exhibit enantioselectivity, the nanoreactors showed a faster 

reaction rate than molecular DMAP as a consequence of the “concentrator 

effect“, which demonstrated an advantage of encapsulated catalysts over the 

free ones. Building on the previous Chapters, a new generation of nanoreactors 

were synthesised by PPM of the NiCCo-PISA P(PAIC)-b-(P(M AIC)-co/b-

P(FAIC)) di- or tri-block copolymer micelles with a modified DMAP that 

contained either one or two primary alcohols with the latter that led to 

crosslinked nanoreactors. While both systems catalysed the reaction well in 

water and exhibited the “concentrator effect”, no enantioselectivity was 

detected either. 

In conclusion, this thesis reports on a methodology for the preparation of 

functionalisable helical-core nanostructures that were employed as 
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nanoreactors in acetylation reactions. While the nanoreactors designed in this 

thesis did not reach the goal of asymmetric synthesis that was set, the path to 

their synthesis unveiled a versatile system that could be employed in several 

other areas than catalysis such as circularly polarised luminescence, chiral 

smart nanomaterials and drug-delivery that would require more investigation 

to fully explore and understand. 
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6.2. Future work 

As stated previously, the system developed in NiCCo-PISA is very versatile 

starting with the monomers employed. The synthesis of the monomers is fairly 

simple with a maximum of four steps and allows one to choose what side chain 

is attached. Moreover, if the functionality of the chosen side chain is 

incompatible with the synthesis or the polymerisation methodology, the 

functionalisable FAIC monomer can be used for PPM. Other chiral pendant 

groups can replace the menthyl: amino acids, DNA, sugars, terpenoids, etc. 

Amino acids would arrange in an array of hydrogen bonds to form a more 

stable helix as presented by Nolte and co-workers.1 Moreover, the H-bonds 

could orient the reaction as presented by Yashima and co-workers and help 

enhance enantioselectivity.2, 3 

In recent work, Seferos and co-workers demonstrated that the chain end for 

the o-Tol(dppe)NiCl catalyst is stable and could be isolated and purified before 

chain extension.4 This could allow the transfer of the macroinitiator into other 

solvent before the NiCCo-PISA process to assess the effect of solvent on the 

final morphology and make available solvents of different polarities. Moreover, 

the macroinitiator could be characterised before chain-extension which would 

give more control on the resulting NiCCo-PISA copolymers.  

Circularly polarised luminescence (CPL) is the phenomenon of circularly 

polarised light and material exhibiting such emission are valuable for 

applications such as chiroptical material, sensors and photoelectric devices.5-8 

The grafting or embedding of dyes into nano-objects’ could induce CPL as has 

been demonstrated before for helical polymers or nanostructures. 9-12 The 

resulting nanoparticles can be tested to assess the effect of the different 

morphologies on the light emission while a range of dyes can easily be analysed 

thanks to the ease of synthesis of the NiCCo-PISA nanoparticles. 
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Building on the nanoreactor Chapter, different catalytic core such as 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU), 1,5,7-triazabicyclo[4.4.0]dec-5-ene 

(TBD) or 1,1,3,3-tetramethylguanidine (TMG) can by synthesised or modified 

to bear one or several nucleophilic handle that would allow their introduction 

into the chiral core. This would give access to a range of different type of 

reactions while allowing the tuning of the catalytic core activity. Along with 

the active unit, alcohols and anhydrides with a range of hydrophobicity can be 

screened to vary the diffusion into the active core and study further the effect 

of the reagents’ hydrophobicity on the reaction enantioselectivity. 

The different morphologies (i.e. spherical micelles, worm-like micelles and 

polymersomes) could be tested for the applications listed above and study the 

effect of the morphology. For example, the polymersomes could be charged 

with a non-specific enzyme or a hydrophilic catalyst to discover if the chiral 

membrane can discriminate between enantiomers and allow one over the other 

to reach the encapsulated catalyst. Cross-linked nano-objects with different 

morphology could be subjected to the same stimulus to observe how their 

morphology impact their response to the stimulus. 
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7.1. Materials 

4-(Dimethylamino)pyridine (≥98%, DMAP), L-menthol, poly(ethylene glycol) 

methyl ether (Mn ~ 550 g·mol-1, mPEG12-OH), 2,3,4,5,6-pentafluorophenol, 4-

chloropyridine, 2-(methylamino)ethanol, hex-1-yne, diethylamine (Et2NH), 

bis(triphenylphosphine)palladium(II) dichloride (Pd(PEt3)2Cl2), triethylamine 

(NEt3), nickel(II) chloride hexahydrate (NiCl2·6H2O), 

1,2-(diphenylphosphino)ethane (dppe), o-tolylmagnesium chloride (1.0 M in 

THF), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), palladium on 

carbon loading 10 wt% (Pd/C 10%), propan-2-ol (i-PrOH), ethanolamine, 2-

methoxy propene, N-(2-hydroxyethyl)-phthalimide acetic anhydride, 1-phenly-

1-ethanol, 1-phenly-1-propanol, N,N-diisopropylethylamine (i-Pr2NEt), butyric 

anhydride and dimethyl sulfoxide (DMSO) anhydrous (≥99%) were purchased 

from Sigma-Aldrich. DMSO was dried over molecular sieves overnight before 

use. Ethyl formate, dichloromethane (CH2Cl2), sodium hydroxide (NaOH), p-

toluenesulfonic acid and molecular sieves 4Å were purchased from Fisher 

Scientific. Tetrahydrofuran (HPLC grade, THF), copper (I) chloride (CuCl) 

and methanol (MeOH) were purchased from VWR Chemicals. THF was 

purified via passage through a column of basic alumina prior to use. 4-

nitrobenzoyl chloride, 2,2,2-trifluoroethylamine (98%) and trifluoroacetic acid 

(TFA) were purchased from Alfa Aesar. Phosphorus (V) oxychloride (POCl3) 

was obtained from Acros Organics. Formvar-carbon coated (300 mesh), 

graphene oxide (GO)-coated (300 mesh) and lacey-carbon coated (400 mesh) 

copper grids were purchased from EM Resolutions. 
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7.2. Characterisation techniques 

Circular Dichroism Spectroscopy. Circular dichroism (CD) spectra were 

recorded on a JASCO J810-150S spectropolarimeter with Quartz cells (path 

length 1 mm, 170 - 2000 nm) from Hellma. For the spectra range 650-450 nm, 

the following parameters were used: bandwidth 5 nm, data pitch 0.1 nm, 

scanning speed 100 nm·s-1, D.I.T. 4 s. For the spectra range 650-200 nm, the 

following parameters were employed: bandwidth 5 nm, data pitch 0.2 nm, 

scanning speed 200 nm·s-1, D.I.T. 1 s. 3 accumulations were taken in all cases. 

 

Dynamic Light Scattering. Hydrodynamic diameters (Dh) and size distributions 

(PD) of nano-objects were determined by dynamic light scattering (DLS) with 

a Malvern Zetasizer Nano ZS with a 4 mW He-Ne 633 nm laser module which 

operated at 25 °C. Measurements were carried out at an angle of 173° (back 

scattering), and results were analysed with the Malvern DTS v7.03 software. 

All determinations were repeated 5 times with at least 10 measurements 

recorded for each run. Dh values were calculated with the Stokes-Einstein 

equation where particles are assumed to be spherical. 

 

Flash Chromatography. Flash chromatography was performed on a Teledyne 

ISCO CombiFlash Rf+ Lumen equipped with two UV detectors (254 nm and 

280 nm) and an internal evaporative light scattering detector (ELSD). Samples 

were purified with RediSep RF normal phase columns. 

 

Gas chromatography mass spectrometry. GCMS was performed on a Shimadzu 

GCMS QP2010 SE system with a (CP-Chirasil-Dex CB 25 × 0.25). The 

temperature programming was set to 120 °C for 5 min then a gradient to 200 °C 

for 16 min. The injector temperature was (150 °C) with 5.0 μL injection volume 
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(90 split ratio). The helium carrier gas flow rate was set at (1 mL/min). MS 

detection was used selective ion scanning m/z 1.5-1000 amu. The EI source 

temperature was (200 °C). 

 

High-Resolution Mass Spectrometry. HRMS spectra were recorded by the MS 

Analytical Facility Service at the University of Birmingham on a Waters Xevo 

G2-XS QTof Quadrupole Time-of-Flight mass spectrometer. 

 

Infrared Spectroscopy. Infrared spectra were recorded (neat) on an Agilent 

Technologies Cary 630 FTIR spectrometer. 16 Scans from 600 to 4000 cm-1 

were taken at a resolution of 4 cm-1, and the spectra were corrected for 

background absorbance. 

 

Multiple Angle Light Scattering. Light scattering data was collected over the 

whole angular range, 15 < θ < 150° with the sample maintained at 25°C. 

Autocorrelation functions calculated by the ALV LSE-5004 correlator unit 

were recorded at each (θ, c) and the REPES algorithm was used to determine 

relaxation times, τ(θ, c). The data set τ(θ, c) was then analysed to estimate 

the mean translational diffusion coefficient with the Stokes-Einstein equation. 

An empirical measurement was made of the refractive index increment for the 

polymer with a differential refractometer, model DnDc1260 supplied by PSS 

GmbH. 

 

NMR Spectroscopy. 1H NMR,13C NMR, 19F NMR and 31P NMR spectra were 

recorded at 300 MHz or 400 MHz on a Bruker DPX-300 or a Bruker DPX-400 

spectrometer, with deuterated chloroform (CDCl3), dimethyl sulfoxide 

((CD3)2SO) or methanol (CD3OD) as the solvent. Chemical shifts of protons 

are reported as δ in parts per million (ppm) and are relative to CHCl3 at δ = 
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7.26 ppm, (CH3)2SO at δ = 2.50 ppm or CH3OH at δ = 3.31 ppm. The 

multiplicity is specified as singlet (s), doublet (d), triplet (t), quartet (q) and 

quintet (p). 

 

Size Exclusion Chromatography. Size exclusion chromatography (SEC) analysis 

was performed on a system composed of an Agilent 1260 Infinity II LC system 

equipped with an Agilent guard column (PLGel 5 μM, 50 × 7.5 mm) and two 

Agilent Mixed-C columns (PLGel 5 μM, 300 × 7.5 mm). The mobile phase 

used was THF (HPLC grade) that contained 2% v/v NEt3 at 40 ºC at flow 

rate of 1.0 mL·min-1 (polystyrene (PS) standards were used for calibration). 

Number average molecular weights (Mn), weight average molecular weights 

(Mw) and dispersities (ĐM = Mw/Mn) were determined with the Agilent 

GPC/SEC software. The calibration range was comprised between 200 and 

1,069,000 g·mol-1. 

 

Spectrophotometry. FL spectra were recorded on an Edinburgh Instruments 

FS5 spectrofluorometer equipped with Xenon lamp with 10 mm path length 

quartz cuvettes with four transparent polished faces (Starna Cells, type: 3-Q-

10). 

 

Transmission Electron Microscopy. Dry-state stained transmission electron 

microscopy (TEM) imaging was performed on a JEOL JEM-1400 microscope 

which operated at an acceleration voltage of 80 kV. All dry-state samples were 

diluted with deionised water or DMSO to appropriate analysis concentration 

and then deposited onto formvar-coated or GO-coated copper grids. After 

roughly 1 min, excess sample was blotted from the grid and the grid was stained 

with an aqueous 1 wt% uranyl acetate (UA) solution for 1 min. The excess 

stain solution was blotted and the sample was dried prior to microscopic 
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analysis. The size statistical data for the histograms were collected from 3-5 

images and 300-500 particles. 

 

UV/Vis Spectroscopy. UV/Vis spectroscopy was performed on Evolution 350 

UV-Vis spectrophotometer equipped with Xenon Flash Lamp light source and 

Dual Matched Silicon Photodiodes detector. Quartz cells (path length 1 cm, 

170 - 2000 nm) from Hellma with two polished sides were used and the 

absorption spectral data were analysed with the Thermo INSIGHT-2 

v.10.0.30319.1 software. 
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7.3. Experimental protocols for Chapter 2 

7.3.1. Menthyl 4-isocyanobenzoate (M AIC) synthesis 

Compound M AIC was prepared in accordance with previously reported 

synthetic methods.1 

7.3.1.1. M enthyl 4-nitrobenzoate synthesis 

 

Scheme 7.1. Menthyl 4-nitrobenzoate synthesis. 

A 500 mL round-bottom flask was charged with L-menthol (12 g, 77 mmol, 1.0 

equiv.), DMAP (0.70 g, 5.7 mmol, 0.10 equiv.), NEt3 (35 mL, 250 mmol, 3.3 

equiv.) and CH2Cl2 (100 mL). The solution was cooled down to 0 °C in an ice 

bath before slow addition via syringe of a solution of 4-nitrobenzoyl chloride 

(15 g, 82 mmol, 1.1 equiv.) in CH2Cl2 (100 mL). The reaction mixture was 

stirred for 1 h while it warmed up to room temperature. The solution was 

concentrated in vacuo, and the resulting residue was re-dissolved in Et2O (200 

mL). The solution was filtered over celite and the filtrate was concentrated in 

vacuo, which yielded the crude product as a yellow solid which was used 

without further purification. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.28 (d, 

3JH-H = 9.1 Hz, 2H), 8.20 (d, 3JH-H = 9.1 Hz, 2H), 4.97 (td, 1H), 2.16-2.10 (m, 

1H), 1.92 (pd, 3JH-H = 7.0, 2.7 Hz, 1H), 1.78-1.73 (m, 2H), 1.61-1.54 (m, 2H), 

1.20-1.09 (m, 2H), 0.93 (dd, 3JH-H = 6.7, 6.0 Hz, 7H), 0.80 (d, 3JH-H = 7.0 Hz , 

3H). 13C NMR (100 MHz, CDCl3): δ (ppm) 164.2 (C=O), 136.2 (CNO2), 130.7 

(O2NCCH, aromatic), 123.5 (O2NCCHCH, aromatic), 76.2 (OCH), 47.2 

(CCH(CH3)2), 40.9 (OCHCH2), 34.2 (H3CCCH2), 31.5 (H3CCHCH2), 26.6 

(CH(CH3)2), 23.6 (HCCCH2), 22.0 (CCH3), 20.7 (CHCH3), 16.5 (CHCH3). 

Characterisation was consistent with that reported previously.1 
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Figure 7.1 
1
H NMR spectrum of menthyl 4-nitrobenzoate in CDCl3 (400 MHz, 298 K). 

 

Figure 7.2 
13

C NMR spectrum of menthyl 4-nitrobenzoate in CDCl3 (100 MHz, 298 K). 
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7.3.1.2. M enthyl 4-aminobenzoate synthesis 

 

 

Scheme 7.2. Menthyl 4-aminobenzoate synthesis. 

A 2-necked 500 mL round-bottom flask was charged with menthyl 

4-nitrobenzoate (23 g, 75 mmol, 1.0 equiv.), Pd/C (10 wt%, 0.5 g, 0.75 mmol, 

0.010 equiv.) and MeOH (250 mL). The flask was sealed with septa. H2 was 

bubbled from a balloon for 1 h under vigorous stirring, then stirring was 

continued under a static hydrogen atmosphere overnight. The reaction mixture 

was filtered over celite and the filtrate was concentrated in vacuo which yielded 

the product as a white solid (15 g, 72% over two steps). 1H NMR (400 MHz, 

CDCl3): δ (ppm) 7.85 (d, 3JH-H = 8.8 Hz, 2H), 6.64 (d, 3JH-H = 8.8 , 2H), 4.87 

(td, 3JH-H = 10.9, 4.4 Hz, 2H), 4.05 (bs, 1H), 2.11 (dtd, 3JH-H = 12.0, 4.3, 1.9 

Hz, 1H), 1.96 (pd, 3JH-H = 7.0, 2.8 Hz, 1H), 1.73-1.68 (m, 2H), 1.58-1.48 (m, 

2H), 1.16-1.02 (m, 2H), 0.94-0.89 (m, 7H), 0.78 (d, 3JH-H = 7.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ (ppm) 166.0 (C(O)O), 148.9 (CNH2, aromatic), 

131.6 (O=CCCH, aromatic), 114.8 (H2NCCH, aromatic), 74.2 (OCH), 47.4 

(CCH(CH3)2), 41.1 (OCHCH2), 34.4 (H3CCCH2), 31.5 (H3CCHCH2), 26.5 

(CH(CH3)2), 23.7 (HCCCH2), 22.1 (CHCH3), 20.8 (CHCH3), 16.6 (CHCH3). 

Characterisation was consistent with that reported previously.1 
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Figure 7.3. 
1
H NMR spectrum of menthyl 4-aminobenzoate in CDCl3 (400 MHz, 298 K). 

 

Figure 7.4. 
13

C NMR spectrum of menthyl 4-aminobenzoate in CDCl3 (100 MHz, 298 K). 
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7.3.1.3. M enthyl 4-formamidobenzoate synthesis 

 

Scheme 7.3. Menthyl 4-formamidobenzoate synthesis. 

In a 500 mL round-bottom flask, menthyl 4-aminobenzoate (15 g, 54 mmol, 1.0 

equiv.) was suspended in ethyl formate (250 mL) with TFA (0.50 mL, 6.5 

mmol, 0.10 equiv.). The reaction mixture was heated at reflux (70 °C) 

overnight. The reaction mixture was concentrated in vacuo and the resulting 

orange foam was purified by flash chromatography (5:1 v/v CH2Cl2/ethyl 

acetate) which gave the product as a white solid (14 g, 84%). 1H NMR (400 

MHz, CDCl3): δ (ppm) 8.83 (bs, 1H), 8.43 (s, 0.55H), 8.07-8.00 (m, 2H), 7.93 

(s, 0.45H), 7.64 (d, 3JH-H = 8.1 Hz, , 1.1H), 7.15 (d, 3JH-H = 8.0 Hz, 0.9H), 4.91 

(t, 3JH-H = 10.8 Hz, 1H), 2.10 (d, 3JH-H = 11.9 Hz, 1H), 1.97-1.85 (m, 1H), 1.72 

(d, 3JH-H = 11.6 Hz, 2H), 1.54 (t, 3JH-H = 10.9 Hz, 2H), 1.11 (p, 3JH-H = 11.8 

Hz, 2H), 0.96-0.91 (m, 7H), 0.78 (d, 3JH-H = 6.8 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ (ppm) 162.5 (C(O)O), 159.0 (HC=O), 131.7 (CNH, aromatic), 131.0 

(O=CCCH, aromatic), 119.2 (HNCCH, aromatic), 117.4 (CC(O)O), 75.0 

(OCH), 47.4 (CCH(CH3)2), 41.1 (OCHCH2), 34.4 (H3CCCH2), 31.6 

(H3CCHCH2), 26.7 (CH(CH3)2), 23.8 (HCCCH2), 22.2 (CHCH3), 20.9 

(CHCH3), 16.7 (CHCH3). Characterisation was consistent with that reported 

previously.1 
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Figure 7.5. 
1
H NMR spectrum of menthyl 4-formamidobenzoate in CDCl3 (300 MHz, 298 

K). 

 

Figure 7.6. 
13

C NMR spectrum of menthyl 4-formamidobenzoate in CDCl3 (100 MHz, 298 

K). 
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7.3.1.4. M enthyl 4-isocyanobenzoate (M AIC) synthesis 

 

Scheme 7.4. Menthyl 4-isocyanobenzoate synthesis. 

A 100 mL Schlenk flask (dried in the oven and under N2) was charged with 

menthyl 4-formamidobenzoate (6.0 g, 20 mmol, 1.0 equiv.), diisopropylamine 

(11 mL, 78 mmol, 4.0 equiv.) and THF (dry, 30 mL). The solution was cooled 

down to 0 °C in an ice bath, then POCl3 (2.0 mL, 22 mmol, 1.1 equiv.) was 

added dropwise with a syringe over 15 min. The reaction was stirred at 0 °C 

for 1 h before cold Na2CO3 (sat. 50 mL) was added to the solution. The reaction 

mixture was stirred for 10 min before the two phases were separated and the 

aqueous phase was extracted with Et2O (3 × 50 mL). The combined Et2O 

extracts were dried over MgSO4 and filtered. The filtrate was concentrated in 

vacuo and purified by flash chromatography (4:1 v/v Hexane/CH2Cl2). The 

resulting fractions were dried in vacuo while the solution between was 

kept -78°C and -10 °C which yielded a white solid (4.3 g, 76%). 1H NMR (400 

MHz, CDCl3): δ (ppm) 8.06 (d, 3JH-H = 8.8 Hz, 2H), 7.42 (d, 3JH-H = 8.6 Hz, 

2H), 4.92 (td, 3JH-H = 10.9, 4.4 Hz, 2H), 2.09 (d, 3JH-H = 12.0 Hz, 1H), 1.89 

(pd, 3JH-H = 7.0, 2.8 Hz, 1H), 1.75-1.67 (m, 2H), 1.60-1.47 (m, 2H), 1.18-1.02 

(m, 2H), 0.90 (dd, 3JH-H = 6.9, 5.1 Hz, 7H), 0.77 (d, 3JH-H = 7.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ (ppm) 166.0 (C(O)O), 163.4 (N≡C), 130.6 

(CN≡C), 129.8 (O=CCCH, aromatic), 128.7 (CC(O)O), 125.4 (C≡NCCH, 

aromatic), 74.6 (OCH), 46.2 (CCH(CH3)2), 39.9 (OCHCH2), 33.2 (H3CCCH2), 

30.4 (H3CCHCH2), 25.5 (CH(CH3)2), 22.6 (HCCCH2), 21.0 (CHCH3), 19.7 

(CHCH3), 15.5 (CHCH3). FT-IR (neat): 2943, 2116, 1710, 1602, 1270, 1099 

cm-1. Characterisation was consistent with that reported previously.1 
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Figure 7.7. 
1
H NMR spectrum of M AIC in CDCl3 (400 MHz, 298 K). 

 

Figure 7.8. 
13

C NMR spectrum of M AIC in CDCl3 (100 MHz, 298 K). 
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Figure 7.9. FT-IR spectrum of M AIC. 

 

7.3.2. mPEGyl 4-isocyanobenzoate (PAIC) synthesis  

7.3.2.1. mPEGyl 4-nitrobenzoate (mPEG 12-Ar-NO2) synthesis 

 

Scheme 7.5. mPEGyl 4-nitrobenzoate synthesis. 

A 500 mL round-bottom flask was charged with mPEG12-OH (25 g, 45 mmol, 

1.0 equiv.), DMAP (0.55 g, 4.5 mmol, 0.10 equiv.), NEt3 (25 mL, 180 mmol, 

4.0 equiv.) and CH2Cl2 (150 mL). The solution was cooled down to 0 °C in an 

ice bath before slow addition via syringe of a solution of 4-nitrobenzoyl chloride 

(9.3 g, 49 mmol, 1.1 equiv.) in CH2Cl2 (15 mL). The reaction mixture was 

stirred for 3 h at to room temperature. The solution was concentrated in vacuo, 

and the resulting residue was re-dissolved in Et2O and filtered over celite. The 

filtrate was purified by flash chromatography (gradient from 0 → 3% MeOH 

in CH2Cl2), which yielded a yellow oil as the product (28 g, 88%). 1H NMR 

(400 MHz, CDCl3): δ (ppm) 8.24 (d, 3JH-H = 9.0 Hz, 2H, O2NCCH, aromatic), 

8.18 (d, 3JH-H = 9.0 Hz, 2H, O=CCCH, aromatic), 4.48 (t, 3JH-H = 4.7 Hz, 2H, 

4000 3500 3000 2500 2000 1500 1000

0

20

40

60

80

100

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber (cm-1)

C-H

 ≡ 

C=O

C-O

C-O

C=C

.



 Chapter 7  

244 

 

C(O)OCH2CH2), 3.81 (t, 3JH-H = 4.8 Hz, 2H, C(O)OCH2), 3.82-3.33 (m, 42H, 

OCH2, PEG), 3.50 (dd, 3JH-H = 5.9, 3.3 Hz, 2H, OCH2, PEG), 3.31 (s, 3H, 

CH3). 
13C NMR (100 MHz, CDCl3): δ (ppm) 164.7 (C(O)O), 150.6 (O2NC, 

aromatic), 135.5 (O=CC, aromatic), 130.9 (O=CCCH, aromatic), 123.5 

(O2NCCH, aromatic), 72.5 (OCH2, PEG), 71.7 (OCH2, PEG), 70.6 (OCH2, 

PEG), 68.7 (OCH2, PEG), 64.8 (C(O)OCH2CH2), 61.7 (C(O)OCH2CH2), 59.1 

(CH3). SEC (THF + 2% v/v NEt3, 40 °C): Mn, SEC = 0.80 kDa (ÐM, SEC = 

1.22). HRMS: m/z [C32H55NO16+NH4]
 + calc. 727.3865 g·mol-1, exp. 727.3865 

g·mol-1. FT-IR (neat): 2862 (C-H stretch), 1723 (C=O stretch), 1526 (N-O 

stretch), 1455 (C-H bend), 1347 (C-N stretch), 1273 (C-O stretch, ester), 1094 

(C-O stretch, ether), 945 (C=C bend) cm-1. 

 

 

Figure 7.10. 
1
H NMR spectrum of mPEG-Ar-NO2 in CDCl3 (400 MHz, 298 K). 
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Figure 7.11. 
13

C NMR spectrum of mPEG-Ar-NO2 in CDCl3 (100 MHz, 298 K) 
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Figure 7.12. Top: Mass spectra of the mPEG-Ar-NO2 collected by ESI-MS. Top: Expanded 

spectrum (500-1000 m/z) with NH4
+
 (blue circles), Na

+
 (red squares) adduct of the product 

mPEG12-Ar-NO2 and NH4
+
 (orange diamonds), Na

+
 (green triangles) adduct of the mPEG-

OH starting material. Bottom: Calculated vs experimental m/z value for mPEG12-Ar-

NO2+NH4
+
 adduct. 
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Figure 7.13. FT-IR spectrum of mPEG-Ar-NO2. 

 

7.3.2.2. mPEGyl 4-aminobenzoate (mPEG 12-Ar-NH 2) synthesis  

 

Scheme 7.6. mPEGyl 4-aminobenzoate synthesis. 

A 2-necked 500 mL round-bottom flask was charged with nitro-PEG (30 g, 42 

mmol, 1.0 equiv.), Pd/C (10 wt%, 0.45g, 0.40 mmol, 0.010 equiv.) and MeOH 

(250 mL). The flask was sealed with rubber septa. H2 was bubbled from a 

balloon for 1 h under vigorous stirring, then stirring was continued under a 

static hydrogen atmosphere overnight. The reaction mixture was filtered over 

celite and the filtrate was concentrated in vacuo to give the product as a yellow 

oil (29 g, >99%) which was employed as obtained, without further purification, 

in the next step. 1H NMR (400 MHz, CDCl3): δ (ppm) 7.78 (d, 3JH-H = 8.6 Hz, 

2H, O=CCCH, aromatic), 6.56 (d, 3JH-H = 8.7 Hz, 2H, H2NCCH, aromatic), 

4.34 (t, 3JH-H = 4.8 Hz, 2H, C(O)OCH2), 4.23 (bs, 1H, NH2), 3.73 (t, 

3JH-H = 4.9 Hz, 2H, C(O)OCH2CH2), 3.61-3.46 (m, 42H, OCH2, PEG), 3.47 

(dd, 3JH-H = 5.6, 3.2 Hz, 2H, OCH2, PEG), 3.30 (s, 1H, CH3). 
13C NMR (100 

MHz, CDCl3): δ (ppm) 166.4 (C(O)O), 152.5 (H2NC, aromatic), 131.1 
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(O=CCCH, aromatic), 117.4 (O=CC, aromatic), 113.1 (H2NCCH, aromatic), 

72.5 (OCH2, PEG), 71.2 (OCH2, PEG), 70.2 (OCH2, PEG), 69.1 (OCH2, PEG), 

63.1 (C(O)OCH2CH2), 61.1 (C(O)OCH2), 58.6 (CH3). SEC (THF + 2% v/v 

NEt3, 40 °C): Mn, SEC = 0.85 kDa (ÐM, SEC = 1.18). HRMS: m/z 

[C32H55NO16+H] + calc. 680.3857 g·mol-1, exp. 680.3875 g·mol-1. FT-IR (neat): 

3439 (N-H stretch), 2866, (C-H stretch) 1697 (C=O stretch), 1604 (C=C 

stretch), 1452 (C-H bend), 1347 (C-N stretch), 1273 (C-O stretch, ester), 1091 

(C-O stretch, ether), 945 (C=C bend) cm-1. 

 

 

Figure 7.14. 
1
H NMR spectrum of mPEG-Ar-NH2 in CDCl3 (400 MHz, 298 K). 
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Figure 7.15. 
13

C NMR spectrum of mPEG-Ar-NH2 in CDCl3 (100 MHz, 298 K). 
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Figure 7.16. Top: Mass spectra of mPEG-Ar-NH2 collected by ESI-MS. Top: Expanded 

spectrum (350-1000 m/z) with H
+
 (blue circles) adduct of the product mPEG12-Ar-NO2 and 

Na
+
 (red squares) adduct of the mPEG-OH starting material. Bottom: Calculated vs 

experimental m/z value for mPEG12-Ar-NH2+H
+
 adduct. 
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Figure 7.17. FT-IR spectrum of mPEG-Ar-NH2. 

 

7.3.2.3. mPEGyl 4-formamidobenzoate (mPEG 12-Ar-NHCHO) 

synthesis  

 

Scheme 7.7. mPEGyl 4-formamidobenzoate. 

A 500 mL round-bottom flask was charged with amino-PEG (20 g, 29 mmol, 

1.0 equiv.), TFA (0.23 mL, 2.9 mmol, 0.10 equiv.) and ethyl formate (200 mL). 

The reaction mixture was heated at reflux (65 °C) overnight. The solution was 

concentrated in vacuo and purified by flash chromatography (gradient from 0 

→ 3% MeOH in CH2Cl2), which yielded the product as an orange oil (24 g, 

85%). 1H NMR (400 MHz, CDCl3): δ (ppm) 9.15-9.06 (m, 1H, HC=O, cis, and 

NH, trans), 8.61 (d, 3JH-H = 11.0 Hz, 0.15H, HC=O, trans), 8.12 (s, 0.85H, NH, 

cis), 7.69 (d, 3JH-H = 7.9 Hz, 2H, O=CCCH, cis and trans, aromatic), 7.45 (d, 

3JH-H = 8.4 Hz, 1.7H, HNCCH, cis, aromatic), 6.95 (d, 3JH-H = 8.3 Hz, 0.3H, 

HNCCH, trans, aromatic), 4.15 (s, 1.7H, C(O)OCH2, cis), 4.00 (t, 3JH-H = 4.5 

Hz, 0.3H, C(O)OCH2, trans), 3.53 (s, 2H, C(O)OCH2CH2), 3.41-3.24 (m, 44H, 
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OCH2, PEG), 3.05 (s, 3H, CH3). 
13C NMR (100 MHz, CDCl3): δ (ppm) 165.6 

(C(O)O, cis), 161.8 (C(O)O, trans), 160.9 ( HC=O, trans), 160.2 (HC=O, cis), 

142.1 (CNH, aromatic), 131.2 (O=CCCH, trans, aromatic), 130.5 (O=CCCH, 

trans, aromatic), 125.4 (HNCCH, trans, aromatic), 124.9 (HNCCH, cis, 

aromatic), 118.8 (CC(O)O, cis, aromatic), 116.8 (CC(O)O, trans, aromatic), 

71.6 (OCH2, PEG), 70.2 (OCH2, PEG), 68.9 (OCH2, PEG), 68.6 (OCH2, PEG), 

63.7 (C(O)OCH2CH2), 62.7 (C(O)OCH2), 58.6 (CH3). SEC (THF + 2% v/v 

NEt3, 40 °C): Mn, SEC = 0.85 kDa (ÐM, SEC = 1.14). HRMS: m/z 

[C32H55NO16+H] + calc. 708.3806 g·mol-1, exp. 708.3834 g·mol-1. FT-IR (neat): 

3270 (N-H stretch), 2862 (C-H stretch), 1697 (C=O stretch), 1600 (C=C 

stretch), 1455 (C-H bend), 1351 (C-N bend), 1273 (C-O stretch, ester), 1091 

(C-O stretch, ether), 945 (C=C bend) cm-1. 

 

 

Figure 7.18. 
1
H NMR spectrum of mPEG-Ar-NHCHO in CDCl3 (400 MHz, 298 K). 
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Figure 7.19. 
13

C NMR spectrum of mPEG-Ar-NHCHO in CDCl3 (100 MHz, 298 K). 
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Figure 7.20. Top: Mass spectra of mPEG-Ar-NHCHO collected by ESI-MS. Top: 

Expanded spectrum (350-1000 m/z) with NH4
+
 (blue circles) and H

+
 (red squares) adduct 

of the product mPEG12-Ar-NHCHO. Bottom: Calculated vs experimental m/z value for 

mPEG12-Ar-NHCHO+H
+
 adduct. 
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Figure 7.21. FT-IR spectrum of mPEG-Ar-NHCHO. 

 

7.3.2.4. mPEGyl 4-isocyanobenzoate (PAIC) synthesis 

 

Scheme 7.8. mPEGyl 4-isocyanobenzoate synthesis. 

A 100 mL Schlenk flask (dried in the oven and under N2) was charged with 

formamide-PEG (3.3 g, 4.7 mmol, 1.0 equiv.), Et3N (2.6 mL, 19 mmol, 4.0 

equiv.) and CH2Cl2 (dry, 50 mL). The solution was cooled down to 0 °C in an 

ice bath, then POCl3 (0.50 mL, 5.4 mmol, 1.2 equiv.) was added dropwise with 

a syringe over 15 min. The reaction was stirred at 0 °C for 1 h before cold 

Na2CO3 (sat. 10 mL) was added to the solution. The reaction mixture was 

stirred for 10 min before the two phases were separated and the aqueous phase 

was extracted with Et2O (3 × 10 mL). The combined Et2O extracts were dried 

over MgSO4 and filtered. The filtrate was concentrated in vacuo and purified 

by flash chromatography (gradient from 0 → 3% MeOH in CH2Cl2), which 

yielded a yellow oil (1.6 g, 51%). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.09 (d, 

3JH-H = 8.8 Hz, 2H, C≡NCCH, aromatic), 7.44 (d, 3JH-H = 8.7 Hz, 2H, 
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O=CCCH), 4.47 (t, 3JH-H = 4.8 Hz, 2H, C(O)OCH2), 3.82 (t, 3JH-H = 4.8 Hz, 

2H, C(O)OCH2CH2), 3.68-3.62 (m, 42H, OCH2, PEG), 3.54-3.52 (m, 2H, 

OCH2, PEG), 3.36 (s, 3H, CH3). 
13C NMR (100 MHz, CDCl3): 167.2 (C(O)O), 

164.8 (N≡C), 160.0 (CN≡C), 130.9 (O=CCCH, aromatic), 126.4 (NCCH, 

aromatic), 113.3 (CC(O)O), 71.8 (OCH2, PEG), 70.5 (OCH2, PEG), 68.9 

(OCH2, PEG), 64.6 (C(O)OCH2CH2), 62.9 (C(O)OCH2), 58.9 (CH3). SEC 

(THF + 2% v/v NEt3, 40 °C): Mn, SEC = 0.90 kDa (ÐM, SEC = 1.08). HRMS: 

m/z [C33H55NO14+Na] + calc. 712.3521 g·mol-1, exp. 712.3539 g·mol-1. FT-IR 

(neat): 2858 (C-H stretch), 2118 (C≡N stretch), 1720 (C=O stretch), 1604 

(C=C stretch), 1452 (C-H bend), 1347 (C-N stretch), 1273 (C-O stretch, ester), 

1091 (C-O stretch, ether), 954 (C=C bend) cm-1. 

 



 Chapter 7  

257 

 

 

Figure 7.22. 
1
H NMR spectrum of PAIC in CDCl3 (400 MHz, 298 K). 

 

Figure 7.23. 
13

C NMR spectrum of PAIC in CDCl3 (100 MHz, 298 K) 
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Figure 7.24.  Top: Mass spectra of PAIC collected by ESI-MS. Top: Expanded spectrum 

(500-1000 m/z) with Na
+
 (blue circles), NH4

+
 (red squares) and H

+
 (green triangles) adduct 

of the product PAIC. Bottom: Calculated vs experimental m/z value for PAIC+Na
+
 

adduct. 
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Figure 7.25. FT-IR spectrum of PAIC. 

 

 

Figure 7.26. Size exclusion chromatograms (THF + 2 v/v% NEt3, 40 °C, PS standards) of 

the starting material mPEG12-OH and the different intermediates and the product: mPEG12-

Ar-NO2, mPEG12-Ar-NH2, mPEG12-Ar-NHCHO and mPEG12-Ar-NC (PAIC). 
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Table 7.1. Characterisation by SEC of the different intermediates and the 

product: mPEG12-Ar-NO2, mPEG12-Ar-NH2, mPEG12-Ar-NHCHO, mPEG12-

Ar-NC. 

Polymera M n (kDa)b ÐM
b 

mPEG 12-OH 0.70 1.17 

mPEG 12-Ar-NO2 0.80 1.22 

mPEG 12-Ar-NH 2 0.85 1.18 

mPEG 12-Ar-NCHO 0.85 1.14 

mPEG 12-Ar-NC (PAIC) 0.90 1.08 

a
All conversions were > 99%, determined by 

1
H NMR spectroscopy in CDCl3. 

b
Determined by SEC (THF + 2% v/v NEt3) with polystyrene (PS) standards. 

 

7.3.3. o-tol(dppe)NiCl synthesis 

Compound o-tol(dppe)NiCl was prepared in accordance with previously 

reported synthetic methods.2  

7.3.3.1. (dppe)N iCl2 synthesis 

 

Scheme 7.9. (dppe)NiCl2 synthesis. 

In a 50 mL round-bottom flask, NiCl2·6H2O (2.3 g, 9.7 mmol, 1.0 equiv.) was 

dissolved in EtOH (30 mL). The flask was sealed with a rubber septum and 

the solution was purged with N2 for 15 min. After removal of the septum, dppe 

(3.9 g, 9.7 mmol, 1.0 equiv.) was added and the reaction mixture was refluxed 

(85 °C) for 30 min. After the solution cooled down to r.t., the flask was put in 

an ice bath (0 °C) for 10 min. The suspension was filtered, and the filter was 

washed with EtOH (3 × 20mL) which yielded the product as a bright red 

powder (4.1 g, 81%). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.99 (q, 3JH-H = 7.0 

Hz, 8H, PCCH, aromatic), 7.56 (t, 3JH-H = 7.4 Hz, 4H, PCCHCHCH, 

aromatic), 7.48 (t, 3JH-H = 7.4 Hz, 8H, PCCHCH, aromatic), 2.13 (d, 

3JH-H = 17.8 Hz, 4H, PCH2). 
13C NMR (100 MHz, CDCl3): δ (ppm) 133.6 (t, 
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PCCH, aromatic), 131.8 (s, PCCHCHCH, aromatic), 129.0 (t, PCCHCH, 

aromatic), 128.4 (t, PCCH, aromatic), 27.6 (t, PCH2). Characterisation was 

consistent with that reported previously.2 

 

Figure 7.27. 
1
H NMR spectrum of (dppe)NiCl2 in CDCl3 (400 MHz, 298 K). 
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Figure 7.28. 
13

C NMR spectrum of (dppe)NiCl2 in CDCl3 (100 MHz, 298 K). 

 

 

Figure 7.29. 
31

P NMR spectrum of (dppe)NiCl2 in CDCl3 (100 MHz, 298 K). 
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7.3.3.2. o-Tol(dppe)N iCl2 synthesis 

 

Scheme 7.10. o-Tol(dppe)NiCl2 synthesis. 

In a 250 mL Schlenk flask (oven-dried), (dppe)NiCl2 (1.1 g, 2.1 mmol, 1.0 

equiv.) was suspended in dried THF (100 mL) and cooled down to 0 °C. 

o-tolylmagnesium chloride (1.0 M in THF, 2.1 mL, 1.0 equiv.) was added slowly 

over 15 min and the reaction mixture was stirred for 15 min before 

concentration in vacuo. The residue was suspended in MeOH (20 mL) and 

sonicated for 10 min. The suspension was cooled down to 0 °C before filtration 

on Büchner. The filter was washed with cold MeOH (2 × 20mL) which gave 

the product as a yellow solid (0.62 g, 51%). 1H NMR (400 MHz, CDCl3): δ 

(ppm) 8.11 (t, 3JH-H = 9.5 Hz, 4H), 7.72 (t, 3JH-H = 8.0 Hz, 2H), 7.46-7.34 (m, 

10H), 7.24-7.14 (m, 1H), 6.99 (td, 3JH-H = 7.8, 2.4 Hz, 2H), 6.63 (t, 3JH-H = 8.0 

Hz, 2H), 6.52 (p, 3JH-H = 8.0 Hz, 2H), 6.34 (d, 3JH-H = 7.7 Hz, 1H), 2.43-2.33 

(m, 2H), 2.28-2.19 (m, 3H), 2.08 (m, 1H), 1.53-1.46 (m, 1H) . 13C NMR (400 

MHz, CDCl3): δ (ppm) 153.8 (s), 134.7 (d), 133.7 (d), 132.8 (d), 131.8 (d), 

131.5 (s), 130.9 (s), 130.4 (s), 130.0 (s), 129.1 (d), 128.9 (d), 128.7 (d), 127.6 

(d), 123.6 (d), 122.7 (s), 25.4 (s). Characterisation was consistent with that 

reported previously.2, 3 
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Figure 7.30. 
1
H NMR spectrum of o-tol(dppe)NiCl2 in CDCl3 (400 MHz, 298 K). 

 

 

Figure 7.31. 
13

C NMR spectrum of o-tol(dppe)NiCl2 in CDCl3 (100 MHz, 298 K). 
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Figure 7.32. 
31

P NMR spectrum of o-tol(dppe)NiCl2 in CDCl3 (100 MHz, 298 K). 

 

7.3.4. General procedure for the homopolymerisation of MAIC 

 

Scheme 7.11. Homopolymerisation of M AIC. 

Example for P(M AIC)50 

A 7 mL scintillation vial (dried in the oven and under N2) was charged with o-

Tol(dppe)NiCl (2.5 mg, 0.070 mmol, 1.0 equiv.) and THF (dry, 1.8 mL). The 

M AIC (3.5 mmol, 0.20 M, 50 equiv.) was added and stirred for 10 min. The 

resulting dark orange solution was precipitated in a mixture of cold 

MeOH/H2O (2:1) to yield the product as a light orange powder. 1H NMR (300 

MHz, CDCl3): δ (ppm) 8.14-6.66 (m, 2H, NCCH, aromatic), 6.64-5.14 (m, 2H, 
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O=CCCH, aromatic), 5.13-4.08 (bs, 1H, OCH), 2.31-0.23 (m, 18H). SEC (THF 

+ 2% v/v NEt3, 40 °C): Mn, SEC = 7.1 kDa (ÐM, SEC = 1.10). 

 

 

 

Figure 7.33. 
1
H NMR spectrum of P(M AIC)30 homopolymer in CDCl3 (300 MHz, 298 K). 

 

 

Figure 7.34. FT-IR spectrum of P(M AIC)30 homopolymer. 

 

a

b

c
d e

f

g

l

i
j

h

a
b c

d, e, f, g, h, i, j, k

k

4000 3500 3000 2500 2000 1500 1000

0

20

40

60

80

100

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber (cm-1)

C-H

C=O

C-O

C-O

C=C

.



 Chapter 7  

267 

 

7.3.5. General procedure for the homopolymerisation of PAIC 

 

Scheme 7.12. Homopolymerisation of PAIC. 

Example for P(PAIC)50 

A 7 mL scintillation vial (dried in the oven and under N2) was charged with o-

Tol(dppe)NiCl (2.5 mg, 0.070 mmol, 1.0 equiv.) and DMSO (dry, 1.75 mL). 

PAIC (3.5 mmol, 0.20 M, 50 equiv.) was added and stirred for 10 min. The 

resulting dark orange solution was stirred in a mixture of cold hexane to yield 

the product as a dark orange oil. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.09-

6.65  (m, 2H, NCCH, aromatic), 6.40-5.45 (m, 2H, O=CCCH, aromatic), 4.67-

4.03 (bs, 2H, C(O)OCH2), 4.01-3.01 (m, 49H). SEC (THF + 2% v/v NEt3, 40 

°C): Mn, SEC = 16.8 kDa (ÐM, SEC = 1.16). 
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Figure 7.35. 
1
H NMR spectrum of P(PAIC)20 homopolymer in CDCl3 (300 MHz, 298 K). 

 

 

Figure 7.36. FT-IR spectrum of P(PAIC)20 homopolymer 
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7.3.6. General procedure for the NiCCo-PISA of P(PAIC)x-b-

P(MAIC)y diblock copolymers 

 

Scheme 7.13. NiCCo-PISA of P(PAIC)x-b-P(M AIC)y diblock copolymers catalysed by 

o-Tol(dppe)NiCl in DMSO. 

Example for P(PAIC)20-b-P(M AIC)30 

A 2.5 mL scintillation vial (dried in the oven and under N2) was charged with 

o-Tol(dppe)NiCl (2.5 mg, 0.070 mmol, 1.0 equiv.) and DMSO (dry, 0.10 mL). 

PAIC (1.4 mmol, 20 equiv.) in DMSO (dry, 0.50 mL) was added. After 5 min, 

M AIC (2.1 mol, 30 equiv.) in DMSO (dry, 0.40 mL) was added. After 10 min, 

the dark orange solution was opened to air to stop the reaction. 
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Figure 7.37. 
1
H NMR spectrum of P(PAIC)20-b-P(M AIC)30 in CDCl3 (300 MHz, 298 K). 
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Figure 7.38. FT-IR spectrum of P(PAIC)20-b-P(M AIC)30. 

4000 3500 3000 2500 2000 1500 1000

0

20

40

60

80

100

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber (cm-1)

C-H

C=O
C=C

C-H

C-N

C-O

C-O

C=C

.



 Chapter 7  

271 

 

7.3.7. General procedure for the encapsulation of Nile Red 

NiCCo-PISA was conducted as described above with Nile Red mixed with the 

initial o-Tol(dppe)NiCl solution. The resulting solution was diluted to 0.5 wt% 

with DMSO and dialysed (4 kDa cutoff) in deionised water for 3 days (the 

water was changed every 6 h). The suspension was centrifuged and filtered 

(0.22 µm Nylon filter) to remove the precipitated Nile Red which yielded a 

purple solution.  
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7.4. Experimental protocols for Chapter 3 

7.4.1. Pentafluorophenyl 4-isocyanobenzoate (FAIC) synthesis 

The FAIC monomer was synthesised in accordance with the literature 

methodology.4, 5 

7.4.1.1. 4-Formamidobenzoic acid synthesis 

 

Scheme 7.14. 4-Formamidobenzoic acid synthesis. 

In a 250 mL round-bottom flask, 4-aminobenzoic acid (10 g, 73 mmol) was 

suspended in ethyl formate (100 mL). The reaction mixture was heated at 

reflux (70 °C) overnight. The suspension was filtered on Büchner and washed 

with CH2Cl2
 (2 × 200mL) which gave the product as an off-white solid (11 g, 

90%). 1H NMR (400 MHz, (CD3)2SO): δ (ppm) 12.74 (bs, 1H, C(O)OH), 10.48 

(s, 0.75H, HC=O, cis), 10.42 (d, 3JH-H = 10.8 Hz, 0.25H, HC=O, trans), 8.94 

(d, 3JH-H = 10.7 Hz, 0.25H, NH, trans), 8.34 (s, 0.75H, NH, cis), 7.93-7.87 (m, 

2H, O=CCCH, aromatic, trans and cis), 7.70 (d, 3JH-H = 8.6 Hz, 1.5H, 

HNCCH, aromatic, cis), 7.28 (d, 3JH-H = 8.4 Hz, 0.5H, HNCCH, aromatic, 

trans). 13C NMR (100 MHz, (CD3)2SO): δ (ppm) 167.0 (C(O)OH), 162.7 

(HC=O, trans), 160.2 (HC=O, cis), 142.7 (CNH, aromatic, trans), 142.3 (CNH, 

aromatic, cis), 131.1 (O=CCCH, aromatic, trans), 130.7 (O=CCCH, aromatic, 

cis), 125.7 (CC(O)OH, aromatic, trans), 125.6 (CC(O)OH, aromatic, cis), 118.7 

(HNCCH, aromatic, cis), 116.5 (HNCCH, aromatic, trans). Characterisation 

was consistent with that reported previously.4 
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Figure 7.39. 
1
H NMR of 4-formamidobenzoic acid in (CD3)2SO (400 MHz, 298 K) 

 

 

Figure 7.40. 
13

C NMR 4-formamidobenzoic acid of in (CD3)2SO (100 MHz, 298 K) 
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7.4.1.2. Pentafluorophenyl 4-formamidobenzoate synthesis 

 

Scheme 7.15. Pentafluorophenyl 4-formamidobenzoate synthesis. 

In a 250 mL round-bottom flask, 4-formamidobenzoic acid (5.0 g, 30 mmol, 1.0 

equiv.) and 2,3,4,5,6-pentafluorophenol (6.1 mL, 33 mmol, 1.1 equiv.) were 

dissolved in DMF (80 mL). EDC (7.0 g, 37 mmol, 1.2 equiv.) was slowly added 

to the reaction mixture. The solution was stirred overnight before the reaction 

mixture was concentrated in vacuo. The residue was dissolved in ethyl acetate 

(250 mL) and the solution was washed with NH4Cl (2 × 200 mL). The organic 

phase was dried on MgSO4 and filtered. The solution was concentrated in vacuo 

and the residue was washed with cold ethyl acetate (3 × 20 mL) which yielded 

the product as a white solid (8.1 g, 81%). 1H NMR (400 MHz, (CD3)2SO): 

δ (ppm) 10.74 (s, 0.75H, HC=O, cis), 10.66 (d, 3JH-H = 10.6 Hz, 1H, HC=O, 

trans), 9.07 (d, 3JH-H = 10.5 Hz, 0.25H, NH, trans), 8.41 (s, 0.75H, NH, cis), 

8.15 (m, 2H, O=CCCH, aromatic, cis and trans), 7.85 (d, 3JH-H = 8.6 Hz, 1.5H, 

HNCCH, aromatic, cis), 7.46 (d, 3JH-H = 8.4 Hz, 0.5H, HNCCH, aromatic, 

trans). 13C NMR (100 MHz, (CD3)2SO): δ (ppm) 161.7 (C(O)O), 160.5 

(HC=O), 144.4 (CN, aromatic), 132.3 (O=CCCH, aromatic, trans), 132.0 (CH, 

aromatic, cis), 120.2 (CCO, aromatic), 119.1 (CH, aromatic, cis), 116.8 (CH, 

aromatic, trans). 19F NMR (377 MHz, (CD3)2SO): δ (ppm) -153.6 (d, 2F, CF, 

aromatic), -157.8 (t, 1F, CF, aromatic), -162.5 (t, 2F, CF, aromatic). 

Characterisation was consistent with that reported previously.4 
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Figure 7.41. 
1
H NMR of pentafluorophenyl 4-formamidobenzoate in (CD3)2SO (400 MHz, 

298 K) 

 

Figure 7.42. 
13

C NMR of pentafluorophenyl 4-formamidobenzoate in (CD3)2SO (100 MHz, 

298 K) 



 Chapter 7  

276 

 

 

Figure 7.43. 
19

F NMR of pentafluorophenyl 4-formamidobenzoate in (CD3)2SO (377 MHz, 

298 K) 

7.4.1.3. Pentafluorophenyl 4-isocyanobenzoate (FAIC) synthesis 

 

Scheme 7.16. Pentafluorophenyl 4-isocyanobenzoate (FAIC) synthesis. 

A 100 mL Schlenk flask (dried in the oven and under N2) was charged with 

pentafluorophenyl 4-formamidobenzoate (2.0 g, 5.9 mmol, 1.0 equiv.), NEt3 (4 

mL, 28 mmol, 4.8 equiv.) and CH2Cl2 (dry, 50 mL). The solution was cooled 

down to 0 °C in an ice bath, then POCl3 (0.80 mL, 8.6 mmol, 1.4 equiv.) was 

added dropwise with a syringe over 15 min. The reaction was stirred at 0 °C 

for 1 h before cold Na2CO3 (sat. 100 mL) was added to the solution. The 

reaction mixture was stirred for 10 min before the two phases were separated 

and the aqueous phase was extracted with Et2O (3 × 100 mL). The combined 
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Et2O extracts were dried over MgSO4 and filtered. The filtrate was 

concentrated in vacuo and purified by flash chromatography (CH2Cl2), which 

yielded an off-white solid (1.5 g, 78%). 1H NMR (400 MHz, CDCl3): δ (ppm) 

8.26 (d, 3JH-H = 8.8 Hz, 2H, C≡NCCH, aromatic), 7.56 (d, 3JH-H = 8.8 Hz, 2H, 

O=CCCH, aromatic). 13C NMR (100 MHz, CDCl3): δ (ppm) 168.7 (C(O)O), 

161.1 (C≡N, isocyanide), 142.4 (CN≡C, aromatic), 139.9 (CO, aromatic), 139.3 

(CF, aromatic), 138.6 (CF, aromatic), 136.7 (CF, aromatic), 132.0 (CH, 

aromatic), 127.7 (CCO, aromatic), 127.0 (CH, aromatic). 19F NMR (377 MHz, 

CDCl3): δ (ppm)-152.4 (d, 2F, Ar–F), -157.0 (t, 1F, CF), -161.8 (t, 2F, CF). 

FT-IR (neat): 2120 (C≡N stretch), 1751 (C=O stretch), 1598 (C=C stretch, 

benzoate), 1509 (C=C stretch, PFP), 1248 (C-O stretch), 1054 (C-F stretch) 

cm-1. Characterisation was consistent with that reported previously.5 

 

Figure 7.44. 
1
H NMR of FAIC in CDCl3 (400 MHz, 298 K) 
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Figure 7.45. 
13

C NMR of FAIC in CDCl3 (100 MHz, 298 K) 

 

 

Figure 7.46. 
19

F NMR of FAIC in CDCl3 (377 MHz, 298 K) 
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Figure 7.47. FT-IR spectrum of FAIC. 

 

7.4.2. Aminochloridemaleimide dye (ACM) synthesis 

The maleimide dye was synthesised in accordance with the literature 

methodology.6 

7.4.2.1. 3,4-Dichloro-1-methyl-1H -pyrrole-2,5-dione synthesis 

 

Scheme 7.17. 3,4-dichloro-1-methyl-1H-pyrrole-2,5-dione synthesis. 

In a 50 mL round-bottom flask, 3,4-dichloromaleic anhydride (1.0 g, 6.0 mmol, 

1.0 equiv.), methylamine hydrochloride (0.60 g, 9.0 mmol, 1.5 equiv.), and 

potassium acetate (1.2 g, 9.0 mmol, 1.5 equiv.) were added to a solution of 

acetic acid (10 ml). The reaction mixture was stirred for 4 h under reflux 

(120 °C). The solution turned yellow and was cooled to 25-30 °C before it was 

slowly poured into a cold sodium bicarbonate solution (1 M, 50 mL) until no 

effervescence was observed. The suspension was stirred for 1 h then, the solids 

were filtered, washed with n-hexane (2 × 30 mL) and dried in vacuo to obtain 

the product (0.732 g, 68%). The product was employed as obtained, without 

further purification, in the next step. 
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7.4.2.2. Boc-protected maleimide dye synthesis 

 

Scheme 7.18. Boc-protected maleimide dye synthesis. 

2,3-chloromethylmaleimide (1.0 equiv.), sodium carbonate (2.5 equiv.) and 

N-Boc-ethylenediamine (1.1 equiv.) were mixed in THF (20 mL). Consumption 

of 2,3-chloromethylmaleimide was monitored by TLC, and was complete within 

30 min. The solvent was then evaporated in vacuo and the residue was 

dissolved in CH2Cl2 (150 mL). The solution was washed with water (2 × 150 

mL), dried with Na2SO4 and purified via column chromatography on silica gel 

(petroleum ether/ethyl acetate 4:1 v/v) which yielded the product as a yellow 

solid (47%). 1H NMR (400 MHz, CD3OD): δ (ppm) 3.66 (t, 3JH-H = 5.8 Hz, 

2H, H2CNHC(O)O), 3.29 (t, 3JH-H = 5.8 Hz, 2H, H2CNHC), 2.95 (s, 3H, 

NCH3), 1.44 (s, 9H, C(CH3)3). 
13C NMR (100 MHz, CD3OD): δ (ppm) 42.6 

(H2CNHC(O)O), 40.5 (H2CNHC), 27.3 (C(CH3)3), 22.7 (NCH3). HRMS: m/z 

[C12H18ClN3O4+Na] + calc. 326.0883 g·mol-1, exp. 326.0887 g·mol-1. 
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Figure 7.48. 
1
H NMR of the Boc-protected maleimide dye in CD3OD (400 MHz, 298 K) 

 

 

Figure 7.49. 
13

C NMR of the Boc-protected maleimide dye in CD3OD (100 MHz, 298 K) 
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7.4.2.3. Aminochloridemaleimide dye (ACM ) synthesis 

 

Scheme 7.19. Aminochloridemaleimide dye synthesis. 

The Boc-protected maleimide dye was reacted for 2 h in a DCM/TFA (10:1 

v/v) solution at room temperature before the rection mixture was dried in 

vacuo. The crude product was purified via column chromatography on silica 

gel (petroleum ether/ethyl acetate 1:2 v/v) which yielded the product as a 

yellow solid (86%). 1H NMR (400 MHz, CD3OD): δ (ppm) 3.90 (t, 3JH-H = 6.1 

Hz. 2H, H2NCH2), 3.21 (t, 3JH-H = 6.1 Hz, 2H, HNCH2), 2.97 (s, 3H, CH3). 

13C NMR (100 MHz, CD3OD): δ (ppm) 167.9 (ClCC=O), 165.1 (HNCC=O), 

141.4 (CNH), 118.3 (CCl), 39.8 (H2NCH2), 39.7 (HNCH2), 22.7 (NCH3). 

HRMS: m/z [C7H10ClN3O2+H] + calc. 204.0540 g·mol-1, exp. 7204.0535 g·mol-1. 
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Figure 7.50. 
1
H NMR of the maleimide dye in CD3OD (400 MHz, 298 K) 

 

 

Figure 7.51. 
13

C NMR of the maleimide dye in CD3OD (100 MHz, 298 K) 
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7.4.3. General procedure for the copolymerisation of P(M AIC)x-

co-P(FAIC)y copolymers. 

 

Scheme 7.20. Copolymerisation of P(M AIC)x-co-P(FAIC)y copolymers catalysed by o-

Tol(dppe)NiCl in THF. 

In a 7 mL vial, under inert atmosphere, a solution of the M AIC and FAIC 

monomers in THF (0.5 mL) was added to the o-tol(dppe)NiCl catalyst in THF 

and stirred for 2 min before it was opened to atmosphere. The resulting 

copolymer was precipitated in MeOH three times before analysis. 
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Table 7.2. Quantities used for the copolymerisation of M AIC and FAIC. 

FAIC (%) M AIC (mg) FAIC (mg) 
o-Tol(dppe)N iCl 

(µL)a 

0% 25.0 - 99.5 

10% 22.0 2.7 97.3 

20% 19.5 5.4 97.0 

30% 17.0 8.2 96.7 

40% 14.5 10.8 96.2 

50% 11.6 13.0 92.3 

60% 9.2 15.5 91.7 

70% 6.9 18.0 91.3 

80% 4.6 20.5 91.0 

90% 2.2 22.5 88.8 

100% - 25.0 88.8 
a
 17.5 mg·mL

-1
 of catalyst in THF 

 

7.4.4. General procedure for the NiCCo-PISA copolymerisation of 

P(PAIC)x-b-(P(MAIC)y-co-P(FAIC)z) 

 

Scheme 7.21. NiCCo-PISA copolymerisation of P(PAIC)x-b-(P(M AIC)y-co-P(FAIC)z) 

catalysed by o-Tol(dppe)NiCl in DMSO., 

In a 7 mL vial, under inert atmosphere, the PAIC monomer was added to the 

o-tol(dppe)NiCl catalyst (120 µL, 17.5 mg·mL-1 in DMSO) and stirred for 2 

min. A solution of the M AIC and FAIC monomers in DMSO was added to 
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the reaction mixture and stirred for 2 min before it was opened to atmosphere. 

The final concentration of the reaction mixture was 50 mg·mL-1. 

Table 7.3. Quantities used for the copolymerisation of D0%, D20%, D50% and D100%. 

Copolymer PAIC (mg) M AIC (mg) FAIC (mg) DM SO (mL) 

D0% 59 30 - 1.8 

D20% 59 24 7 1.8 

D50% 59 15 17 1.9 

D100% 59 - 34 1.8 

 

7.4.5. General procedure for the post-polymerisation reaction 

 

Scheme 7.22. Post-polymerisation reaction of PFP copolymers with amine nucleophiles. 

In a 7 mL vial, a solution of the NiCCo-PISA nano-objects was diluted with 

DMSO to 10 mg·mL-1 and the nucleophile was added (5.0 equiv.). The reaction 

mixture was stirred for 24 h before analysis by DLS. The resulting solution was 

dialysed against water (6-8 kDa cut-off) then, freeze-dried and precipitated in 

hexane from THF. The resulting copolymer was analysed by FT-IR 

spectroscopy then, dissolved in THF or CDCl3 for CD and NMR spectroscopy 

respectively. 
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7.5. Experimental protocols for Chapter 4 

7.5.1. 2-[1-(2-Amino-ethoxy)-1-methyl-ethoxy]-ethylamine (AEE) 

synthesis 

AEE was prepared in accordance with previously reported synthetic methods.7  

 

Scheme 7.23. 2-[1-(2-Amino-ethoxy)-1-methyl-ethoxy]-ethylamine synthesis 

In a 500 round-bottom flask, N-(2-hydroxyethyl)-phthalimide (12 g, 65 mmol, 

1.0 equiv.) was dissolved in dry benzene (200 mL). After the solution was 

cooled to 0 °C, 2-methoxy propene (6.5 mL, 68 mmol, 1.1 equiv.) and p-

toluenesulfonic acid (120 mg, 0.010 equiv.) were carefully added to the solution. 

The reaction mixture was then stirred for 1 h at 0 °C. Then, the solution was 

dried in vacuo before acetic anhydride (7.5 mL) and Et3N (15 mL) were added 

to the residue and the resulting suspension was stirred overnight. The crude 

product was precipitated in hexane (50 mL) before recrystallisation in ethyl 

acetate (200 mL) twice which gave the product as a yellow solid. 

 

In a 100 mL round bottom flask, 2,2'-((propane-2,2-diylbis(oxy))bis(ethane-

2,1-diyl))bis(isoindoline-1,3-dione) was solubilised in NaOH (6 M, 50 mL) and 

heated at reflux overnight. The reaction mixture was extracted with 

CHCl3/i-PrOH (1/1, v/v, 3 × 50 mL), the combined organic layers were dried 

on MgSO4, filtered and concentrated in vacuo. The crude product was washed 

with hexane which yielded the product as a yellow oil. 1H NMR (400 MHz, 

CDCl3): δ (ppm) 3.46 (t, 3JH-H = 5.4 Hz, 4H, CH2NH2), 2.84 (t, 3JH-H = 5.3 

Hz, 4H, OCH2), 1.70 (bs, 4H, NH2), 1.37 (s, 6H, CH3). 
13C NMR (100 MHz, 
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CDCl3): δ (ppm) 99.6 (OCO), 62.7 (OCH2), 42.0 (CH2NH2), 24.8 (CH3). 

Characterisation was consistent with that reported previously.7 

 

Figure 7.52. 
1
H NMR of AEE in CDCl3 (400 MHz, 298 K) 

 

Figure 7.53.
 13

C NMR of AEE in CDCl3 (100 MHz, 298 K) 
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7.5.2. General procedure for the post-polymerisation cross-linking 

of the NiCCo-PISA micelles  

 

Scheme 7.24. Post-polymerisation cross-linking of the NiCCo-PISA micelles with diamine 

nucleophiles. 

In a 7 mL vial, a solution of the NiCCo-PISA nano-objects was diluted with 

DMSO to 10 mg·mL-1 and the nucleophile was added (0.60 equiv.). The 

reaction mixture was stirred for 72 h at 55 °C. The resulting solution was 

analysed by DLS then, dialysed against water (6-8 kDa cut-off) before analysis 

by DLS. The solution was freeze-dried and precipitated in hexane from THF 

before analysis by FT-IR spectroscopy then, dissolved in THF for CD 

spectroscopy. 

 

7.5.3. General procedure for the monitoring of the cross-linked 

particles responsiveness 

A solution that contained 0.20 mg·mL-1- of particles in water or THF was 

treated with GSH or HCl to obtain the desired concentration. The evolution 

of the nanostructures’ size was monitored by DLS. 
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7.6. Experimental protocols for Chapter 5 

7.6.1. C6H9Pd(PEt3)2Cl (Palladium catalyst) synthesis 

Compound C6H9Pd(PEt3)2Cl was prepared in accordance with previously 

reported synthetic methods.8 

 

Scheme 7.25. C6H9Pd(PEt3)2Cl (Palladium catalyst) synthesis. 

A 250 mL Schlenk flask (dried in the oven and under N2) was charged with 

Pd(PEt3)2Cl2 (200 mg, 490 µmol, 1.0 equiv.), CuCl (6.9 mg, 70 µmol, 0.14 

equiv.) in a solution of diethylamine (40 mL) and CH2Cl2 (dry, 10 mL). 

Hex-1-yne (60 µL, 520 µmol, 1.1 equiv.) was added slowly with a syringe and 

the reaction mixture was stirred at r.t. for 3 h. The solution colour changes 

from green to purple. The reaction mixture was concentrated in vacuo and the 

residue was purified by column chromatography (CH2Cl2) which yielded the 

product as an orange oil (160 mg, 71%). 1H NMR (400 MHz, CDCl3): δ (ppm) 

2.23 (t, 3JH-H =  12.0, 2H, C≡CCH2), 1.95-1.88 (m, 12H, PCH2CH3), 1.42-1.38 

(m, 4H, CH2CH2CH3), 1.16 (p, 3JH-H = 11.0 Hz, 18H, PCH2CH3), 0.88 (t, 

3JH-H = 12.0 Hz, 3H, CH3). 
13C NMR (100 MHz, CDCl3): δ (ppm) 105.1 (Pd-

C≡C), 77.8 (Pd-C≡C), 32.4 (CH2CH2CH3), 22.1 (CH2CH2CH3), 21.0 

(C≡CCH2), 15.3 (t, PCH2CH3), 13.7 (CH2CH2CH3), 8.3 (PCH2CH3). 

Characterisation was consistent with that reported previously.8 
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Figure 7.54. 
1
H NMR spectrum of C6H9Pd(PEt3)2Cl in CDCl3 (400 MHz, 298 K). 

 

 

Figure 7.55. 
13

C NMR spectrum of C6H9Pd(PEt3)2Cl in CDCl3 (100 MHz, 298 K). 
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7.6.2. General procedure for the copolymerisations with palladium 

catalyst 

 

Scheme 7.26. Copolymerisation of P(MAIC)x-co-P(FAIC)y copolymers catalysed by 

palladium catalyst in THF. 

An ampoule (dried in the oven and under N2) was charged with M AIC (280 

mg, 840 µmol, 120 equiv.) and FAIC (66 mg, 270 µmol, 30 equiv.) in THF 

(dry, 9.6 mL). A solution of the catalyst C6H9Pd(PEt3)2Cl (3.2 mg, 7.0 µmol, 

1.0 equiv.) in THF (dry, 0.20 mL) was added. The reaction mixture was stirred 

at 55 °C overnight. The resulting solution was precipitated three times in 

MeOH which yielded the copolymer as an orange solid (280 mg, 80%). 

 

7.6.3. General procedure for the self-assembly of block copolymers 

via solvent exchange 

In a 20 mL vial, the copolymer (50 mg) was dissolved in THF (0.50 mL) before 

water (5.0 mL) was added with a syringe pump at 0.6 mL·h-1 under strong 

stirring. The resulting suspension was purified by dialysis against water (12-14 

kDa cut-off) for 3 days. 
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7.6.4. 2-(Methyl(pyridin-4-yl)amino)ethan-1-ol (DMAP-OH) 

synthesis 

DMAP-OH was synthesised in accordance with the literature methodology.9 

 

Scheme 7.27. 2-(Methyl(pyridin-4-yl)amino)ethan-1-ol synthesis. 

In 100 mL three-necked round-bottom flask, 4-chloropyridine (5.0 g, 33 mmol) 

was dissolved in 2-(methylamino)ethanol (35 mL). The colour of the solution 

changed from colourless to red then yellow. The reaction mixture was heated 

at 120 °C for 24 h before the solvent was removed in vacuo. NaOH (1 M, 50mL) 

and CH2Cl2 (40 mL) were added to the yellow oil residue and the mixture was 

stirred overnight. The aqueous phase was separated and extracted with CH2Cl2 

(2 × 50 mL). The combined organic phased were dried on MgSO4 and filtrated 

before concentration in vacuo which gave the product as an off-white solid 

(3.6 g, 70%). 1H NMR (300 MHz, CDCl3): δ (ppm) 8.07 (d, 3JH-H = 5.6, 2H, 

NCH, aromatic), 6.47 (d, 3JH-H = 5.6, 2H, NCCH, aromatic), 3.80 (t, 

3JH-H = 5.7, 2H, NCH2), 3.51 (t, 3JH-H = 5.7, 2H, CH2–OH), 3.02 (s, 3H, CH3). 

13C NMR (100 MHz, CDCl3): δ (ppm) 154.0 (CNCH3, aromatic), 149.4 

(NCHCH, aromatic), 106.8 (NCHCH, aromatic), 59.5 (NCH2), 53.8(CH2OH), 

38.4 (NCH3). Characterisation was consistent with that reported previously.9 
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Figure 7.56. 
1
H NMR of DMAP-OH in CDCl3 (300 MHz, 298 K) 

 

 

Figure 7.57. 
13

C NMR of DMAP-OH in CDCl3 (100 MHz, 298 K) 
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7.6.5. 2,2'-(Pyridin-4-ylazanediyl)bis(ethan-1-ol) (DMAP(OH)2) 

synthesis 

DMAP(OH)2 was synthesised with a methodology modified from the 

literature.10  

 

Scheme 7.28. 2,2'-(Pyridin-4-ylazanediyl)bis(ethan-1-ol) synthesis. 

In an ampoule, 4-chloropyridine (3.2 g, 21 mmol, 1.0 equiv.) was dissolved in 

2,2'-aminodiethanol (10 mL, 105 mmol, 5.0 equiv.). The colour of the solution 

changed from colourless to bright red. The reaction mixture was heated at 180 

°C for 24 h before it was poured in a suspension of Na2CO3 (30 g) in i-PrOH 

(150 mL) and stirred for 30 minutes under reflux conditions (90 °C). After the 

reaction mixture cooled down to r.t., it was stored at -25 °C overnight. The 

suspension was filtered and the filtrate was concentrated in vacuo. The residue 

was distilled by Kugelrohr (230 °C, 0.03 mbar) which gave the crude product 

as a colourless oil. This was further purified by recrystallisation in cold acetone 

which yielded the product as colourless crystals (540 mg, 14%). 1H NMR (400 

MHz, (CD3)2SO): δ (ppm) 8.04 (d, 3JH-H = 6.6, 2H, NCH, aromatic), 6.58 (d, 

3JH-H = 6.6, 2H, NCCH, aromatic), 4.81 (bs, 1H, OH), 3.54 (t, 3JH-H = 6.1, 2H, 

NCH2), 3.44 (t, 3JH-H = 6.1, 2H, CH2OH). 13C NMR (100 MHz, (CD3)2SO): δ 

(ppm) 152.5 (CNCH2, aromatic), 149.3 (NCH, aromatic), 106.5 (NCCH, 

aromatic), 57.9 (NCH2), 52.2 (CH2OH). HRMS: m/z [C9H13N2O2-H] - calc. 

181.0977 g·mol-1, exp. 181.0974 g·mol-1. FT-IR (neat): 3323 (N-H stretch), 2663 

(O-H stretch), 1595 (N=C stretch), 1520 (C=C stretch) cm-1. 
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Figure 7.58. 
1
H NMR of DMAP(OH)2 in (CD3)2SO (400 MHz, 298 K) 

 

Figure 7.59.
 13

C NMR of DMAP(OH)2 in (CD3)2SO (100 MHz, 298 K) 
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Figure 7.60. Mass spectrum of DMAP(OH)2 collected by ESI-MS. Calculated vs 

experimental m/z value for [DMAP(OH)2 -H]
-
. 

 

 

Figure 7.61. FT-IR spectrum of DMAP(OH)2 
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7.6.6. General procedure for the monitoring of the acylation 

reactions 

 

Scheme 7.29. Acylation reaction of phenyl alcohol with butyric acid under basic conditions. 

In a 7 mL vial, the alcohol (40 µmol, 1.0 equiv.) was suspended in the solvent 

(2.0 mL). The catalyst (0.5 mol% or 1 mol%) was added with the i-Pr2NEt 

(10 µL, 60 µmol, 1.5 equiv.), mesitylene (5.6 µL, 40 µmol, 1.0 equiv.) and 

butyric anhydride (20 µL, 120 µmol, 3.0 equiv.). The reaction was stirred at 

r.t. and aliquots (0.10 mL) were taken at regular time intervals. The aliquots 

were diluted in THF (1.0 mL) and filtered through a silica plug to remove the 

catalyst. The resulting solution was analysed by GC-MS to assess the reaction 

progress and enantioselectivity. 
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