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This thesis describes the production of advanced materials comprising a wide 
array of polymer-based building blocks. These materials include bio-hybrid 
polymer-peptide conjugates, based on phenylalanine and poly(ethylene oxide), 
and polymers with intrinsic microporosity (PIMs). 

Polymer-peptides conjugates were previously synthesised using click 
chemistry. Due to the inherent disadvantages of the reported synthesis, a new, 
simpler, inexpensive protocol was sought. Three synthetic methods based on 
amidation chemistry were investigated for both oligopeptide and polymer-
peptide coupling. The resulting conjugates produced were then assessed by 
various analytical techniques, and the new synthesis was compared with the 
established protocol. An investigation was also carried out focussing on 
polymer-peptide coupling via ester chemistry, involving deprotection of the 
carboxyl terminus of the peptide.  

Polymer-peptide conjugates were also assessed for their propensity to 
self-assemble into thixotropic gels in an array of solvent mixtures. 
Determination of the rules governing this particular self-assembly (gelation) was 
required. Initial work suggested that at least four phenylalanine peptide units 
were necessary for self-assembly, due to favourable hydrogen bond 
interactions. Quantitative analysis was carried out using three analytical 
techniques (namely rheology, FTIR, and confocal microscopy) to probe the 
microstructure of the material and provided further information on the conditions 
for self-assembly.  

Several polymers were electrospun in order to produce nanofibres. These 
included novel materials such as PIMs and the aforementioned bio-hybrid 
conjugates. An investigation of the parameters governing successful fibre 
production was carried out for PIMs, polymer-peptide conjugates, and for 
nanoparticle cages coupled to a polymer scaffold. SEM analysis was carried 
out on all material produced during these electrospinning experiments.  
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1. Introduction  

 

This thesis contains six distinct chapters, starting with a general introductory 

chapter, describing the background to the entire project, followed by a chapter 

describing the experimental methods employed in this work, with the 

succeeding three chapters comprising results and discussion for each of the 

disparate work packages (from conjugate synthesis to electrospinning through 

gelation studies). The final chapter provides an overall conclusion for the thesis 

and future work to be performed. Each chapter contains its own short, more 

focussed introduction and references, compiled as a list following the section. 

 

1.1. Amino acids 

 

Amino acids are one of the four fundamental biological building blocks (the 

others being carbohydrates, lipids, and nucleic acids). They play a central role 

in building the essential proteins and metabolites that are required for life. The 

function of these molecules ranges from aiding in digestion to synthesising new 

tissues whilst also being important factors in growth[1]. Linking amino acids 

together in a specific sequence, results in the formation of peptides which can 

form complex three-dimensional structures. Long-chain peptides (or 

polypeptides) that fold into these structures are classed as proteins. As is 

known, the precise structure of the tertiary form of a protein is controlled by the 

amino acids present and their sequence; the modification of even one can 

affect the folding. Furthermore, proteins inherit their biological functionality from 

the precursor amino acids.   

 

The general structure of an amino acid is shown in Figure 1.1. R, the variable 

group is what infers the particular properties of the amino acid. The structure 

shown is not strictly accurate, as the acidic proton of the acid (COOH) and the 

basic protons of the amine group (NH2) will interact with each other; the amine 

group deprotonates the acid group in an intramolecular rearrangement, 

resulting in the formation of a zwitterion. There is no net charge in amino acid 

zwitterions as the positive charge from the (protonated) ammonium ion is 
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balanced out by the negative charge of the (deprotonated) carboxylate ion. 

Their general carbon skeleton template arises from glycolysis and Krebs cycle 

intermediates (i.e. from metabolic pathways)[2].  

 

 

Figure 1.1: General structure of an amino acid, where the R group varies 

depending on the specific amino acid. N.B. Chirality is not shown in this 

diagram. 

 

Amino acids contain at least one asymmetric carbon (with the exception of 

glycine) and are able to exist as two stereoisomers (enantiomers); an 

L-configuration and a D-configuration (Figure 1.2)[3]. L-amino acids are 

susceptible to enzyme-catalysed modification and functionalisation. Therefore, 

in proteins, only the L-isomer is present. It is possible, however, under certain 

conditions for racemisation to occur, where L-amino acid residues are 

converted to their respective D forms. This can occur when heat is applied or 

during pH changes (such as increase in alkalinity). Certain organisms are able 

to produce D-amino acids biologically[4]. Using enzymes, it is possible to 

convert D-amino acids to DL-mixtures [5-7].  

 

There are twenty “natural” amino acids which are used to produce proteins 

using a biological process known as translation. In a cell structure (organelle) 

known as the ribosome, tRNA (transfer RNA) complements and co-ordinates 

the nucleotide sequence of mRNA (messenger RNA) to produce the 

corresponding amino acids. The code is deciphered via codons, which are a 

sequence of three nucleotides that specify which amino acid should be inserted 
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into the growing peptide chain[8]. The genetic code contains a redundancy, 

known as degeneracy, in which more than one codon may encode an amino 

acid. However, all codons correspond to one amino acid only.   

 

 

Figure 1.2: Isomers of amino acids: L-amino acid and D-amino acid 

enantiomers. 

 

The twenty amino acids produced in this manner are shown in Figure 1.3, 

alongside their three letter and single letter abbreviations. They can be further 

categorised according to the property of their side chain. Of the twenty amino 

acids, eight have non-polar side chains, and are thus considered hydrophobic 

amino acids. Amino acids in this group include glycine (which is the only achiral 

natural amino acid), and phenylalanine (discussed in Section 1.1.1) which 

contains a benzyl group. The second broad classification group comprises 

amino acids that have polar side chains, but are uncharged, tending to be 

hydrophilic. Examples in this category include serine (which contains a hydroxyl 

group), and cysteine (which contains a thiol group). The third group comprises 

those amino acids with an acidic, polar side group of which glutamic acid and 

aspartic acid are members. Finally, the fourth group consists of amino acids 

with basic polar side groups and includes lysine and arginine (NH2 side groups). 

For the latter two groups, the side chains are fully ionised, either protonated or 

deprotonated, respectively, at physiological pH (7.4).  
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Figure 1.3: The twenty proteogenic amino acids, classified by side chain 

property. 
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Of the twenty amino acids, nine are considered to be essential amino acids. 

These amino acids are essential for proper metabolic functioning but cannot be 

produced by the body. It is imperative that essential amino acids are sourced 

from the diet, as an insufficient amount of even a single one can seriously 

impair the body’s natural functions, and lead to a degradation in proteins[9]. This 

is further emphasised by the fact that unlike other biological molecules, it is not 

possible to store excess amino acids for later use. Furthermore, under certain 

conditions, it is possible that the non-essential amino acids will be unable to be 

synthesised de novo and thus become essential. The essential amino acids in 

man are: histidine, isoleucine, leucine, lysine, methionine, phenylalanine, 

threonine, tryptophan and valine[10].  

 

Aside from their biological uses, amino acids have many interesting properties 

that make them attractive for use in chemistry. It is the ability to introduce 

beneficial properties (such as enhanced stability, target for labelling, 

pH-responsive behaviour[11]) that make them so desirable for incorporation into 

other compounds[12-16]. Incorporating unnatural functionality into amino acid-

derived biomolecules has proven to be a successful strategy in the design of 

peptides with more desirable properties. The amino acid particularly focussed 

on in this project was phenylalanine. 

 

1.1.1. Phenylalanine  

 

Phenylalanine (Phe, F), shown in Figure 1.4, is a non-polar essential amino 

acid. In the body, phenylalanine is the precursor to a number of important 

biological metabolites and hormones (such as dopamine), as well as the amino 

acid, tyrosine. The hydrophobic character and the phenyl ring structure of the 

amino acid confer interesting properties that may prove beneficial for use in an 

assortment of applications. Indeed, the phenyl ring could prove particularly 

beneficial for self-assembly behaviour. It is known that many compounds and 

materials take advantage of the effects of non-covalent aromatic[17] (known as 

π-π stacking) interactions, such as Kevlar. The use of short chain 

phenylalanine peptide sequences can result in self-assembly and hydrogel 

formation occurring [18,19]. Formation into a gel allows the hydrophobic nature of 
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phenylalanine to act as a mask for the properties of a molecule (e.g. 

hydrophilicity) and further confers some biocompatibility. This presents 

remarkable opportunities for using phenylalanine as a delivery mechanism for 

drugs or other soluble or non-soluble substrates[20]. However, it has also been 

shown that after a brief period of time, the self-assembled nanostructure(s) 

break down. Therefore, whilst the formation of hydrogels is desirable, the 

stability of such materials is lacking and so, a way to stabilise these materials is 

required. The most obvious route would be to couple phenylalanine with a 

stabilising material that does not affect (or minimally affects) overall functionality 

or biological activity.  

 

 

Figure 1.4: Structure of L-phenylalanine. 

 

1.2. Peptide synthesis  

 

As aforementioned, the building blocks used in the body for peptide coupling 

are the twenty naturally occurring proteogenic amino acids. It should be noted 

that there are also synthetic amino acids available for use; however these will 

not be discussed.  

 



29 
 

Amide bonds are found in a wide variety of biological compounds. They are 

especially prevalent in compounds containing peptides, such as proteins or 

derivatives thereof. These linkages hold amino acid residues together and are 

often referred to as peptide bonds. Formation of these bonds can take place 

without modification of the general peptide structure through a simple coupling 

reaction. One of the most prevalent routes for coupling reactions is 

complementary group conjugation[21]. This approach involves exploitation of the 

reactivity of the amine (N-terminus) or carboxylic acid group (C-terminus) of the 

peptide, and the carboxyl group or amine group, respectively, of the second 

peptide. Further, any side groups with appropriate functionality can be targeted 

as potential conjugation sites. It should be noted that whilst normally the 

reacting groups are on the terminus of their respective compounds, this is not 

always the case, and coupling can take place via groups on side-chains as well 

[22, 23]. The hydroxyl group of the acid is a poor leaving group and would form a 

salt with the amine if not modified. Therefore, during the reaction, it is typical to 

use a coupling agent to activate the carboxylic acid functional group, driving the 

reaction forward. Coupling agents must facilitate the reaction, but also should 

be easily removable from the final product. The aim of the coupling reaction is 

to be fast, produce pure products, and occur under mild reaction conditions. To 

achieve this goal, several coupling methods have been developed[24].  

 

It is imperative to note that there is a need to prevent uncontrolled chain growth 

between reacting species[25]. This would result in a mixture of products 

(Figure 1.5). To combat this, a protecting group strategy is used. The reacting 

peptides will have only one functional group accessible; the other is blocked by 

a protecting group. Once conjugation has been successful, the protecting group 

is removed allowing further coupling. This type of approach minimises the 

formation of mixtures. Section 1.4 outlines some of the common techniques 

used to ensure easy protection/deprotection [26-28]. 

 

There are a variety of methods available for creating peptide sequences. 

Coupling can take place either in solution or on solid supports [29-31]. Most 

experimentalists tend to favour the solid phase approach and a variety of 

polymer-supported scaffolds are available to facilitate peptide synthesis[32]. 
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Section 1.3 provides examples of coupling methods used to synthesise 

peptides.  

 

 

Figure 1.5: Mixture of products produced when glycine and alanine are directly 

coupled. The products produced are bifunctional, and can further couple, to 

produce trimers, tetramers, and eventually, larger oligomers. This highlights the 

necessity of a protecting group strategy. 

 

1.2.1. Peptide synthesis in solution  

 

Despite some advantages over peptide synthesis in the solid phase, synthesis 

in the solution state is used less frequently, especially for large peptides, since 

it is slow, intensive, and can cause problems of racemisation and poor solubility 

of the synthetic intermediates. However, synthesising using solution phase 

techniques allows for purification after each repeat unit is added and for precise 

quantification after each step. As mentioned, solubility issues arise, especially 

as the peptide length increases. Furthermore, separation from any by-products 

may prove problematic. It should be noted that the heterogeneous reaction 

conditions present in solid-phase techniques can also cause several problems, 

including solvation difficulties[33]. Further, the cost of solution phase coupling is 

cheaper, with reagents being more readily available than corresponding 

polymer supported reagents, and many more reactions are optimised for 

solution chemistry. The use of solution phase synthesis also allows for a 

greater number of protecting group strategies to be used[34].  
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1.2.2. Peptide synthesis in the solid state 

 

In 1963, Merrifield established what is now termed solid phase peptide 

synthesis (SPPS). He attached an amino acid to an insoluble polymer support, 

thus immobilising it. From there, it was possible to directly attach subsequent 

amino acids and thus grow a peptide. Once the chain had been synthesised it 

could be released from the solid support using an acid[35].  

 

This was innovative as it afforded researchers an effective, reliable route for 

peptide production. Loss of product was avoided, as it remained anchored to 

the polymer support, and yields could be further increased by using an excess 

of reagents. The technique was continuously refined over the succeeding 

years, and today has become automated.  

 

However, the technique still has caveats that must be addressed. Firstly, the 

synthesis of long chain peptides remains somewhat problematic. This is due to 

the decreasing solubility of the growing peptide chain, and its growing 

incompatibility with the polymer support. Further, the longer the peptide chain 

length, the more likely it is to encounter incomplete deprotection steps and 

side-chain conjugation[34]. Another major drawback to solid phase techniques 

are the costs involved. Both the polymer supports, and the protected amino 

acids can be costly, and in the latter case, this means that consumption to 

side-chain conjugation (and using sacrificial amino acids) is highly undesirable 

and should be avoided at all costs. This is also one of the reasons that SPPS is 

difficult to scale up. Despite these drawbacks, SPPS remains the preferred 

technique for peptide synthesis.  

 

It was decided that a solution phase approach would be taken for peptide 

synthesis in this project. This was due to the economical and practical benefits 

outweighing the disadvantages of solution phase approaches. Additionally, it is 

highly desirable to isolate and analyse each product after each stage of 

synthesis.  
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1.3. Peptide synthesis techniques 

 

Peptide bond formation should ideally be quick, mild, with minimal (or no) side 

reactions, and easily removed by-products; these conditions are similar to the 

criteria for so-called ‘click chemistry’[36, 37]. Additives can be added to help 

increase coupling efficiency and reduce side-reactions. Also, as noted 

previously, racemisation can occur with amino acids, however certain additives 

can be used to help suppress such unwanted rearrangements.  

 

1.3.1. Carbodiimide coupling 

 

Dicyclohexylcarbodiimide (DCC) is one of the longest used coupling reagents 

for peptide synthesis. First published by Sheehan and Hess in 1955[38], it has 

been used as direct coupling agent ever since. The agent works by activating 

the carboxylic acid group on the amino acid resulting in the formation of an 

O-acylisourea intermediate. It is the electron deficient central carbon that is 

attacked by the carboxylate anion. This intermediate is one of the most reactive 

acylating groups and reacts with the amine group of a second amino acid 

forming an amide bond (protected at the C-terminus). The resulting product is 

the desired peptide, along with dicyclohexylurea (DHU) as a by-product. It is the 

formation of the markedly stable DHU that drives the reaction. Scheme 1.1 

elucidates the mechanism for this reaction.  

 

 

Scheme 1.1: Reaction mechanism showing peptide synthesis using 

N,N′-dicyclohexylcarbodiimide (DCC) as a coupling reagent. AA represents an 

amino acid. 
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Conventionally, a small amount (5-10 mg) of 4-dimethylaminopyridine (DMAP) 

is used to increase the efficiency of the reaction. DHU precipitates in the 

reaction solution, giving a visual indicator of the reaction progress of the 

reaction. However, DHU is sparingly soluble and so may not completely 

precipitate, making purification difficult. It is for this reason that DCC coupling 

techniques are not favoured for use with SPPS as the DHU precipitate is 

difficult to separate from the resin.  

 

Activation by DCC is highly dependent on the solvent system used. In solvents 

with low dielectric constants (i.e. relatively low polarity) such as chloroform or 

dichloromethane, the formation of O-acylisourea is rapid[39]. In comparison, 

reactions in a polar solvent are markedly slower. A reaction in 

N,N-dimethylformamide (DMF), which is a polar aprotic solvent, does not 

immediately produce this intermediate. 

 

To overcome these problems, diisopropylcarbodiimide (DIC) has been used[40]. 

Whilst the urea by-product of this compound is more soluble, DIC is not soluble 

in dichloromethane, however it is soluble in a co-solvent system of DMF and 

DCM (or DMF alone). Recent developments have involved use of 1,3-bis(2,2-

dimethyl-1,3-dioxolan-4-ylmethyl)carbodiimide (BDDC) which has been used for 

coupling in solution phase and minimising racemisation and epimerisation[40].  

 

1.3.2. Phosphonium coupling 

 

Whilst carbodiimide coupling is more tailored for solution phase chemistry, 

coupling using phosphonium salts is the opposite. It was popularised in the 

early 1970s after extensive work by Castro et al.[41] One of the earliest and most 

popular compounds used for direct conjugation from this work was 

(benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 

(BOP). BOP allows for in situ formation of activated esters such as 

hydroxybenzotriazoyl esters (HOBt). The reaction is very effective and efficient. 

However, it has a major disadvantage in that the hexamethylphosphoramide 

(HMPA) by-product, a phosphoric acid amide derivative, is highly toxic and 

carcinogenic. Whilst the reagent can be used in small amounts, for large scale 
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industrial purposes this is not viable, therefore alternate salts were sought. One 

alternative was benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) which offers all of the advantages of BOP, with 

less pernicious by-products (Scheme 1.2).  

 

 

Scheme 1.2: Reaction mechanism showing peptide synthesis using 

benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) 

as a coupling reagent. AA represents an amino acid. 

 

The coupling reaction proceeds through the formation of an ester in the 

presence of a tertiary base, such as Hünig’s Base (diisopropylethylamine, 

DIPEA) or N-methylmorpholine (NMM). Tertiary amines generate the 

carboxylate anion (RCOO-) which attacks the phosphorus on the coupling 

species (BOP/PyBOP). The ester formed is then attacked by the amine of a 

second amino acid to form the amide bond. Hydrogen bond stabilisation on the 

intermediate compound helps to form the final product. It has been found that 

the addition of HOBt accelerates the coupling process. 
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1.3.3. Chloroformate coupling 

 

Chloroformate coupling is a well-known, widely used coupling technique used 

for peptide synthesis. Use of alkyl chloroformates was first proposed in the 

early 1950s[42]. It became widely used due to its speed, high yielding reactions, 

and purity of its products. The reaction proceeds first through the formation of a 

mixed anhydride, where the carboxyl group has been activated. This step 

conventionally takes place in the presence of a tertiary amine base, such as 

NMM. It is the mixed anhydride that is able to react with the desired amine [24, 43] 

(Scheme 1.3). However, it is possible for side reactions to occur. One such 

reaction is another acylation of the amine from the carbonate carbonyl carbon. 

  

 

Scheme 1.3: Reaction mechanism showing peptide synthesis using 

isobutylchloroformate (IBCF) as a coupling reagent. AA represents an amino 

acid. 

 

This can lead to the starting amino acid being liberated at the end of the 

reaction[44]. It is noted that the side-reaction is scale dependant and therefore is 

not observed at lower concentrations of peptide or coupling reagent. 

Furthermore, the by-product, a urethane, is easily removable when formed. The 

bulky tert-butyl group in isobutylchloroformate decreases the extent of 

side-reactions[45], thus making peptide synthesis more reliable[46]. Minimisation 

of by-products, ease of reaction, and simple work-up, render IBCF an attractive 
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tool for peptide coupling. It is for these reasons that IBCF was chosen for 

peptide coupling in this project, and also why it was investigated for 

polymer-peptide coupling for the first time.  

 

1.3.4. Other coupling methods 

 

Acyl chloride coupling is perhaps the easiest and most economical method of 

forming the amide bond[47]. The reaction involves converting the carboxylic acid 

group of one of the amino acids to an acyl chloride group. This can be achieved 

using reagents such as oxalyl chloride (COCl)2, thionyl chloride SOCl2, or 

phosphorus chlorides, PCl3 and PCl5 (Scheme 1.4).  

 

 

Scheme 1.4: Reaction scheme of acyl coupling of amino acids. AA represents 

an amino acid. 

 

While this method is direct and relatively easy, there are several drawbacks 

associated with it[48]. Firstly, the production of HCl causes problems when using 

acid-sensitive peptides, such as Boc-protected amino acids. Secondly, the 

initial carboxylic acid conversion step results in the formation of toxic 

by-products (the exact nature depending on the reagent used), such as carbon 

monoxide or sulfur dioxide.  
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1.4. Protecting group strategy 

 

A protecting group strategy is necessary to control or direct a reaction and to 

prevent product mixtures that can arise when using multifunctional reagents. 

This approach is also necessary because a functional group in a molecule may 

interfere with the reaction of another functional group in the same molecule, 

leading to undesirable products[49]. In the case of synthetic polymers, it is 

possible to incorporate a protecting group during initial 

synthesis/ polymerisation. For example, monomethoxy-poly(ethylene oxide) is 

normally synthesised via anionic polymerisation. By occupying one of the 

hydroxyl groups of PEO, it effectively allows for only one possible modification 

site; the remaining hydroxyl group. Such a “protection”, whilst useful, is not 

easily reversed post-synthesis. 

 

Peptides are at least bifunctional and can therefore react with each other or an 

appropriate substrate in several different ways. Furthermore, each amino acid 

is able to react with the same species of amino acid (e.g. glycine can react with 

glycine), due to the reactivity of the end groups. It is very important when 

synthesising peptides that the sequence of amide bonds is formed in the 

correct order, and the correct orientation, otherwise the functional effectiveness 

of the final peptide may be affected. Although there are many different 

protecting group strategies possible, in practice only a few are actually used. 

Merrifield defined and developed the first known instance of orthogonal 

protection, whereby deprotection of multiple protected functional groups takes 

place sequentially, with each step not affecting any of the other groups in the 

molecule[50].  

 

1.4.1. Carboxylic acid group protection 

 

Carboxylic acid groups are usually protected by converting them into esters, 

such as methyl esters or benzyl esters. tert-Butyl esters are correspondingly 

more stable than both methyl and benzyl esters due to steric and electronic 

effects. Consequently, the protected functional group is tolerant to both 

nucleophilic and basic attack. It should be noted that some susceptibility to 
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basic attack is required as this is the route used for removal of the protecting 

group. Protection by esterification is widespread, most likely because esters are 

readily introduced by simple SN2 chemistry, such as using methanol in the 

presence of an acid (Scheme 1.5). Subsequent removal of the ester protecting 

group can be performed by treatment with an aqueous base, such as sodium 

hydroxide or lithium hydroxide. 

 

 

Scheme 1.5: Reaction scheme showing introduction of tert-butyl protecting 

group to the carboxylic acid end of an amino acid. AA represents an amino 

acid. 

 

The tert-butyl group can be removed using trifluoroacetic acid (in solid and 

solution phase) or HCl (solution phase only). It should also be noted that in 

SPPS, the carboxylic acid is protected by virtue of being linked to the solid 

support or benzyl ester linker. Further, glutamic acid and aspartic acid which 

both have two carboxylic acid groups require a slightly different strategy. 

Selective protection can be carried out by forming an intramolecular anhydride 

between the internal two carboxylic groups. Other routes for deprotection 

include the use of zinc chloride which deprotects tert-butyl and methyl esters[27]. 

 

1.4.2. Amino group protection 

 

Two main amine protecting group strategies are employed. The first strategy 

involves conversion to an amide derivative, of which tert-butoxycarbonyl (Boc) 

amide is one of the most widely practised strategies. It is not possible to use 

Boc-Cl as the resulting reagent is unstable[51]. Instead, the anhydride form is 

used (Boc2O). The amine group undergoes a nucleophilic substitution reaction 

under basic conditions (such as in the presence of bicarbonate) with 

di-tert-butyl carbonate, which results in a bulky acyl group being added to the 

molecule (Scheme 1.6). Deprotection can take place using a strong acid such 
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as trifluoroacetic acid (TFA). Although this method is widely used, it does have 

drawbacks, such as the somewhat harsh deprotection conditions, and the 

susceptibility of the protecting groups to react with other reagents (e.g. acids).  

 

 

Scheme 1.6: Reaction scheme showing introduction of tert-butoxycarbonyl 

protecting group to the amine end of an amino acid. AA represents an amino 

acid. 

 

To overcome problems associated with Boc protection, other strategies were 

developed with milder conditions and shorter reactions times. 

Fluorenylmethoxycarbonyl chloride (Fmoc-Cl) is considered as an excellent 

alternative to BOC protection. Fmoc contains a large heterocyclic aromatic 

system with an acid chloride group. The acid chloride allows for substitution of 

an ester to form the carbamate which is used for amine protection. Scheme 1.7 

illustrates the mechanism of protection using Fmoc. Removal of the Fmoc 

group is undertaken using a mild base such as piperidine in dimethylformamide. 

A side product, dibenzofulvene, is formed during deprotection which can easily 

be removed by filtration. Fmoc protection is the premier technique used in solid 

phase peptide synthesis (SPPS). BOC protection cannot be used in SPPS due 

to the acid labile benzyl ester linker, which would be cleaved during 

deprotection of BOC, whereas the mild basic conditions required for Fmoc 

deprotection does not affect this linker.  

 

 

Scheme 1.7: Reaction scheme showing introduction of the 

9-fluorenylmethoxycarbonyl protecting group to the amine end of an amino 

acid. AA represents an amino acid. 
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1.4.3. Disadvantages of a protecting group strategy  

 

The use of protection/deprotection chemistry is widespread and considered an 

essential part of synthetic chemistry, and especially peptide synthesis. 

However, protection and subsequent deprotection are additional steps in the 

overall synthetic scheme, and result in a reduction of the final yield. It may also 

not be possible to stop the reagents involved in the protection/deprotection 

steps associating with the target compound. For example, TFA is noted to 

associate with peptides, and can be difficult to remove. Such details should be 

taken into account when planning synthesis involving protection. 

 

1.5. Polymer-peptide conjugates 

 

Many biological entities, e.g. oligonucleotides [21], saccharides [22] and lipids [23], 

have been investigated for conjugation with synthetic polymers, but it is amino 

acid-containing species as conjugates which have received the majority of 

attention[52]. Polymer-peptide conjugates (PPCs) are hybrid materials which 

covalently combine peptide sequences with synthetic polymer chains 

(Figure 1.6). There has been a great deal of interest in the last twenty years or 

so on the combination of biological and synthetic polymers with a wide range of 

applications.  

 

 

The use of peptides allows for the incorporation of properties such as 

biocompatibility, bioactivity and self-assembly [53-56], whilst the synthetic polymer 

component in these materials allows control of physical and chemical 

Figure 1.6: A cartoon schematic of a polymer-peptide conjugate. 
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properties, such as solubility, mechanical properties, viscosity and smart 

behaviour. It has also been shown that the use of synthetic polymers can 

prolong the lifetimes of materials in the body[57]. Supramolecular organisation of 

asymmetric polymer-peptide molecules offers a gateway to tailor-made 

materials suitable for a wide range of applications. 

 

There are examples of biological polymer-synthetic polymer conjugates for drug 

delivery, where the biological entity itself may be the active species, i.e. a drug 

or pro-drug. The delivery of the peptide via this method is the essence of the 

Ringsdorf model of drug delivery[19], which can be traced back to a landmark 

paper in 1975[58]. Alternatively, the peptide may be used for therapeutic 

targeting, for example via biorecognition of the peptide motif [59, 60]. It is 

generally noted that the greater the length of the amino acid chain, the more 

expensive the cost of synthesis. This is due to the increased number of 

synthetic and purification steps, and is even more of a concern when 

considering commercial processes. Therefore control of self-assembly with the 

lowest number of amino acids is favourable[61]. 

 

Jatzekewitz[62] published a report in 1954, on what is thought to be the first 

successful PPC, which sparked a steady interest in the area for the following 

30 years. However, in recent years the interest in PPCs has exploded as their 

potential applications have become realised. This activity was increased further 

with incredible advances in coupling mechanisms and other synthetic 

strategies[63]. New materials are being produced with greater fidelity, greater 

purity and novel properties, which leads to an even broader range of potential 

applications.  

 

One of the most interesting properties of these conjugates is their ability to 

self-assemble to form complex three dimensional networks. These networks 

can entangle to form an array of nanostructures [64], which are physically-bound 

owing to the propensity of the peptide units to aggregate. PPCs have a wide 

range of applications, such as bio-sensors, artificial enzymes and photonic and 

nano-electronic devices[17]. Notably, PPC hydrogels have been used as 

scaffolds for tissue engineering and regeneration. 



42 
 

1.6. Poly(ethylene oxide) and pegylation 

 

1.6.1. Poly(ethylene oxide) 

 

Of all the synthetic polymers available for conjugation to biological entities, 

perhaps none have received more attention[52, 65] than poly(ethylene oxide) 

[PEO, commonly abbreviated as PEG, originating from poly(ethylene glycol)]. 

The general structure of the polymer is shown in Figure 1.7. Anionic or cationic 

polymerisation is the method of synthesis depending on what type of catalyst is 

used[66-68].  

 

 

Figure 1.7: Structure of poly(ethylene oxide). 

 

Since the early 1970s PEO has been the focus of conjugation efforts with 

biological molecules, to produce a material with therapeutic action in vivo. The 

reason for the high usage of PEO lies with the properties that it confers to the 

conjugate material. One such example is its lack of immunogenicity and 

antigenicity[69, 70]. This “invisibility” to the immune system allows PEO-coupled 

compounds to be transported within the body whilst minimising the chance of 

an immune response. Other beneficial properties of PEO include general low 

toxicity, and high degree of solubility in a range of solvents, both aqueous and 

organic. Many of these conjugate compounds are conveyed into the body in 

solution, and so addition of PEO results in the hydrodynamic volume also 

increasing. These properties prolong the lifetime of the conjugated material in 

the body by either reducing immune attack and by reducing renal clearance. In 

summary, PEO is non-toxic, non-immunogenic, water soluble, inexpensive, 

biocompatible, has well known physico-chemical properties[71], and is Federal 

Drug Agency (FDA) approved for general use[72]. 
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1.6.2. PEGylation 

 

The term PEGylation was first used by Abuchowsky in the 1970s whose papers 

described enzyme modification[73-75]. This was highly important as it proved that 

it was possible to modify enzymes whilst maintaining enzymatic activity. 

Subsequently, PEGylation expanded exponentially with a wide range of 

conjugation methods available. It is now possible to modify selected single 

amino acids using an appropriate PEO or PEO-derivative. Unfortunately, 

PEGylation of proteins is often accompanied by some loss of biological activity. 

However, this is compensated for by the prolonged times in the body, as a 

result of the increased stability, higher hydrodynamic volume and being 

surrounded by water molecules[76].  

 

PEO itself is a bifunctional polymer, which if involved in a coupling reaction 

would result in a mixture of products being formed. Accordingly, monomethoxy-

poly(ethylene oxide) (mPEO) is used as there is only one active end of the 

polymer, resulting in a cleaner overall reaction. Furthermore, modification of the 

unhindered hydroxyl group allows for the synthesis of more reactive 

monofunctional mPEO adducts, such as mPEO-NH2, mPEO-COOH and so 

forth.  

 

In 1990, PEO-adenosine deaminase (PEG-ADA) was approved by the FDA for 

therapeutic use. 

 

1.6.3. Drawbacks of poly(ethylene oxide) and its derivatives 

 

Whilst the advantages of using PEO and its derivatives have been noted, there 

are several limitations that should be discussed. Whilst the reduction in renal 

clearance is advantageous in prolonging the lifetime of the substrate, it is 

apparent that metabolic clearance decreases as molecular weight increases; 

PEO will not be able to be able to pass through the Bowman’s capsule and thus 

will not be excreted through urine if it is above a certain weight[77]. In this 

instance, PEO would accumulate in the liver and be removed from the body by 

biliary excretion[78]. During this time the substrate remains in the body and can 
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lead to adverse effects. This issue of clearance of PEO is problematic as 

long-term excretion studies have not been carried out[79]. The molecular weight 

threshold at which this occurs has not been fully determined as the 

hydrodynamic volume of PEO is increased in solution by a large factor. In vivo, 

whilst PEO is generally immune silent, it is still susceptible to enzymatic 

degradation, and is also still susceptible to degradation by radiation thus 

affecting overall activity and lifetime. Furthermore, dermal administration of 

PEO can trigger allergic reactions, for example when used in dentifrice[80].  

 

It should also be noted that the synthetic nature of PEO means that there will 

be a molecular weight distribution (termed polydispersity, PDI or molar mass 

dispersity, Mw/Mn), in which the polymer is actually made up of many chains of 

varying length. Synthetic advances allow for the production of PEO with a 

significantly lower polydispersity than previously available; however the effect 

can only be minimised not eliminated. Polydispersity in itself is not a 

disadvantage, however the differing lengths of polymer may have varying 

biological properties, the most important being immunogenicity and clearance. 

With higher molecular weight compounds (e.g. proteins, carbohydrates) 

coupled to PEO, the impact of this issue is reduced as the size of the PEO is 

less relevant. Conversely, low molecular weight conjugates, such as 

short-chain peptides, are more dependent on the PEO size characteristic. Also, 

in mPEO a small amount of diol (i.e. PEO) could also be present, potentially 

affecting the final conjugation product.  

 

It can be seen that PEO is an extremely useful polymer, with advantageous 

properties that can be conferred to the desired substrates for prolonged lifetime 

in the body. PEO can be used to control the self-assembly of materials by 

affecting the hydrophilic/hydrophobic balance 

 

1.7. Polymer-peptide conjugation strategies 

 

The ability to choose a specific sequence of amino acids, alongside a range of 

synthetic polymers, allows for the design of various morphologies and 

materials, such as fibres[25, 32-34], three-dimensional hydrogels[35, 38, 39], 
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nanosponges[40, 41], microgels/nanogels[42, 81], vesicles[82] and micelles[83]. 

Peptide motifs allow self-assembly to occur in a manner in which the structural 

arrangements are well-defined, and in which the resulting properties are more 

controllable.  

 

It should be noted, however, that amino acid and monomer selection design 

rules are not entirely straightforward, as structural analogues often behave very 

differently and are hugely affected by purity[30]. There is also a need to consider 

the effect of the species which are used in the synthesis of PPCs as these have 

been shown to affect hydrogel formation. For example, the protecting species 

fluorenylmethoxycarbonyl (Fmoc) is known to impact upon the formation of 

hydrogels[84].  

 

There are many methods employed for the synthesis of the precursor peptides 

(i.e. amino acid coupling strategies) and polymers (i.e. polymerisation 

techniques) for use in PPCs which are beyond the scope of this thesis and are 

detailed in the literature. Conjugation strategies fall into two distinct 

approaches: convergent and divergent. A convergent approach involves both 

building blocks being synthesised separately and then joined via an additional 

ligation step. By contrast, a divergent approach entails either the modification of 

the peptide or polymer block allowing ‘growth’ of the other component from the 

first functional unit. Section 1.7.1 details convergent strategies, whilst Section 

1.7.2 details divergent strategies. Figure 1.8(a-d) illustrates some of the most 

common coupling methods used to synthesise PPCs via a convergent 

approach, whilst Figure 1.8e demonstrates an example of a divergent 

approach.  
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1.7.1. Convergent strategies (direct conjugation)  

 

There are a range of methods available for introducing peptide sequences to 

synthetic polymers. Coupling can take place either in solution or solid phase. 

When dealing with peptides, most experimentalists tend to favour the solid 

phase approach for the peptide synthesis, and then carry out conjugation in 

either the solid or solution phase. The following section provides examples of 

Figure 1.8: Some of the most common convergent strategies used to synthesise 

polymer-peptide conjugates; (a) Succinimide coupling, (b) Schiff base coupling, (c) 

Azide-alkyne click chemistry, and (d) Thiol-maleimide coupling. (e) An example of a 

divergent approach synthesising an amino acid sequence from a polymer support. 
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common coupling methods used to link polymers to peptides; (i) succinimide, 

(ii) Schiff base, (iii) click chemistry, and (iv) thiol-maleimide. Complementary 

group conjugation is one of most prevalent routes for coupling reactions. This 

approach involves exploitation of the reactivity of the amine (N-terminus) or 

carboxylic acid group (C-terminus) of the peptide, and the end group of the 

synthetic polymer which can be functionalised during, or post, polymer 

synthesis. Further, any side groups with appropriate functionality can be 

targeted as potential conjugation sites.   

 

1.7.1.1. Succinimide 

 

A good example of complementary group conjugation is demonstrated using              

N-hydroxysuccinimide functional polymers (Figure 1.8a). Succinimidyl esters 

react readily with amines and are especially useful as they can couple to either 

the terminal amine group of a peptide, or be directed to an amine side group (in 

lysine-containing amino acid sequences, for example) by using a protecting 

group strategy. Polymers can be functionalised with succinimidyl esters, such 

as succinimidyl carbonates, with relative ease, and many are commercially 

available, with monomethoxy-poly(ethylene oxide) derivatives being the most 

commonly used  polymers for PPCs[70]. Further, it is also possible to modify the 

peptide to include a succinimidyl moiety, and then directly couple this to an 

appropriately functionalised polymer[85]. Alternatively, benzotriazoles can be 

used, as they behave in a similar manner. Whilst the succinimidyl esters have 

wide use, conjugating PEO-succinimidyl succinate introduces a second ester 

group into the polymer backbone[69, 86]. After conjugation to a peptide, this group 

remains in the final conjugate and is highly susceptible to hydrolysis, which 

would result in detachment of the PEO and the loss of its beneficial properties. 

This applies to all conjugates containing readily hydrolysable groups, and must 

be considered during synthesis and conjugation, depending on their intended 

application.    
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1.7.1.2. Schiff base 

 

Modifying the polymer end group to an aldehyde affords another potential 

conjugation route[63, 87] (Figure 1.8b). The coupling of the polymer-aldehyde 

derivative and peptide results in the formation of a Schiff base, which, when 

treated with a reducing agent (such as sodium cyanoborohydride), produces an 

amine (or an amide depending on the R group). Roberts reported work 

describing the partial selectivity of mPEO-propionaldehyde by modifying the 

pH[69, 88]. This resulted in the aldehyde group preferentially reacting with the 

N-terminal amine, due to the more acidic nature of the α-amine in comparison 

with other nucleophilic species.  

 

1.7.1.3. Click Chemistry 

 

Click chemistry is used to describe a set of orthogonal reactions amongst which 

is the widely reported copper-catalysed Huisgen reaction between azides and 

alkynes (Figure 1.8c)[89-97]. Click chemistry is noted for its robustness, 

insensitivity to a wide variety of functional groups, reliability, and ease of 

purification. This area of bioconjugation has received a large amount of 

attention. For example, van Dijk and co-workers[98] reported the conjugation 

between alkyne functionalised-PEO and azide-functionalised 

alanyl-phenylalanyl-lysyl-(2-azidoethyl)-amide, in which the conjugation took 

place in the presence of sodium ascorbate and copper (II) sulfate. Tzokova et 

al. reported the synthesis of short chain of PEO-peptide conjugates using click 

chemistry, but unlike the previous example, the peptide was modified to include 

the terminal alkyne group[99].  

 

The major disadvantage of this approach is the catalyst system, which most 

commonly contains copper. This presents a problem for a system required to 

interact in a biological environment and, as such, materials need to be 

extensively purified to ensure no toxic contaminants remain. Furthermore, the 

affinity for amino acids to complex with metals[100] means that the conjugation 

rate is affected and the purification is difficult.  
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1.7.1.4. Thiol-maleimide 

 

Another common coupling strategy that could be considered a “click” reaction 

exploits the reactivity of the side group in cysteine; the thiol. The vinyl or allyl 

group(s) in maleimides can react with the thiol group in an addition reaction to 

form a stable carbon-sulfur-carbon linkage (Figure 1.8d). Cysteine, like lysine, 

can be engineered into the peptide sequence during synthesis. However, there 

is the potential problem of forming disulfide bridges, which are generally 

susceptible to degradation in a biological environment[101]. Further, the 

maleimide moiety can be hydrolysed and undergo ring opening to form maleic 

acid. 

 

1.7.2. Divergent strategies 

 

It is possible to use a divergent strategy to synthesise PPCs where a sequence 

is built up from a polymer substrate (Figure 1.8e) or a polymer grown from a 

peptidic macroinitiator. Consequently, the following section is divided into two: 

peptide growth from polymers (Section 1.7.2.1), and polymer growth from 

peptides (Section 1.7.2.2). However, it should be noted that the latter approach 

is only possible (to date) using radical polymerisation systems due to their 

tolerance of biological groups, with the two most common controlled radical 

polymerisation (CRP) techniques being reversible addition-fragmentation chain 

transfer polymerisation (RAFT)[102], and atom transfer radical polymerisation 

(ATRP)[103, 104]. 

 

1.7.2.1. Peptide growth from polymers 

 

There are a group of commercial resins that have PEO preloaded via an 

acid-labile linker (benzyl ester). The length of the peptide chain, however, 

heavily determines the solubility of the conjugate and makes isolation 

difficult[52]. For example, Hentschel reported a conjugation involving bound PEO 

and free amino acids. Here the PEO was part of a Tentagel-PAP resin, and was 

functionalised with a terminal amine group[105]. Protected amino acids were 

directly conjugated to this group through standard Fmoc and DCC 
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chemistry[106]. The newly formed PPC was then cleaved from the resin using 

TFA (Figure 1.8e). Using a resin makes isolation and purification easier, 

however scaling up can be more difficult due to associated costs (as discussion 

in Section 1.2). 

 

1.7.2.2. Polymer growth from peptides 

 

Monomer can be polymerised from a peptidic macroinitiator system, also 

referred to as a “grafting from” approach. This allows for easier purification as 

only unreacted reagents will need to be removed, as opposed to the “grafting 

to” method, in which the unreacted reagents may include the presynthesised 

polymer, peptide and coupling reagents. CRP provides a useful approach 

toward the formation of well-defined polymers from peptidic initiators. CRP is 

commonly used in the synthesis of PPCs, either in the solution or solid phase, 

with the former favoured due to lack of control in the latter[107]. One of the 

greatest advantages of the CRP techniques arises from the ability to 

predetermine the functional groups on the chain end of the polymers via 

selection of appropriate functional reagents (e.g. initiators or chain transfer 

agents, CTA) or through post-polymerisation modification. Whilst such 

techniques are commonly exploited to produce functional polymers for 

conjugation (via the “grafting to” method), this part of the thesis focuses on CRP 

using peptidic initiators/CTAs only.  

 

1.7.2.3. Atom transfer radical polymerisation 

 

Atom transfer radical polymerisation is a controlled free radical polymerisation 

technique that is mediated by a transition metal catalyst complex. The catalyst 

complex establishes equilibrium between propagating polymer radicals and 

dormant chains. Dormant chains are capped with a halogen atom (such as Cl 

or Br), which is transferred during activation. ATRP has been used in the 

synthesis of a whole host of designer materials, including polymer brushes[108-

113], pH-responsive vesicles[114, 115], hybrid nanoparticles[116], non-fouling gold 

surfaces and many macromolecules used in biomedical applications[117]. Since 

the discovery of ATRP there has been an evolution of the technique to 
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overcome some of its initial drawbacks. These newer protocols include 

AGET[118], ARGET[119], and ICAR[120]. 

 

There are numerous examples of peptide-based ATRP initiators in the 

literature. One particular example by Rettig et al.[107] focussed on the synthesis 

of a peptide macroinitiator which was used to prepare peptide-poly(n-butyl 

acrylate). Oligopeptide synthesis was performed using standard SPPS 

protocols[106] with the ATRP initiating group introduced at the terminal amine of 

the oligopeptide. This was followed by cleavage from the solid support. The 

oligopeptide macroinitiator initiated the polymerisation of nBA in degassed 

DMSO at 60°C, with a CuBr/CuBr2/PMDETA catalyst system. CuBr2 helped to 

mediate control of the reaction and PMDETA ensured that the amine groups 

(which can act as multidentate ligands) of the oligopeptide did not associate 

with the copper complex. This effect was observed when the authors increased 

the peptide concentration; a decrease in the overall rate of polymerisation was 

observed. GPC analysis of the final product revealed a molar mass dispersity of 

1.19, highlighting a good level of control. Adams and Young[121] used a small 

family of oligopeptide-based initiators to polymerise 2-(diethylamino)ethyl 

methacrylate and tert-butyl methacrylate. The initiators were prepared from the 

free N-terminus of a series of short (1 to 4 amino acids) oligo(phenylalanine).  

 

1.7.2.4. Reversible addition-fragmentation chain transfer 

 

RAFT polymerisation is a controlled free radical polymerisation in the presence 

of a CTA, typically based on a dithioester. The CTA, commonly referred to as a 

RAFT agent, allows the polymer chain to retain a functional end-group 

post-polymerisation. There are a vast number of examples where a peptide 

moiety is used as the CTA. Hentschel et al.[122] reported the synthesis and 

self-assembly of a PPC via RAFT polymerisation. The peptidic transfer agent 

(i.e. the CTA) was prepared in a two-step process. Firstly, a resin-bound 

peptide was modified with a terminal amine group. The oligopeptide was then 

subsequently reacted with dithiobenzoate to form the CTA. Subsequently, the 

peptidic CTA was cleaved from the support using TFA in DCM and used to 

polymerise n-butyl acrylate. The final PPC had a molar mass dispersity of 1.29 
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indicating relatively good control of the polymerisation process. Furthermore, 

this highlights the tolerance of RAFT with respect to complex, multifunctional 

peptide structures. 

 

1.8. Hydrogels 

 

Hydrogels are three-dimensional structures comprised of a water phase 

immobilised by a scaffold[64]. Due to their similarity to hydrated body tissues, 

hydrogels are widely used as biomedical and pharmaceutical materials. The 

three-dimensional structures of hydrogels are networks of polymer chains which 

are held together by chemical or physical bonds. Chemically-bonded hydrogels 

are held in place by irreversible covalent bonds linking the polymer chains 

together. Physically-bonded hydrogels, on the other hand, are held together by 

reversible interactions such as molecular entanglements, ionic forces, π-π 

stacking, hydrogen bonding, and van der Waals forces. Self-assembly into such 

supramolecular constructs occurs under favourable conditions. Formation 

through non-covalent interactions leads to the spontaneous organisation of 

molecules into well-defined arrangements[123]. Such hydrogels have advantages 

over chemically-bonded hydrogels for delivery applications. Most notably, 

physical bonding is reversible, meaning that these hydrogels can potentially be 

rendered injectable (via a gel-sol-gel transition during injection).  

 

1.8.1.  Polymer-peptide conjugate hydrogels 

  

Polymer-peptide conjugate (PPC) hydrogels are physically-bonded networks 

capable of imbibing large quantities of water. As with proteins, the physical 

bonding can lead to secondary structure formation, e.g. α-helices and β-sheets, 

which can lead to tertiary structure formation. Advantages of using PPC 

hydrogels for biomaterials include the combination of the best properties of 

peptides and those of synthetic polymers[124]. The peptide component provides 

increased functional control, well-defined homogeneous hierarchical structures, 

consistent mechanical properties, and supportive folding/unfolding 

transitions[124, 125]. It is the peptide component that drives the self-assembly in 

these materials. Synthetic polymers can provide enhanced biocompatibility (e.g. 
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non-reactivity, low clearance times), enzymatic degradation resistance and 

adaptability. The combination of peptides and synthetic polymers can provide 

materials with properties superior to those of the individual components[124]. 

Common methods of self-assembly to give PPC hydrogels include; solvent 

exchange, direct rehydration, temperature-switch, and salt-triggered processes. 

Various structures can be obtained depending upon the conditions of assembly, 

e.g. temperature, solvent, or molar ratio of polymer to peptide.  

 

1.9. Electrospinning 

 

The process of electrospinning has been known since the beginning of the last 

century, however it only began to receive significant interest in the early 90s 

when nanotechnology came to the forefront of research[126]. Interest in the 

production of one-dimensional nanostructures has increased dramatically since 

their first introduction, due to the unique properties that occur at the nanoscale 

level. This allows for the creation of structures such as carbon nanotubes[127], 

conductive nanowires, and polymer nanofibres[128]. Nanofibres are incredibly 

useful as their surface area-to-volume ratio is vast.  

 

Electrospinning is a technique which involves the transformation of a 

conductive fluid into fibrous structures, ranging in diameter sizes from 

microscale (10-6 m) to the nanoscale (10-9 m). A conductive solution is used, 

which consists of the required material dissolved in an appropriate solvent or 

co-solvent system. Electrospinning is an effective approach to construct 

nanofibres[129]. The diameter of such materials can be reduced to as low as a 

few nanometres, with the aid of electrostatic forces. Typical materials that can 

be electrospun into nanofibres include polymers, material composites, 

semiconductors, and ceramics. Polymers are among the most spun materials. It 

has been found that fibres formed from melts and composites have a larger 

diameter than those produced from solutions. Fibres are formed in 

electrospinning when a viscoelastic material is stretched along one axis 

(uniaxial). As spinning is performed, electrostatic forces are responsible for 

stretching the solution as it begins to solidify. Simultaneous expulsion of the 

viscoelastic solution from the aperture will be continuous as long as sufficient 
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solution is present, thus it can be noted that the process of electrospinning is 

continuous[129]. There are several parameters that control diameter of the fibres 

including voltage, solution viscosity, concentration, conductivity, tip-to-collector 

distance, secondary fields, and humidity[130].  

 

The conventional procedure for electrospinning polymers involves the expulsion 

of a viscous polymer solution from an appropriately narrow aperture, such as a 

syringe needle forming a droplet. An electric field is applied to the system. The 

suspended droplet of solution on the tip of the aperture is distorted into a cone 

shape, through the production of a surface charge. This distorted cone is known 

as a Taylor cone (first described by Sir Geoffrey Ingram Taylor)[131]. As the 

voltage gradually increases, the surface tension of the droplet is overpowered 

by the electrostatic repulsion of surface charges, and the solution is expelled 

from the tip of the Taylor Cone[132].  

 

Electrostatic atomisation then occurs, where the solution leaves the needle and 

is dispersed into the electric field. Using water as a solvent is somewhat 

problematic as water has a relatively high electrical conductivity (σ) and is not 

easily atomised. Atomisation will only occur when the electrostatic field is strong 

enough to overcome the surface tension of the solution, causing the droplet to 

become unstable. The expelled stream travels, via the potential difference of 

the system, towards the earthed collector, forcing the solvent to evaporate into 

the atmosphere and undergo uniaxial stretching during which there is a 

decrease in the diameter of the fibre and an increase in length. This results in 

the deposition of solid polymer nanofibres on the collector[132].  

 

A typical small scale set-up merely comprises of a syringe, a power supply that 

can reach high voltages, and a collecting device, which can be as simple as 

aluminium foil. 

 

1.10. Polymer nanofibres 

 

A polymer nanofibre is defined by industry as any fibre that has a diameter of 

less than one micron (<1000 nm)[126]. Polymer nanofibre morphologies can 
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either be random, aligned, cross-aligned, sheaths, tubes, yarns, core/shell or 

tri-layer, all of which are dependent on the injection and collection procedures. 

Nanofibres are a new class of materials with potential uses in a wide range of 

applications, such as drug delivery, medical filtration, tissue engineering, and 

wound management (Figure 1.9). The high surface area to weight ratio is one 

of the key features that give these materials such advantageous properties over 

conventional fibres. Due to their small size, hollow nanotubes, which are 

smaller than erythrocytes, may be able to transport materials (such as drugs) 

around the body [133] or to targeted sites. Encapsulation with nanofibres allows a 

modicum of control with respect to delivery and release mechanisms. 

Nanofibres can also be used in wound management, where they can be 

incorporated into dressing and bandages, which can dissolve into the body 

once their task is completed. This helps to minimise blood loss and prevent 

infection.  

 

 

Figure 1.9: Example of applications of nanofibres, adapted from 

Huang et al.[132] 

 

At present, it is still somewhat expensive to produce nanofibres, in contrast to 

conventional fibres. This is due to the relatively low production rate and the 

higher cost of the technology involved (such as the electric field).  
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1.11. Aims 

 

Peptides serve a huge array of biological functions in humans. By coupling 

them with a synthetic polymer, namely poly(ethylene oxide), the potential for 

producing novel biocompatible materials with a wide range of potential 

biological uses is attractive. Such uses include targeted delivery of a 

non-compatible material, which has great potential in the pharmaceutical fields.  

 

The underlying goal of the project is to produce injectable gels from low 

concentrations of synthesised biocompatible materials and to create innovative 

nanofibrous fabrics. Such fibres will have a wide range of potential applications 

due to their higher surface area, which leads to higher activities and beneficial 

properties. 

 

To this end, a facile, reliable, and high yielding protocol for the production of 

polymer-peptide conjugates of monomethoxy-poly(ethylene oxide) and 

phenylalanine (F) has to be developed. This thesis describes various protection 

and coupling procedures investigated on a homologous family of peptides 

(i.e. F1, F2, F3, F4, and F5) and varying molecular weight polymers (350 Da, 550 

Da, and 750 Da). Construction of the conjugates is based around 

complementary group conjugation in solution, which will allow for 

industrially/commercially-relevant scale-up.  

 

Once a robust and reliable synthetic strategy had been developed for the 

creation of these polymer-peptide conjugate biohybrids, the further aim is to 

assess their propensity to self-assembly at the nanoscale into discrete 

nano-structures. This involves testing the materials in a range of solvents, and 

noting how solution concentration and solvent systems affect their behaviour. 

Directed self-assembly of these materials provides a method in which the 

product can be used in a biological setting through thixotropic behaviour. 

Therefore, the design rules for polymer-peptide conjugate self-assembly will be 

developed. 
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Finally, the production of nanofibres from these materials will be explored for 

the first time. Nanofibre fabrics of the novel PPC materials have the potential for 

use as wound dressings or organic electronics. Electrospinning will be required 

to produce such fibres, rendering it necessary to spin at different conditions to 

familiarise with the technique and to optimise the procedure for each 

parameter. To this extent a range of innovative materials will be spun to provide 

a good starting foundation before moving on to spin the peptide and conjugate 

materials. 
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2. Experimental 

 

Chapter 2 provides an overview of the synthetic steps undertaken in this work 

and is divided into subsections according to each reaction step shown in 

Scheme 2.1. A full discussion of each reaction including justification of 

reagents, is given in Chapter 3, with full characterisation data provided in the 

appropriate section. 

 

Scheme 2.1: General reaction scheme showing overall synthetic routes for the 

production of polymer-peptide conjugates. 
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2.1 Materials 

 

The reagents used for peptide and/or polymer coupling were 

isobutylchloroformate (IBCF, 98 %), N,N′-dicyclohexylcarbodiimide (DCC), 

(benzotriazol-1-yloxy)-tripyrrolidinophosphonium hexafluorophosphate (PyBOP, 

98 %), 4-methylmorpholine (NMM, 98 %) and 4-dimethylaminopyridine (DMAP), 

were all purchased from Sigma-Aldrich and used as received.  

 

Reagents used for protection were purchased from a range of sources. 

Piperidine (99 %) and bis-butyl-tin(VI) oxide (BBTO, 96 %) were purchased 

from Fisher Scientific, whilst lithium hydroxide (LiOH) was obtained from 

Sigma-Aldrich. Trifluoroacetic acid (TFA, 99 %) and the primary drying agent, 

anhydrous magnesium sulfate (MgSO4, 97 %) were acquired from VWR.  

 

N-(tert-Butoxycarbonyl)-L-phenylalanine (Boc-F1-OH) and L-phenylalanine ethyl 

ester (NH2-F1-OEt) were sourced from Fisher Scientific in the highest purity 

possible (99 %). Fmoc-phenylalanine (Fmoc-F1-OH) (98 %) was purchased 

from Sigma-Aldrich.  

 

Different molecular weight monomethoxy-poly(ethylene oxide) (mPEOn), i.e. 

350 Da, 550 Da, and 750 Da, were purchased from Sigma-Aldrich, and their 

molar mass distribution was assessed using gel permeation chromatography 

(GPC). Polystyrene (PS) and poly(ethylene oxide) (PEO) for electrospinning 

were sourced from Fisher Scientific in a range of molecular weights (100,000 

and 300,000 Da for PEO and 500,000 Da for PS). All other compounds were 

obtained in the highest purity possible from Fisher Scientific, Sigma-Aldrich, or 

VWR, as used without further purification unless otherwise stated in the 

relevant protocols.  

 

All solvents employed, supplied by Fisher Scientific, were laboratory reagent 

grade and used as received, unless otherwise noted. HPLC grade solvents 

were used during analysis by RP-HPLC. 
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2.2 Peptide Synthesis 

 

2.2.1. Synthesis of Boc-F(x+1)-OEt terminated peptide 3 using 

isobutylchloroformate 

 

Boc-Fx 1 (10.60 g, 40 mmol) was mixed with NMM (4.4 ml, 40 mmol, 4.04 g) in 

excess chloroform (at least 100 ml) at 0 °C and was stirred for ten minutes. 

IBCF (5.2 ml, 40 mmol, 5.46 g) was added dropwise to the reaction mixture. 

After stirring for a further ten minutes, Fy-OEt  2 (9.18 g, 40 mmol) was added to 

the solution, alongside a further addition of NMM (4.4 ml, 40 mmol. 4.04 g). The 

solution was allowed to warm to room temperature and stirred overnight. Water 

(3 x 100 ml) was then used to extract any water-soluble reagents, followed by 

successive washes with hydrochloric acid (3 x 100 ml, 0.2 M), sodium 

carbonate (3 x 100 ml, 0.2 M), and brine solution (3 x 100 ml). The collected 

organic (chloroform) layers were subsequently dried over magnesium sulfate, 

filtered, then concentrated under reduced pressure to yield a white powder 3 

(Boc-F(x+1)-OEt). This was dried overnight in vacuo (when x = 1, 16.71 g, 

38 mmol, 96 %).  

 

If further purification was required, the product was dissolved in minimal 

amounts of acetone and reprecipitated into cold diethyl ether. The precipitate 

was then filtered and dried in vacuo. 

 

2.2.2. Deprotection of Boc-F(x+1)-OEt 3 to produce NH2-F(x+1)-OEt 4  

 

Boc-F(x+1)-OEt 3 (16.71 g, 38 mmol) was dissolved in excess chloroform 

(>100 ml) and stirred at 0°C. To this solution, a small amount of trifluoroacetic 

acid was slowly added (10 ml, 14.89 g) and the solution left to return to room 

temperature and stirred overnight. Excess diethyl ether (>400 ml) was added to 

the solution to precipitate a white solid. The product 4 was collected by filtration 

and washed thoroughly with diethyl ether (at least 3 x 100 ml), then dried 

overnight in vacuo (when x = 1, 16.80 g, 37 mmol, 97 %). 
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2.2.3. Synthesis of Fmoc-F(x+1)-OEt  6 using isobutylchloroformate 

 

N-(9-fluorenylmethoxycarbonyl)-L-phenylalanine (Fmoc-Fx) 5 (15.48 g, 

40 mmol) was mixed with NMM (4.4 ml, 40 mmol, 4.04 g) in excess chloroform 

(at least 100 ml)  at 0°C and was stirred for ten minutes. IBCF (5.2 ml, 40 mmol, 

5.46 g) was added dropwise to the reaction mixture. After stirring for a further 

ten minutes, Fy-OEt 2 was added to the solution, alongside a further addition of 

NMM (4.4 ml, 40 mmol. 4.04 g). The solution was allowed to return to room 

temperature and stirred overnight. Water (3 x 100 ml) was then used to extract 

any water-soluble reagents, followed by successive washes with hydrochloric 

acid (3 x 100 ml, 0.2 M), sodium carbonate (3 x 100 ml, 0.2 M), and brine 

solution (3 x 100 ml). The collected organic (chloroform) layers were 

subsequently dried over magnesium sulfate, filtered, then concentrated under 

reduced pressure to yield an off-white powder 6 (Fmoc-F(x+1)-OEt).This was 

dried overnight in vacuo (when x = 1, 16.80 g, 37 mmol, 75 %).   

 

2.2.4. Deprotection of Fmoc-F(x+1)-OEt 6 to produce NH2-F(x+1)-OEt 4 using 

piperidine 

 

Fmoc-protected phenylalanine 6 was dissolved in excess chloroform (> 100 ml). 

To this solution piperidine (> 100 ml) was added in excess and the solution was 

left to stir at room temperature for several hours. The resulting solution was 

then washed thoroughly with water to remove any unreacted piperidine, leaving 

only the polymer-peptide conjugate and dibenzofulvene in the organic layer. 

Dibenzofulvene was removed by washing with 0.2 M sodium carbonate, and 

the organic layer was dried over magnesium sulfate. Chloroform was then 

removed under reduced pressure, and the product 4 dried in vacuo (see 

Chapter 3 for information regarding the yield).  

 

2.2.5. Deprotection of Fmoc-F(x+1)-OEt 6 to produce NH2-F(x+1)-OEt 4 using 

diazabicycloundec-7-ene 

 

Fmoc-protected phenylalanine 6 was dissolved in excess chloroform (> 100 ml). 

To this solution DBU (> 5 ml) was added in excess and the solution was left to 
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stir at room temperature for several hours. The resulting solution was then 

washed well with acetonitrile to remove any unreacted DBU. Aqueous and 

acidic soluble impurities were removed by washing with 0.2 M sodium 

carbonate, and the organic layers were dried over magnesium sulfate. The 

chloroform was then removed under reduced pressure, and the product 4 dried 

in vacuo (see Chapter 3 for information regarding the yield).  

 

2.2.6. Synthesis of N-Protected F(x+1)-OEt terminated peptide 3 or 6 using                         

N,N′-dicyclohexylcarbodiimide 

 

Protected peptide was dissolved in dichloromethane and stirred. To this 

solution a DMAP (5 mg) was added. Fy-OEt 2 was added at 0°C with NMM. If 

complete dissolution was not achieved additional NMM was added. The 

solution was stirred overnight at room temperature. Subsequently, the white 

precipitate that formed was filtered off and the filtrate was washed with water 

(3 x 100 ml), hydrochloric acid (3 x 100 ml, 0.2 M), and aqueous potassium 

carbonate (3 x 100 ml, 0.2 M). The collected dichloromethane layers were 

subsequently dried over magnesium sulfate, filtered, and then concentrated 

under reduced pressure. This resulted in a white solid 3 or 6, which was dried 

overnight in vacuo (when x = 1, yields ranged from 75-90 %).  

 

2.3. Preparation of carboxylic acid-functionalised monomethoxy-

poly(ethylene oxide) 8 

 

The following section describes the functionalisation of mPEOn with a 

number average molecular weight (Mn) of 350 gmol-1 as an example. This 

method is identical for all molecular weights of mPEOn used, with subtle 

differences highlighted where applicable. mPEOn 7 (6.3 g, 18 mmol, 1 eq.) was 

dissolved in acetone (300 ml) and stirred at room temperature. To this solution, 

108 ml Jones reagent was added at 0 °C. The Jones reagent consisted of CrO3 

(6.8 g, 67 mmol, 3.8 eq.), sulfuric acid (108 ml, 1.5 M). After stirring for 

5-10 minutes, the solution was allowed to return to room temperature. Following 

further stirring overnight, the solid waste was filtered off, and washed through 

with acetone; the resulting filtrate was combined with the reaction filtrate. 
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Acetone was removed under reduced pressure to yield a viscous liquid, to 

which sodium hydroxide (100 ml, 0.1 M) was added. Propan-2-ol was poured 

through the solid waste. 

 

Subsequently, the solution was washed with diethyl ether (at least 3 x 100 ml). 

Sulfuric acid (100 ml, 0.2 M) was added and then the product was extracted 

with dichloromethane (at least 3 x 200 ml). All of the collected organic layers 

were combined and dried with magnesium sulfate, filtered, and the 

dichloromethane removed under reduced pressure. The clear viscous product 8 

was dried overnight in vacuo. Yields ranged between 60 and 74 %, depending 

on the molecular weight of the mPEO starting material, which is discussed in 

detail in Chapter 3. 

 

2.4. Synthesis of polymer-peptide conjugates 

 

2.4.1. Synthesis of polymer-peptide conjugate 9 via isobutylchloroformate 

coupling 

 

NMM (1 eq.) was added to mPEOn-COOH 8 (1 eq.) in excess chloroform 

(100 ml) at 0 °C. IBCF (1 eq.) was then added to the reaction mixture and after 

stirring for 5-10 minutes F(x+1)-OEt 4 (0.7 eq.) and NMM (1 eq.) were added to 

the solution. After stirring overnight at room temperature, the solution was 

subsequently washed with water (3 x 100 ml), HCl (3 x 100 ml, 0.2 M), Na2CO3 

(3 x 100 ml, 0.2 M) and brine (3 x 100 ml). The organic layers were collected 

and dried over magnesium sulfate. Chloroform was removed under reduced 

pressure. The final polymer-peptide conjugate 9 was dried overnight in vacuo.  

 

Any impurities present after washing, were removed by dissolving in a minimal 

amount of THF and reprecipitating into excess petroleum ether. Silica gel 

column chromatography, with a DCM: methanol (20: 1) eluent was also used 

when necessary. 
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2.4.2. Synthesis of polymer-peptide conjugate 9 via 

N,N′-dicyclohexylcarbodiimide coupling  

 

mPEOn-COOH 8 (1 eq.) was dissolved in dichloromethane (> 20 ml). 5 mg of 

DMAP was added to the solution and was left stirring in an ice bath. 

F(x+1)-OEt 4 (0.85 eq.) was dissolved in dichloromethane (> 10 ml) and to this 

solution NMM (1 eq.) was added. This was then added to the mPEOn-COOH 

solution 8. Excess PEOn-COOH was used to ensure complete coupling 

reaction. Finally, DCC (1.05 eq.) was added to the solution which was left to stir 

overnight, returning to room temperature. The extent of stirring depends on the 

length of PEOn-COOH chain (see Chapter 3). Any precipitate formed overnight 

was filtered off and the solution was washed with water (3 x 100 ml), 

hydrochloric acid (3 x 100 ml, 0.5 M) and potassium carbonate (3 x 100 ml, 

0.5 M). The solution was then dried over magnesium sulfate, filtered and DCM 

was removed under reduced pressure to give the final product polymer-peptide 

conjugate 9 which was dried overnight in vacuo.  

 

2.4.3. Synthesis of polymer-peptide conjugate 9 via benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) coupling  

 

F(x+1)-OEt 4 (1 eq.) was dissolved in dichloromethane (> 30 ml). mPEOn-COOH 

8 (1 eq.) was added to the solution and left stirring. To this solution DIPEA 

(1.35 eq.) was added dropwise. Finally, PyBOP (1 eq.) was added to the 

reaction mixture which left to the stir for a further thirty minutes. The reaction 

was expected to turn from cloudy to a clear yellow solution over this duration. 

After stirring, the reaction mixture was concentrated to dryness in vacuo, and 

60 ml of diethyl ether was added. Precipitate was filtered and collected, then 

washed with additional portions of diethyl ether (at least 3 x 20 ml). The product 

was dried overnight in vacuo.  

 

2.5. Deprotection of carboxyl terminus 

 

It was not necessary to limit peptidic deprotections to the amine end. Although, 

it is normally easier to protect and deprotect the amine group(s), the carboxylic 
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acid group can also be deprotected allowing the resulting material to have 

end-group functionality (Scheme 2.2). There were four methods used for 

carboxyl terminus deprotection; three of which use lithium hydroxide (LiOH). 

Method One (Section 2.5.1) details LiOH deprotection at a moderately low pH, 

whereas Method Two (Section 2.5.2) takes place at a lower pH and at higher 

temperature. Finally Method Three (Section 2.5.3) is a faster reaction in which 

the addition of LiOH is spread over two stages. Section 2.5.4 details 

deprotections using a different reagent, known as bis[tri-n-butyltin (IV) oxide] 

(BBTO).  

 

 

Scheme 2.2: Reaction scheme outlining the synthetic route for deprotecting the 

carboxyl terminus of a polymer-peptide conjugate.  

 

2.5.1. Deprotection of the carboxyl terminus of polymer-peptide conjugate 9 

using lithium hydroxide (Method One) to yield conjugate 10 

 

LiOH (0.2 g, 8.3 mmol) was added to a solution of dissolved polymer-peptide 

conjugate 9 (1.3 mmol) in a mixture of THF: water (24 ml: 8 ml). After stirring 
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overnight, distilled water (100 ml) was added. This was followed by the addition 

of hydrochloric acid (1.0 M) drop wise until the solution reached pH 3. THF was 

removed under reduced pressure and the resulting white precipitate was 

washed well with water (3 x 100 ml) and petroleum ether (3 x 100 ml), and 

collected by filtration. The final product 10 was dried overnight in vacuo.  

 

To note, approximately 0.2 g of LiOH in 25-40 ml of solvent was required to 

obtain a high enough pH. After deprotection, water was added and if there was 

formation of precipitate, it was filtered at this stage. HCl was then added. If 

there was no precipitate formed, then THF was removed under vacuum to 

recover the product. 

 

2.5.2. Deprotection of the carboxyl terminus of polymer-peptide conjugate 9 

using lithium hydroxide (Method Two) to yield conjugate 10 

 

Polymer-peptide conjugate 9 (1.3 mmol) was dissolved in a solution of 

THF: water (24 ml: 8 ml). To this solution, lithium hydroxide (0.2 g, 8.3 mmol) 

was added and left stirring overnight. Distilled water (100 ml) was added to 

above solution followed by hydrochloric acid (1.0 M) drop wise, until pH 1.2 was 

reached. The solution was then heated in a water bath at 60 °C for three 

hours. THF was then removed under reduced pressure. Dialysis of the solution 

against distilled water was undertaken for up to four days before it was 

lyophilised.  

 

2.5.3. Deprotection of the carboxyl terminus of polymer-peptide conjugate 9 

using lithium hydroxide (Method Three) to yield conjugate 10 

 

Polymer-peptide conjugate 9 (1.6 mmol) was dissolved in THF: water 

(100 ml: 100 ml), lithium hydroxide (0.07 g, 10 wt%) was added and the solution 

stirred at room temperature. Two hours later, additional lithium hydroxide 

(0.1 g) was added to the mixture. The reaction was then quenched with two 

units (1 unit is 1.6 mmol) of 200 ml of hydrochloric acid and subsequently 

extracted with ethyl acetate (EtOAc) (2 x 250 ml) and dried over magnesium 
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sulfate (MgSO4). Ethyl acetate was removed under reduced pressure, and the 

product 10 dried in vacuo.  

 

2.5.4. Deprotection of the carboxyl terminus of polymer-peptide conjugate 9 

using  bis-butyl-tin(IV) oxide to yield conjugate 10 

 

Polymer-peptide conjugate 9 (0.5 g, 1.14 mmol) was added to a stirred solution 

of BBTO (1.16 ml, 2.27 mmol) in toluene (10 ml), and the mixture was heated at 

80 °C for at least 10 hours. Solvent was subsequently removed under reduced 

pressure and the resulting product was dissolved in ethyl acetate (10 ml) and 

extracted with aqueous sodium bicarbonate (3 x 10 ml, 5 %). The organic 

phase was washed with brine (3 x 10 ml), and dried over MgSO4. Product was 

filtered, concentrated under reduced pressure, and then dried overnight in 

vacuo. Benzene could also have been used as an alternative to toluene. In that 

instance, the mixture was then heated to 80 °C for at least 13 hours. The others 

steps of the process are identical to the toluene protocol.  

 

2.6. Polymer-peptide synthesis using unmodified monomethoxy-

poly(ethylene oxide)  

 

2.6.1. Polymer-peptide conjugate 11 synthesis using unmodified 

monomethoxy-poly(ethylene oxide) 7, via Steglich esterification 

 

Dichloromethane was distilled prior to use with calcium hydride. DCC was used 

was used as a 1.0 M solution in DCM; 0.89 ml of this solution was added. A 

100 ml round-bottom flask, equipped with a calcium chloride drying tube, was 

charged with Boc-Fx 1 (1 eq.), NMM (1 eq.), dry dichloromethane (40 ml), 

mPEOn-OH 7 (3 eq.), and 5 mg of DMAP. The solution was stirred and cooled 

to 0 °C while DCC (1 eq.) was added over a five minute period. After a further 

five minutes stirring at 0 °C, the ice bath was removed and the reaction mixture 

was further stirred for an additional three hours at room temperature.  

 

A urea derivative was the first precipitate that formed, and was removed by 

filtration, and the filtrate was washed with hydrochloric acid (2 x 25 ml, 0.2 M) 
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and saturated sodium bicarbonate solution (2 x 25 ml). Organic 

dichloromethane layers were collected and combined, then dried over 

magnesium sulfate, filtered, and concentrated under reduced pressure. The 

final product, polymer-peptide conjugate 11, was dried overnight in vacuo.  

 

2.6.2. Polymer-peptide conjugate 11 synthesis using unmodified 

monomethoxy-poly(ethylene oxide) 7 via Fischer esterification 

 

Boc-Fx 1 (1 eq.) was placed in a 50 ml round-bottom flask, to which three drops 

of sulfuric acid was added, and swirled until the peptide dissolved. mPEOn 7 

(1 eq.) and excess toluene (> 30 ml) were added and the flask was again 

swirled to thoroughly mix the reagents. A boiling stone was added, and the flask 

fitted with a Dean-Stark water separator and reflux condenser. The flask was 

heated so that toluene refluxed vigorously. Any water that was formed was 

collected in the trap. The mixture continued to be heated until no more water 

separated. 

 

The mixture was allowed to cool to room temperature, and then the solution 

was diluted with chloroform (10 ml). Subsequently the solution was washed with 

sodium carbonate solution (3 x 10 ml, 10 %), then with saturated sodium 

chloride (brine) solution (3 x 10 ml). The organic layers were collected, dried 

over magnesium sulfate, filtered, and concentrated under reduced pressure to 

yield the final product, polymer-peptide conjugate 11, which was dried overnight 

in vacuo. 

 

2.7. Gel Formation (Self-Assembly) 

 

Four methods were used to ascertain whether the synthesised product 

self-assembled on the nanoscale to yield gels. Method 1 (Section 2.7.1) 

focuses on behaviour in only distilled water, whereas Method 2 (Section 2.7.2) 

introduces a co-solvent, DMSO. Formation Method 3 (Section 2.7.3) is an 

extension of Method 2 at elevated temperature. Finally, Method 4 

(Section 2.7.4) introduces a greater range of solvent compositions.  
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2.7.1. Gel Formation Method 1 

 

10 mg of the polymer-peptide conjugate 9 was added to a sample vial, to which 

1 ml of distilled water was added (i.e. forming a 1 % w/v solution) and the 

solution was heated until the polymer peptide conjugate dissolved. The 

resulting solution was then left to stand at room temperature for approximately 

two hours and the vial was continually observed to note if there had any been 

gel formation. This was further tested by inverting the vial to see if the product 

was immobilised.  

 

2.7.2. Gel Formation Method 2 

 

10 mg of the polymer-peptide conjugate 9 was dissolved in dimethyl sulfoxide 

(DMSO) at room temperature (if the solution did not dissolve, more DMSO was 

added). To this, 1 ml of water was added and the solution was monitored for 

two hours. If the solution precipitated after the first few minutes, the experiment 

was deemed to have been unsuccessful, and was then repeated. Should a 

precipitate have formed after several hours then the process was continued 

overnight. The vial was observed to verify the presence of gel formation. This 

was further tested by inverting the vial to see if the product was immobile.  

 

2.7.3. Gel Formation Method 3 

 

10 mg of the polymer-peptide conjugate 9 was dissolved in DMSO at room 

temperature. To this, 1 ml of water was added, and the solution was heated for 

two hours at 60 °C. The solution was then left overnight at room temperature 

and the vial was observed to see if there had any been gel formation. This was 

further tested by inverting the vial to see if the product was immobile.  

 

2.7.4. Gel Formation Method 4 

 

Polymer-peptide conjugate 9 was dissolved in an appropriate solvent (DMSO, 

THF, acetone, ethanol, or DMF) to form a solution (5 % w/v or 10 % w/v). To 

this solution an appropriate amount of water was added to form a binary solvent 
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system. The mixtures were left to stand overnight and observed the next day. 

Mixtures that did not gel, were heated firstly to 37 °C (physiological 

temperature) and again observed for gel formation, then, on failure, to 60 °C to 

again note any gel formation.  

 

2.8. Electrospinning  

 

A given material was dissolved into solvent (the precise concentration required 

is dictated by the final viscosity of solution) to form a conductive solution. A 

needle of appropriate length and diameter was affixed to the end of a syringe 

which is placed into syringe pump, and controlled flow-rate was programmed 

(typically 1 ml h-1). A high voltage power supply was connected to the needle 

(acting as the positive electrode), and a grounding wire connected to the metal 

collecting plate (usually aluminium foil acting as an earth) (Figure 2.1). The 

pump was switched on allowing the conductive solution to flow through the 

needle. On the formation of a Taylor cone, high voltage was applied. Spinning 

usually took place for an hour, and was noted to have occurred successfully 

when a deposition appeared on the collector.  

 

 

Figure 2.1: A typical electrospinning setup. 
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The entire set up took place in a clear plastic box to ensure maximum safety to 

the operator, which also contained a vent to allow any vaporised solvent to exit. 

Experiments were conducted at room temperature and humidity.  

 

2.9. Nuclear magnetic resonance spectroscopy 

 

The compound was dissolved in an appropriate deuterated solvent (10 % w/v), 

and loaded into a sample tube. Nuclear magnetic resonance (NMR) spectra 

were recorded on a Bruker Avance at 300 MHz for 1H detection, and 75 MHz 

for 13C detection. Chemical shifts were recorded in parts per million (ppm) 

relative to trimethylsilane (TMS). All spectra were recorded at 25 °C in 

appropriate deuterated solvents.  

 

2.10. Gel permeation chromatography 

 

Gel permeation chromatography (GPC) was carried out on a Varian GPC 

spectrometer, comprised of three PL gel 5 µm mixed-C columns and a guard 

column. HPLC grade THF containing triethylamine (TEA) (2 % v/v), and BHT 

(0.05 % w/v) was used as the eluent at a flow rate of 1.0 ml min-1. The column 

temperature was set to 40 °C. Calibration used either fifteen 

near-monodisperse PMMA standards (Mp = 100 – 100,000), fifteen 

near-monodisperse PEO standards (Mp = 100 – 1,000,000) or ten 

near-monodisperse polystyrene standards (Mp = 100 – 100,000). Samples for 

analysis were dissolved in the eluent (approximately 5 mg/ml) and injected into 

the machine. Analysis was performed using Cirrus GPC software supplied.  

 

2.11. Fourier transform infra-red spectroscopy  

 

Fourier transform infra-red (FTIR) spectroscopy was performed using an 

attenuated total reflectance (ATR) crystal on a ThermoNicolet FTIR 

spectrometer. Approximately 5 mg of material was placed directly onto the 

crystal.. Analysis was performed using Ominic V5.1.A supplied.  
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2.12. Scanning Electron Microscopy 

 

High resolution imaging of polymer morphology was achieved using a Hitachi 

S-4800 cold Field Emission Scanning Electron Microscope (FE-SEM). The dry 

samples were prepared on 15 mm Hitachi M4 aluminium stubs using an 

adhesive high purity carbon tab. Samples were then coated with a 2 nm layer of 

gold using an Emitech K550X automated sputter coater. The FE-SEM 

measurement scale bar was calibrated using certified SIRA calibration 

standards. Imaging was conducted at a working distance of 8 mm and a 

working voltage of 5 kV using a combination of upper and lower secondary 

electron detectors.  

 

SEM was also carried using an FEI Phenom Desktop SEM. Samples were 

affixed to an insert, and placed into the machine under vacuum.  

 

2.13. Rheology 

 

Dynamic rheological experiments were performed using an Anton Paar Physica 

MCR101 rheometer. The measurements of the shear moduli (storage modulus, 

Gʹ and loss modulus, Gʹʹ) were carried out using a cup and vane system. All 

gels were formed directly in 7 mL Sterilin cups and left overnight (at least 20 

hours) at room temperature to gel before the measurements. Frequency scans 

were performed from 1 rad s-1 to 100 rad s-1 under a strain of 0.2 %. The shear 

moduli (storage modulus, Gʹ and loss modulus, Gʹʹ) were measured at a 

frequency of 10 rad s-1.The strain amplitude measurements were also 

performed within the linear viscoelastic region, where the storage modulus (Gʹ) 

and loss modulus (Gʹʹ) are independent of the strain amplitude. 

 

2.14. Confocal Microscopy 

 

High resolution fluorescence microscopy was carried out using a Leica TCS 

SP5II confocal microscope. Samples were stained with an appropriate dye 

(usually Nile blue) and placed on a glass slide. A laser was used to excite the 
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sample (at 44 % of maximum laser power), and fluorescence was measured 

over appropriate wavelength regions.  For magnifications greater than x100 

objective, oil was used.  

 

2.15. High precision ATR-FTIR spectroscopy 

 

ATR-FTIR spectra were collected using a Golden Gate single reflection ATR 

accessory (SpectraTech) with a ThermoNicolet Nexus FTIR spectrometer. The 

gelation solution was placed into direct contact with the ATR crystal and 

covered with a cap to prevent water and solvent loss during the scans. Data 

were collected by averaging over 64 scans at 2 cm-1. Samples were taking over 

several days and analysed using Omnic 6.1.A.  
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3. Synthesis of Polymer-Peptide Conjugates 

 

Conjugation between natural peptides and synthetic polymers produces 

materials that inherit the advantageous properties of both starting materials, 

such as biocompatibility and enhanced tolerance and functionality. Producing 

conjugates with a range of functionality allows for the use of such materials in 

an array of applications, one of the most important being a potential drug 

delivery device or cell scaffold. This chapter describes the synthetic routes used 

to produce polymer-peptide conjugates, firstly detailing the preparation of the 

respective starting reagents (Sections 3.1 and 3.2), and then considering the 

most effective coupling method (Section 3.3). Section 3.4 describes an 

alternative method for conjugate fabrication. To put this into a wider context, 

Section 3.5 briefly draws together all of the discussed points and compares the 

effectiveness of the chosen coupling method to previously established work in 

the literature, determining which method is more effective and justifying the 

need for the new coupling method established in this work. Finally, Section 3.6 

concludes the chapter and provides a brief description of the direction for future 

work.  

 

3.1. Synthesis of phenylalanine peptide sequences  

 

Phenylalanine was the biological amino acid used in this project. The synthesis 

of phenylalanine oligopeptide sequences was required to be facile, mild, and 

fast. Scheme 3.1 outlines the general systems considered for the production of 

oligopeptides of desired length. Generally, an N-protected amino was reacted 

with a C-protected amino using a coupling reagent. The resulting oligopeptide 

was then deprotected on the N-terminus to produce the desired 

mono-functional peptide (C-terminated).  

 

Phenylalanine oligopeptide sequences were prepared in one-step reactions 

from commercially available N-(tert-butoxycarbonyl)-L-phenylalanine (Boc-F1) 

and L-phenylalanine ethyl ester hydrochloride (F1-OEt) using 

isobutylchloroformate (IBCF) as a coupling agent. IBCF coupling was chosen 
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as successful preparation of short-chain phenylalanine oligopeptides has been 

demonstrated using this reagent in the literature[1]. The coupling reaction took 

place in the presence of 4-methylmorpholine (NMM) and resulted in good 

yields.  

 

 

Scheme 3.1: Reaction scheme showing synthetic routes utilised for the 

synthesis of NH2-F(x+1)-OEt. 

 

After initial tests, a decision was taken to limit the oligopeptide length to a 

maximum of six repeat units of phenylalanine to ensure compatibility of the 

synthesised peptide (and the resulting conjugate) in a wide range of solvents 

(especially those with a more polar character) and making the process more 

industrially viable by reducing the amount of material and number of steps 

required. Consequently, costs are reduced and the impact on the environment 
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is minimised, in terms of storage, disposal, and large-scale effects. The repeat 

unit limit was critical in ensuring that the later coupling reactions with the more 

hydrophilic monomethoxy-poly(ethylene oxide), (mPEOn) were viable. 

Percentage yields for the coupling steps are summarised in Table 3.1. The 

general trend shows that as the peptide length increases, the yield decreases. 

This is attributed to the steric effects of the larger peptides, and the decreasing 

solubility in the reaction solvent. 

 

Table 3.1: Percentage yields of synthesised Boc-Fx-OEt. All of the synthesised 

compounds were white solids. 

Peptide 
Peptide 

Length 

Average 

Yield (%) 

Boc-F2-OEt 2 81 

Boc-F3-OEt 3 80 

Boc-F4-OEt 4 77 

Boc-F5-OEt 5 69 

Boc-F6-OEt 6 56 

 

The successful synthesis of the oligopeptides was confirmed by NMR, FTIR, 

and GPC. Boc-F2-OEt has been used as an example of a synthesised 

oligopeptide. 1H NMR spectra of the precursor peptides (Boc-F1-OH and 

NH2-F1-OEt) are shown in Figures 3.1 and 3.2, respectively, and the dipeptide 

(Boc-F2-OEt) in Figure 3.3. Due to the additive nature of the reaction, the 

synthesised peptide 1H NMR spectrum is a combination of the NMR spectra of 

both reagents, but as expected heavily influenced by the groups from Boc-F1, 

since the synthesised peptide is homologous. However, the protons from the 

amine group (originally from Fy-OEt) have shifted as they have now become 

part of the amide bond. The chemical environment in the bond is different and 

so affects the shielding, and ultimately the position of the proton, shifting it from 

8.9 ppm in the F1-OEt (amine environment) spectrum to 6.5 ppm in the 

oligopeptide spectrum (amide environment). Further, the conversion from 

amine to amide reduces the number of protons from two to one, which is also 
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reflected in the spectrum. It can be seen that the intensity of the peak has been 

reduced accordingly in the oligopeptide spectrum.  

 

 

Figure 3.1: 1H NMR spectrum of Boc-F1-OH.  

 

 

Figure 3.2: 1H NMR spectrum of NH2-F1-OEt.HCl.  
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Figure 3.3: 1H NMR spectrum of Boc-F2-OEt.  

 

To further confirm the success of the coupling steps, 13C PENDANT NMR 

spectra were recorded for all starting materials (Figures 3.4 and 3.5, 

respectively). Figure 3.6 shows the 13C NMR spectrum for the product. The 

appearance of a peak at 171 ppm was observed in all cases, indicative of a 

carbonyl carbon (amide) and confirms that coupling has taken place. On the 

spectra, the peak has been negatively phased, therefore indicating that it is 

either a secondary or quaternary carbon. Due to its high chemical shift it is 

identified as quaternary carbon (i.e. has no protons attached to it).  

 

GPC analysis revealed that there was an increase in hydrodynamic volume 

after coupling had taken place (Figure 3.7). The polydispersity index (PDI) 

remained narrow (1.06). Thus, it can be confirmed that the peptide have 

successfully coupled. For all of the synthesised peptides, the presence of an 

additional amide peak (especially in carbon spectra) and GPC analysis (the 

noted change in hydrodynamic volume) were used to confirm successful 

conjugation. It is noted that the peaks obtained by GPC are not unimodal. This 
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is due to the very low molecular weights, which causes the products to have a 

retention time similar to the stabilisers in the eluent.  

 

 

Figure 3.4: 13C PENDANT NMR spectrum of Boc-F1-OH.  

 

 

Figure 3.5: 13C PENDANT NMR spectrum of NH2-F1-OEt.HCl. 
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Figure 3.6: 13C NMR spectrum of Boc-F2-OEt. 

 

 

Figure 3.7: GPC analysis of Boc-F2-OEt, Boc-F1-OH and NH2-F1-OEt.  
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Removal of the N-tert-butoxycarbonyl (Boc) protecting group afforded peptides 

with increased functionality due to the exposal of the amine group and was 

necessary for further configuration. Deprotection of the amine group was 

carried out using excess trifluoroacetic acid (TFA) in chloroform. Although the 

reaction time was short (3-4 hours), the mixture was left overnight to ensure 

complete removal. Furthermore, the amount of TFA required increased as the 

peptide length increased. Table 3.2 summarises the yields for the deprotection 

step. Synthesis and deprotection of F6 was also carried out, however work on 

this material was not continued due to solubility issues encountered during 

synthesis.  

 

Table 3.2: Percentage yield and overall yields for deprotected peptides (where 

the overall yield depicts synthesis from starting material). 

Boc deprotected 

Peptide 

Yield from 

Boc-Fx-OEt (%) 

Overall Yield 

(%) 

NH2-F1-OEt -  

NH2-F2-OEt 99 79 

NH2-F3-OEt 97 77 

NH2-F4-OEt 97 74 

NH2-F5-OEt 95 69 

 

Complete removal of the Boc groups was confirmed by 1H NMR, with the 

disappearance of the tert-butyl signals –C(CH3)3 at 1.4 ppm and 1.2 ppm. Two 

tert-butyl peaks are visible as the product is mixture of two isomers, which arise 

due to the hindered rotation of the C-N bond. 13C NMR shows the 

disappearance of the C(CH3)3 signal at 160 ppm, further confirming that 

deprotection had taken place. 

 

GPC analysis of the compounds revealed that the hydrodynamic volume 

decreased by only a small amount, as expected. The deprotected peptide 

produced a narrow unimodal peak with a PDI of 1.06 (NH2-F2-OEt). It should be 

noted, however, that TFA associates with the deprotected peptide and may 
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interfere with results. The only TFA signal detectable by 1H NMR would be 

the -OH group which is broad and difficult to detect. Figure 3.8 shows the 

1H NMR spectrum of NH2-F2-OEt.TFA, and is representative of the oligopeptide 

chain. Data obtained by NMR analysis is given below for Boc-F2-OEt, 

Boc-F3-OEt, Boc-F4-OEt, NH2-F2-OEt, NH2-F3-OEt, and NH2-F4-OEt 

 

 

Figure 3.8: 1H NMR spectrum of NH2-F2-OEt.TFA.  (Note: TFA peak not shown 

on spectrum). 

 

Boc-F2-OEt: 1H NMR (CDCl3) : 7.26 (8H, Ph, m), 7.00 (2H, Ph, m), 6.31 (1H, 

NH, bd), 4.94 (1H, NH, bs), 4.75 (1H, CH, m), 4.33 (1H, CH, m), 4.10 (2H, 

CH2CH3, m), 3.04, (4H, 2 x CH2Ph, m), 1.40 (9H, Boc, s), 1.19 (3H, CH2CH3, t, 

3JHH = 7.14 Hz); 13C NMR (DMSO) 172.29, 171.75, 155.57, 138.53, 137.47, 

129.62 (2C), 128.70, 128.44, 127.02,126.62, 78.46, 60.97, 55.93, 54.04, 37.90, 

37.24, 28.58, 14.37 ppm. 

 

Boc-F3-OEt: 1H NMR (CDCl3) : 7.30 (15H, Ph, m), 6.40 (1H, NH, bd), 6.16 (1H, 

NH, bs), 4.81 (1H, NH, bs), 4.69 (1H, CH, dt), 4.54 (1H, CH, dt), 4.30 (1H, CH, 
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m), 4.17 (2H, CH2CH3, m), 2.99 (6H, 3 x CH2Ph, m), 1.38 (9H, Boc, s), 1.19 

(3H, CH2CH3, t, 3JHH = 7.14 Hz ) ppm; 13C NMR (DMSO) 171.56, 171.13, 

168.36, 137.77, 137.47, 135.14, 130.02, 129.37, 129.24, 128.94, 128.72, 

128.60, 127.57, 127.02, 126.90, 61.02, 54.36, 54.15, 53.54, 38.15, 37.45, 

37.19, 14.40 ppm. 

 

Boc-F4-OEt: 1H NMR (CDCl3) : 7.25 (12 H, Ph, m), 7.12 (6H, Ph, m), 6.98 (2H, 

Ph, bs), 6.49 (2H, 2 x NH, bs), 6.30 (1H, NH, bd), 4.77 (1H, NH, m), 4.72 (1H, 

CH, dt), 4.59 (1H, CH, m), 4.49 (1H, CH, dt), 4.12 (3H, CH and CH2CH3, m), 

2.96 (8H, 4 x CH2Ph, m), 1.34 (9H, Boc, s), 1.20 (3H, CH2CH3, t, 3JHH = 

7.14 Hz) ppm; 13C NMR (DMSO) 171.66, 171.60, 171.43, 171.06, 155.46, 

138.59, 137.94, 137.92, 137.43, 129.79, 129.60, 129.55, 129.53, 128.72, 

128.48, 128.39, 128.28, 127.02, 126.71, 126.62, 126.53, 78.52, 60.96, 56.23, 

54.33, 53.13, 53.89, 38.25, 38.11, 37.97, 37.22, 28.56, 14.38 ppm. 

 

NH2-F2-OEt: 1H NMR (CDCl3) : 7.26 (8H, Ph, m), 7.00 (2H, Ph, m), 6.31 (1H, 

NH, bd), 4.94 (1H, NH, bs), 4.75 (1H, CH, m), 4.33 (1H, CH, m), 4.10 (2H, 

CH2CH3, m), 3.04, (4H, 2 x CH2Ph, m), 1.40 (9H, Boc, s), 1.19 (3H, CH2CH3, t, 

3JHH = 7.19 Hz); 13C NMR (DMSO) 172.29, 171.75, 155.57, 138.53, 137.47, 

129.62 (2C), 128.70, 128.44, 127.02,126.62, 78.46, 60.97, 55.93, 54.04, 37.90, 

37.24, 28.58, 14.37 ppm. 

 

NH2-F3-OEt: 1H NMR (CDCl3) : 7.30 (15H, Ph, m), 6.40 (1H, NH, bd), 6.16 (1H, 

NH, bs), 4.81 (1H, NH, bs), 4.69 (1H, CH, dt), 4.54 (1H, CH, dt), 4.30 (1H, CH, 

m), 4.17 (2H, CH2CH3, m), 2.99 (6H, 3 x CH2Ph, m), 1.38 (9H, Boc, s), 1.19 

(3H, CH2CH3, t, 3JHH = 7.19 Hz) ppm; 13C NMR (DMSO) 171.56, 171.13, 

168.36, 137.77, 137.47, 135.14, 130.02, 129.37, 129.24, 128.94, 128.72, 

128.60, 127.57, 127.02, 126.90, 61.02, 54.36, 54.15, 53.54, 38.15, 37.45, 

37.19, 14.40 ppm. 

 

NH2-F4-OEt: 1H NMR (CDCl3) : 7.25 (12 H, Ph, m), 7.12 (6H, Ph, m), 6.98 (2H, 

Ph, bs), 6.49 (2H, 2 x NH, bs), 6.30 (1H, NH, bd), 4.77 (1H, NH, m), 4.72 (1H, 

CH, dt), 4.59 (1H, CH, m), 4.49 (1H, CH, dt), 4.12 (3H, CH and CH2CH3, m), 

2.96 (8H, 4 x CH2Ph, m), 1.34 (9H, Boc, s), 1.20 (3H, CH2CH3, t, 3JHH = 
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7.19 Hz) ppm; 13C NMR (DMSO) 171.66, 171.60, 171.43, 171.06, 155.46, 

138.59, 137.94, 137.92, 137.43, 129.79, 129.60, 129.55, 129.53, 128.72, 

128.48, 128.39, 128.28, 127.02, 126.71, 126.62, 126.53, 78.52, 60.96, 56.23, 

54.33, 53.13, 53.89, 38.25, 38.11, 37.97, 37.22, 28.56, 14.38 ppm. 

 

Whilst the synthetic procedure carried out broadly followed the methods 

outlined in Sections 2.1.1 and 2.2.2, there were a few modifications made to 

increase purity. It was found that after coupling a faint yellow colour would 

remain despite repeated washes, which is attributed to unreacted or isomerised 

IBCF. In order to remove this impurity, the peptide was dissolved in a minimal 

amount of acetone and reprecipitated into diethyl ether. It was also necessary, 

especially to ensure complete deprotection of the longer peptides, to lower the 

mixture of acetone and petroleum to 4 °C, which resulted in additional peptide 

precipitating. Furthermore, during synthesis, it was necessary to remove the 

chloroform in vacuo for peptides longer than two repeat units (i.e. >F2) before 

precipitating in diethyl ether to obtain a solid material.  

 

Boc protection was favoured over Fmoc (fluorenylmethoxycarbonyl) protection 

as it has already been demonstrated in the literature to be compatible with 

phenylalanine coupling[1]. However, an important advantage that Fmoc 

protection has over Boc protection is its tolerance to a wider range of reaction 

conditions. The susceptibility of Boc to acidic conditions is discussed later in 

Section 3.4. It was also noted that Fmoc deprotection is much milder than Boc 

deprotection and required less time; piperidine in DMF taking approximately 20 

to 30 minutes to remove Fmoc, whereas Boc deprotection required several 

hours to complete. Furthermore, the side product from the Fmoc deprotection 

reaction becomes visible (as it precipitates out) as the reaction progresses, 

providing a useful visual indicator. 

 

However, the use of Fmoc also introduced further steps to the synthetic 

procedure as, unlike Boc deprotection which requires no additional washing 

after the deprotecting agent is added, any unreacted piperidine (the 

deprotecting agent) must be removed from the solution by washing. 

Furthermore, the presence of the by-product, a dibenzofulvene-piperidine 
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adduct, which is formed during the deprotection, necessitates additional 

washes to ensure that the product is pure.  

 

Whilst the synthesis of Fmoc-protected peptide was successful, deprotection 

proved to be more challenging as isolation of the product was difficult and only 

a limited amount was recovered each time. Fmoc protection is normally used in 

solid phase peptide synthesis (SPPS), alongside a polymer scaffold (or 

support) and a linking group, as opposed to synthesis in the solution phase. 

Indeed, the majority of the literature details peptide synthesis via Fmoc in the 

solid phase only. SPPS, developed by Merrifield in 1963[2], anchors the peptide 

onto a solid support, allowing facile modification of functional groups. The 

advantage of this technique is that the peptide is immobilised in the solid phase 

whilst reaction by-products and unreacted starting reagents will be washed 

away in the liquid phase. Subsequently, the solid support can then be removed 

by treating with a mild acid such as TFA. Purchasing a solid support or linker is 

typically expensive and therefore not cost effective for scaling up. It is for this 

reason why SPPS was not the primary strategy for synthesis in this work. 

However, Fmoc protection/deprotection was potentially a more appropriate 

route, and therefore this approach was investigated despite its dominance in 

SPPS only.  

 

This section has focussed on the protection and deprotection of the amine 

functional group of the peptide. As noted previously, peptides are typically 

bi-functional, therefore this necessitated the use of a protecting group strategy 

to ensure that directed coupling was possible. During synthesis, the carboxylic 

acid group is also protected. However, it is possible to remove its protecting 

group and further functionalise the peptide post-synthesis. This leads to an 

interesting situation where bi-functionality of the synthesised oligopeptide is 

introduced. Another advantage of having the acid group deprotected is that it 

can react directly with mPEOn, without the need to convert the hydroxyl group 

to a carboxylic acid.  

 

In conclusion, five phenylalanine homologues were synthesised via solution 

phase peptide synthesis using a Boc protecting group strategy. Overall yields 
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and purity for the synthesis were high. Four of these peptides (F1, F2, F3, F4) 

were subsequently coupled with mPEOn-COOH (see Section 3.2) and their 

self-assembly behaviour was investigated (Chapter 4).  

 

3.2. Functionalisation of monomethoxy-poly(ethylene oxide) 

 

Monomethoxy-poly(ethylene oxide), mPEOn, is a monofunctional PEO 

derivative with a single reactive hydroxyl group (Figure 3.9). Whilst direct 

conjugation of this group is possible, it is more practical to convert the hydroxyl 

group into a more reactive functional group. Many examples of this are present 

in the literature [3-5]. In this project, the hydroxyl group was converted to a more 

reactive carboxylic acid group (Scheme 3.2). There are several protocols for 

this in the literature. Jones oxidation can be used to convert an alcohol group to 

an aldehyde, ketone or carboxylic acid[4, 6]. The resultant oxidation product is 

determined by the position of the starting alcohol (i.e. primary, secondary, or 

tertiary). 

 

 

Figure 3.9: Structure of a monofunctional-poly(ethylene oxide), monomethoxy-

poly(ethylene oxide) (mPEOn). 

 

 

Scheme 3.2: Synthetic route for carboxylic acid-terminated 

monomethoxy-poly(ethylene oxide). 
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In previous work established elsewhere, modifications were made to the 

polymer chain end that increased reactivity and introduced a new functional 

group. However, this group (or a derivative of this functional group) would then 

be present in the backbone of the final PPC, and may have unexpected 

(sometimes even adverse) effects on self-assembling behaviour. For example, 

modifying mPEO-succinate with a succinimidyl group introduces an additional 

ester group into the polymer backbone, and ultimately the conjugate backbone, 

resulting in the product being susceptible to hydrolysis. This cleaves the PEO 

from the peptide resulting in a loss of functionality[7].  Furthermore, introduction 

of activating groups may introduce side products, and may involve long, 

complex reactions.  

 

One of the desired goals of this overall synthesis is to produce well-defined 

conjugates in the fewest possible steps. To this end, a PEO derivative with a 

carboxylic acid group was produced. Owing to the fact that a carboxylic acid 

can couple directly to an amine forming a stable amide (peptide bond), the 

amine group of the peptide does not need to be functionalised in any way, and 

therefore this lowers the number of steps required in the reaction scheme and 

leads to an increase in overall yields. This is discussed in greater detail in 

Sections 3.3 and 3.5.  

 

Jones oxidation was carried out as described in Chapter 2.3. This method was 

carried out on mPEO with three different chain lengths; mPEO7, mPEO12, 

mPEO17, with molecular weights of approximately 350 Da, 550 Da, and 750 Da, 

respectively. Amorphous mPEO (less than 2000 Da) was chosen so that the 

driving force of crystallisation would not interfere with the self-assembling 

behaviour of the peptidic units. Furthermore, it allows for renal clearance when 

introduced into the body. Finally, mPEO in this weight range is the most widely 

available commercially, and therefore the most economical option for this 

particular biocompatible material.  

 

During synthesis, on addition of the Jones reagent to the reaction mixture 

(which consists of mPEOn dissolved in acetone), an orange-brown solution was 

formed. This was attributable to the acidified chromium (VI) trioxide (CrO3) from 
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the Jones reagent. As the reaction progressed a deep green colour formed, as 

the chromium was reduced to chromium (IV) oxide (CrO2). In actual fact, 

chromium (VI) oxide was first converted to chromic acid in the presence of 

aqueous acid (H2SO4). mPEOn, which is a primary alcohol, and chromic acid 

produce a chromate (VI) ester which then forms (in the presence of water) the 

corresponding aldehyde, mPEOn-aldehyde (Figure 3.10) and chromium (IV) 

oxide. The latter cannot take any further part in oxidation reactions. 

mPEOn-aldehyde is able to be hydrated to form another alcohol. This produces 

another chromate (VI) ester, finally resulting in the desired carboxylic acid, 

mPEOn-COOH. The chromium species is reduced to a (IV) oxide, which further 

disproportionates to chromium (III) oxide (Cr2O3) and CrO3. Propan-2-ol is 

poured through the filtered solid precipitate to reduce this additional CrO3 that 

forms from the disproportionation, ensuring that the waste is non-toxic.  

 

It is the water, acting as a base, that drives the conversion of the aldehyde to 

an acid, therefore more hydrophobic substrates would not further convert from 

an aldehyde (or would convert at a slower rate) due to the inability of the 

substrate to be hydrated. Formation of an aldehyde derivative from an alcohol 

may be preferable, and can be achieved when/if anhydrous conditions are used 

(such as using acetic anhydride). To form a PPC in this instance, it is necessary 

to produce a Schiff Base through reductive amination (see Figure 1.8).  

 

It was noted that a longer reaction time was required as the mPEOn chain 

length was increased. The appearance of the green colour was used as an 

initial visual indicator that conversion had occurred. After purification, NMR, 

GPC, and IR analyses were used to confirm the production of the acid and to 

determine purity. Figures 3.11, 3.12, 3.13, and 3.14 show the results from these 

analyses using mPEO12 homologues as an exemplar. It was expected that the 

methylene protons adjacent to the carboxylic acid group (CH2-COOH) would 

form a distinct singlet peak in the 1H NMR spectrum, as they moved to a 

different chemical environment to those in the polymer backbone, and as such, 

are no longer equivalent. This is confirmed in Figure 3.11 by the singlet peak 

(Peak C), which has a relative integral of 2, and is downfield due to the 
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electronegative (deshielding) effect of both the adjacent carbonyl group and 

oxygen. 

 

The large (and broad) multiplet at 3.55 ppm (Peak B in Figure 3.11) originates 

from the polymer backbone protons (O-CH2-CH2-). A carboxylic acid proton 

peak is also visible (Peak D) at 9.63 ppm. Interestingly, the carboxylic acid 

proton is slightly more upfield than expected as, typically, acidic protons are 

found between 10-12 ppm. It can be argued that this peak is just on the edge of 

the carboxylic acid chemical shift region, and therefore can be classified as 

such. However, as it is known that there is a prospect of aldehyde formation, it 

is possible that this could indicate a degree of impurity. Consequently, 

13C PENDANT NMR spectroscopy and other analytical techniques were used to 

verify this.  

 

The 13C PENDANT NMR technique is able to phase the different types of 

carbons depending on their environment (i.e. primary, secondary, tertiary, and 

quaternary carbons). Primary and tertiary carbons are phased in an opposite 

direction to secondary and quaternary carbons. Figure 3.12 shows the 

spectrum where CH3 and CH carbons are phased downwards, and the other 

carbons are phased upwards. At 59 ppm, a downwards phased peak can be 

observed, indicative of the CH3 carbon at the polymer chain end. Peak C, 

71 ppm arises from the CH2 carbons of the main polymer backbone. Notably, 

there is a peak at 172 ppm (Peak E), which is phased upwards, and therefore 

representative of a quaternary carbon; a carbonyl group. The functional groups 

that appear in that chemical shift range are typically carboxylic acids, and the 

possibility that the species in an aldehyde is ruled out due to the phase in the 

spectrum. Therefore, this confirms that complete oxidation has to a carboxylic 

acid has taken place. 
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Figure 3.10: Reaction mechanism illustrating the oxidation of mPEOn to an 

aldehyde, and subsequently a carboxylic acid[6].  
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Figure 3.11: Labelled 1H NMR spectrum of mPEO12-COOH. 

 

 

Figure 3.12: 13C PENDANT NMR spectrum of mPEO12-COOH, where primary 

and tertiary carbons are phased downwards and secondary and quaternary 

carbons are phased upwards.  
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GPC traces of mPEO12 are outlined in Figure 3.13. It can be seen that the 

product displays a moderately narrow peak, at a lower retention time than the 

progenitor alcohol, indicating, as expected, a small increase in molecular 

weight. The PDI for the peak is 1.17, and it is noted that the peak for both the 

product and the parent polymer are unimodal. This is important as it infers that 

the conversion did not produce any polymer side products or cause degradation 

of the polymer. Such trends are also observed in the other modified mPEO 

molecular weights. The small change in molecular weight between the product 

and the precursor is visible on the GPC trace, however the differences between 

the two peaks are minimal, as expected.  

 

FTIR analysis showed the presence of a band at 1739 cm-1, which is indicative 

of carbonyl absorption (-C=O) (Band C in Figure 3.14), confirming the presence 

of the group. Carboxylic acids and their derivatives (such as esters) are 

typically found at this wavenumber, thus it is not possible to discriminate which 

functional group is responsible for the peak. As shown by 13C NMR 

(Figure 3.12), which confirms the identity of this peak, it is confirmed to 

originate from the stretching mode of a carboxylic acid group.  

 

 

Figure 3.13: GPC trace of mPEO12 and mPEO12-COOH.  
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Figure 3.14: IR spectrum of mPEO12-COOH. For peak assignments see 

Appendix A. 

 

The combination of NMR, GPC, and FTIR data (Figures 3.11, 3.12, 3.13, and 

3.14) confirms that the oxidation product formed is mPEO12-COOH.  

 

Yields for the oxidative product are summarised in Table 3.3. Product yields 

were moderate to high, although it is noted that as chain length increases, there 

is a slight lowering of the yield. The yields for mPEO7-COOH varied from 65% 

to 89%, which in agreement with values seen in the literature for Jones-based 

PEO oxidation[8]. This is most likely due to the formation of incomplete oxidation 

products (aldehyde), which would be subsequently removed during purification, 

therefore only a proportion of the substrate will have been completely oxidised 

to an acid (this is true of all the different chain length mPEO). It is also possible 

that not all of the initial starting material was oxidised at all. As a note of 

caution, mPEOn may contain some chains that are not hydroxyl terminated, 

although the 1H NMR spectrum suggests that the material is at least 95% pure.  
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It has been shown that Jones oxidation is an efficient, reliable way of 

functionalising monomethoxy-poly(ethylene oxide) with a carboxylic acid group. 

Whilst simple oxidation is advantageous, the use of chromium (VI) oxide is 

somewhat problematic due to its inherent health risks. Chromium (VI) oxide is 

toxic and carcinogenic[9], therefore any residual traces must be thoroughly 

removed from the reaction mixture after oxidation. This is the reason why 

propan-2-ol is used during washing. Furthermore, repeated separations were 

carried out to ensure that the concentration of chromium (VI) oxide was low. It 

should be noted that chromium (III) oxide, which the (VI) oxide is converted to 

after complete oxidation, is not carcinogenic and has a low level of toxicity.   

 

Table 3.3: Percentage yields of monomethoxy-poly(ethylene oxide). 

Polymer Yield (%) 

mPEO7-COOH 89 

mPEO12-COOH 84 

mPEO17-COOH 78 

 

Additionally, further purification during conjugation with the peptide component 

will result in further reduction of the level of the toxic oxide present. Although 

this is a health consideration, the process has advantages over similar oxidative 

protocols such as dichromate or permanganate oxidation. Dichromate oxidation 

works in a similar manner to Jones oxidation, however the toxic effects that 

arise from the (dichromate) oxidation are much more pronounced. Potassium 

permanganate is highly toxic and also spontaneously combusts on contact with 

ethylene glycol, of which there may be some residual trace in the polymer 

starting material.  

 

Alternative synthetic strategies in this area involve converting the alcohol to an 

even more reactive group than a carboxylic acid, or subsequent conversion of 

the carboxylic acid to a more reactive group such as an acid chloride. This 

could be accomplished using PBr3, SOCl2, or POCl3. However, these yield 

harmful by-products such as HBr or HCl gas. Furthermore, the aforementioned 
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reagents are toxic. Introducing an additional modification step into the process 

may lower yields, which may not be offset by the increased coupling efficiency 

in the later stages of the overall PPC synthesis strategy.  

 

3.3. Polymer-Peptide Conjugate Synthesis 

 

This section discusses the methods used to produce PPCs reliably, in good 

yields, and with high purity. A comparison of the coupling methods considered 

is discussed, with justification for the final method selected. This is followed by 

analysis of each conjugate synthesised, noting any modifications to the general 

method, and examining yield, purity, and ease of synthesis.  

 

3.3.1 Polymer-Peptide Conjugate Coupling Methods 

 

The aim of the work reported in Section 3.1 was to produce well-defined 

monofunctional oligopeptides, with an exposed amine terminus. This was 

achieved and three oligopeptides were synthesised, thus producing four 

phenylalanine homologues for use in coupling [i.e. F1 (used as received), F2, F3, 

and F4]. Although F5 was produced in Section 3.1, its incompatibility with the 

reaction environment prevented it being used for coupling. Section 3.2 details a 

method for polymer modification via Jones oxidation. The polymer was 

functionalised with a carboxylic acid group in lieu of a hydroxyl group. 

Therefore, it is now possible to directly couple these compounds together to 

form a conjugate through the formation of an amide bond. Such a formation is 

hindered by the establishment of the acid-base reaction that takes place on 

mixing an amine [NH2-F(x+y)-OEt] with a carboxylic acid (mPEOn-COOH). The 

equilibrium for the reaction lies towards salt formation and not synthesis of the 

final product[10] (Scheme 3.3). 

  

 

Scheme 3.3: General amide bond formation, where it is shown that salt 

formation is favoured. 
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In this instance it would be necessary to heat to high temperatures to facilitate 

coupling, and shift the equilibrium to the right to avoid formation of a salt (i.e. 

RCOO-.RNH3
+). However, many materials are incompatible with high 

temperatures, and this is especially true for peptides. High temperature can 

lead to racemisation (conversion of the peptide into its chiral counterpart, i.e. 

L-isomer to D-isomer leading to a mixture in the final product) of the peptide 

resulting in the formation of by-products. To overcome this problem is it 

necessary to first activate the acid, and then allow aminolysis (splitting the 

carboxylic acid into two parts on reaction with an amine) to occur. This was 

achieved by using an activating group in the form of a coupling agent. 

 

Esterification, whilst easier in terms of thermodynamics, was not considered a 

viable route in this instance, due to the greater number of steps required to 

deprotect the carboxylic acid terminus of the peptide (Section 3.4). Future work 

may include this method to produce PPCs which “face” in the opposite direction 

(see Section 3.6). Pre-coupling modification of the reactive end of either 

reagent, such as introducing clickable groups (for example azide and alkyne 

groups, or thiol and maleimide), also has the side-effect of incorporating an 

additional group which may affect the properties of the final conjugate 

(discussed in Chapter 4).  

 

Three protocols were chosen for a coupling investigation (Sections 3.3.1.1, 

3.3.1.2, and 3.3.1.3, respectively). These were DCC, IBCF, and PyBOP 

coupling. The reasons for these particular choices were to ensure compatibility 

with the functional groups, and because it was not necessary to further modify 

or activate the carboxylic acid as this occurs in situ (i.e. they are one-step 

coupling reactions). This is important as it lowers the numbers of required steps 

for the overall reaction. Additionally, direct amide bond formation without the 

presence of a coupling agent can lead to racemisation (Scheme 3.4), which is 

also a noted problem during conventional peptide synthesis (both in solid and 

solution phase syntheses).  
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Scheme 3.4: Racemisation during amide bond formation via oxazalone 

formation[11]. 

 

3.3.1.1. N,N′-Dicyclohexylcarbodiimide-mediated polymer-peptide conjugate 

synthesis  

 

DCC was considered as a coupling reagent to combine mPEOn-COOH and 

homologous phenylalanine oligopeptides. This is one of most commonly used 

methods for peptide synthesis. Coupling was attempted using a modified 

peptide conjugation protocol. Yields for DCC coupling between mPEOn-COOH 

(where n = 7 and 12) and phenylalanine oligopeptides are shown in Table 3.4. It 

can be seen that the general trend for conjugate yield decreases as the peptide 

length increases; initial yields were moderate but then dropped sharply.  

 

Table 3.4: Yields obtained for the synthesis of polymer-peptide conjugates 

using N,N'-dicyclohexylcarbodiimide coupling. 

Conjugate Yield (%) Conjugate Yield (%) 

PEO7-F1-OEt 52 PEO12-F1-OEt 33 

PEO7-F2-OEt 45 PEO12-F2-OEt 54 

PEO7-F3-OEt 30 PEO12-F3-OEt 42 

PEO7-F4-OEt 30 PEO12-F4-OEt 61 
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After purification of the obtained product, GPC analysis was undertaken on the 

compound. It can be seen in the GPC trace for the exemplar F3 conjugate 

(Figure 3.15) that there is a moderate amount of additional material present in 

the final conjugate. Part of this can be attributed to unreacted starting material, 

and excess by-product formation (DHU). As aforementioned, some 

racemisation may have occurred. Indeed, additives (such as HOBt and HOAt) 

are regularly used to minimise racemisation, however this adds further 

purification steps, resulting in decreased yields. Additionally, this also adds 

another potential impurity to the final conjugate. Thus, the yields reported are 

for material where the purity varies from 50 to 80%.  

 

 

Figure 3.15: GPC trace of mPEO7-F3-OEt (produced using DCC coupling) and 

precursor reagents.  

 

It was noted that the conjugates were not all white solids; a yellow solid for 

PEO7-F3-OEt, and a pale yellow solid for PEO7-F4-OEt were observed. The 

desired colour of the conjugates should be white, therefore, despite repeated 

washes, the conjugate remained impure. Reprecipitation of the product from 

THF in excess diethyl ether reduced, but did not eliminate, the amount of 

impurity. The GPC traces in Figure 3.15 show that the impurity peak correlates 
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to that of the starting peptide (F3). Peptide removal is made somewhat difficult 

by their propensity to form intermolecular hydrogen bonds, and to the 

conjugate. Interestingly, reprecipitation of the F4-based conjugate generated a 

product that was reasonably pure (Figure 3.16). The peak is mostly unimodal, 

and symmetrical, indicating that unwanted materials were not present in the 

conjugate.  

 

 

Figure 3.16: GPC trace if mPEO7-F4-OEt (produced using DCC coupling) and 

precursor reagents.  

 

One of the main by-products of DCC coupling is dicyclohexylurea, which is 

sparingly soluble in chloroform and thus may not precipitate out completely, 

making separation from the product difficult. This further accounts for the 

impurities present, and makes the process undesirable.  

 

In summary, DCC coupling produces conjugates in low-to-moderate yields, with 

varying purity. The difficulties encountered in removing by-products and 

unreacted starting materials had an impact on the yield and an additional set of 
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purification steps. Therefore, the use of DCC to produce polymer-peptide 

conjugates was not deemed a viable option.  

 

3.3.1.2. Isobutylchloroformate-mediated polymer-peptide conjugate synthesis  

 

IBCF was used previously as the preferred coupling method to synthesise 

phenylalanine oligopeptides; therefore it is known to be compatible with at least 

one of the starting reagents. This is not to say that the other coupling methods 

are incompatible with the reagent, more so that the compatibility of IBCF with 

phenylalanine has already been demonstrated and coupling has been 

successful. The caveat is that the coupling was only successful between 

identical phenylalanine molecules and not phenylalanine with another species 

(i.e. a non-amino acid species). Yields for IBCF coupling between 

mPEOn-COOH (n = 7 and 12) and phenylalanine oligopeptides are shown in 

Table 3.5. With the exception of increasing from F1 to F2, the general trend is 

the same as DCC coupling; as peptide length increases, yields decrease. 

However, the yields for the synthesised products were significantly higher than 

the other coupling methods. 

 

Table 3.5: Yields of polymer-peptide conjugates using isobutylchloroformate 

coupling. 

Conjugate Yield (%) Conjugate Yield (%) 

PEO7-F1-OEt 85 PEO12-F1-OEt 79 

PEO7-F2-OEt 91 PEO12-F2-OEt 90 

PEO7-F3-OEt 83 PEO12-F3-OEt 86 

PEO7-F4-OEt 77 PEO12-F4-OEt 90 

 

Unlike DCC coupling, there is no visible by-product formed to confirm the 

success of the reaction. The reaction was left to stir overnight to ensure 

completion. Purification procedures involved simple washings, and then solvent 

removal under reduced pressure. Occasionally, a product would form with a 

residual yellow colour, which originates from unreacted IBCF. This was 

removed by rewashing the product, or reprecipitation into petroleum ether. 
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Generally, the conjugates produced were either clear liquids (F1 and F2-based) 

or white solids (F3 and F4-based).  

 

Overall, IBCF coupling produced well-defined conjugates in good yields, with a 

simple synthesis and easy purification. It was for these reasons that IBCF was 

investigated further as a coupling technique.  

 

3.3.1.3. Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate-

mediated polymer-peptide conjugate synthesis 

 

PyBOP coupling is conventionally used for solid-phase peptide synthesis 

(SPPS)[2], and not often used in solution. However, the mildness of the reaction 

conditions, high yields, and fast reaction times, make it an attractive protocol for 

coupling. The reaction was attempted on mPEO7 and F1 as an initial test, as 

they were deemed the easiest to analyse. After the coupling reaction, a white 

powder formed. This was analysed by 1H NMR, shown in Figure 3.17. It can be 

seen that no “hallmark” peaks are visible to indicate that coupling was a 

success, and that neither of the progenitor species can be easily identified from 

the spectrum. This indicated that the product synthesised was not a PPC, and 

therefore coupling was unsuccessful. It can be speculated that the material 

formed was a mixture of starting reagents and incomplete products.  

 

The reaction did not yield a discernible product. It can be speculated that the 

reaction failed to work, as it is optimised for peptide-peptide coupling and not 

polymer-peptide ligation. Furthermore, the attachment of the benzotriazole to 

the activated carboxylic acid, may encounter difficulties due to steric effects. 

The procedure was repeated with longer peptide sequences, however the 

results were the same.  

 

For these reasons, PyBOP coupling was not pursued as a viable coupling 

technique. However, the technique is worth investigating for use in a solid 

phase approach, where the polymer can be pre-bound to the resin, and the 

peptide added sequentially using a protecting group strategy.  
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Figure 3.17: 1H NMR of PyBOP product. The product was expected to be 

mPEO7-F1-OEt. 

 

3.3.1.4. Summary of polymer-peptide conjugate coupling methods 

 

Three coupling techniques were investigated for the production of 

polymer-peptide conjugates. The ease of purification is important especially for 

industrial and commercial viability, and also for the environmental impact of the 

synthesis. PyBOP coupling did not produce any conjugates, whilst DCC 

coupling produced conjugates with moderate purity. By contrast, IBCF coupling 

formed conjugates in high yields, with good purity. Therefore, IBCF coupling 

was chosen as the preferred method to produce polymer-peptide conjugates.  

 

3.3.2. Synthesis of polymer-peptide conjugates using isobutylchloroformate 

coupling 

 

A methodical approach was undertaken to produce well-defined 

polymer-peptide conjugates from phenylalanine and mPEO. The following 

section is divided by mPEO chain length, and then subdivided by oligopeptide 

length. Each section discusses the individual aspects of each synthesis and 

notes where deviation from the standard method was required. NMR, GPC and 

IR was performed on all conjugates. Note that as the amide peak is 

concentration dependent, it may not be visible on the 1H NMR spectrum. 
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3.3.2.1. Synthesis of mPEO7 conjugates 

 

mPEO7-based conjugates were the smallest conjugates produced, and 

provided a template for all successive conjugation reactions.  

 

3.3.2.1.1. Synthesis of mPEO7-F1-OEt 

 

Of all the conjugates, mPEO7-F1-OEt was the most straightforward to 

synthesise, as the peptide component did not require synthesis, and could be 

used as received, with no additional purification required. The conjugate 

produced is a clear, highly viscous liquid that can have a yellow tinge if certain 

impurities are present. This provides a good visual indicator of the purity of the 

product. Interestingly, synthesis of the product resulted in a slight shoulder 

appearing on the GPC (Figure 3.18), indicative of unreacted peptide, which was 

removed by further aqueous and acid/base washes. GPC analysis shows a 

clear increase in the molecular weight of the product compared to the starting 

material. It can be seen that the final peak is generally unimodal. However, a 

non-unimodal trace can be produced as it is possible for a small amount of 

peptide to remain, or because the (low molecular weight) conjugate has a 

retention time that is similar to the stabilisers present in the eluent. 

 

Although purification was generally facile (consisting primarily of washing the 

product), dialysis, which is a particularly robust purification technique, could not 

be used on this conjugate. Dialysis is a highly effective purification technique 

that separates molecules based on size (linked to molecular weight). The free 

peptide can be problematic to remove (due to intermolecular hydrogen 

bonding), therefore making dialysis a practical solution to ensure purity. 

However in this instance, the molecular weight of the conjugate is not dissimilar 

enough from that of the peptide to make dialysis a useful purification technique. 

Other simple purification techniques, such as reprecipitation, also cannot be 

used. Column chromatography was also considered as a purification technique, 

however, chromatography is laborious, and difficult to carry out under industrial 

conditions. 
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Whilst these limitations are not significant, they highlight a lack of additional 

simple purification techniques (to be used alongside the washes) available for 

lower molecular weight (liquid or semi-solid) conjugates. Figures 3.19 and 3.20 

show the 1H and 13C PENDANT NMR spectra of the conjugate, respectively, 

and Figure 3.21 shows the IR spectrum. The peaks on the 1H NMR spectrum 

are well-defined, and the multiplicity clearly visible. On the 13C spectrum, CH3 

and CH carbons are phased downwards, and CH2 and quaternary carbons are 

phased upwards. 

 

Analysis by 1H NMR shows that the integral ratios are close to the expected 

values. The signal at 1.2 ppm (Peak A), has an integral ratio of 2.7, i.e. 

3 protons. This was taken relative to the integral of Peak C (3.37 ppm), which 

was calibrated to three protons for all conjugates. The integral of the polymer 

protons was 26, which was slightly higher than the expected amount (24), but is 

due to the accuracy of the NMR technique at this resolution, and the broadness 

of the peak(s). The protons represented by peaks C, D, and E all arise from the 

polymer component. Therefore, they remain constant as the peptide length 

increases and provide a reference for integration. Peak A should also have a 

constant integral (three protons), and is also used to provide a reference.  

 

Aromatic protons for mPEO7-F1-OEt should be present at approximately 

7.4 ppm, with an integral of 5 protons, represented by two broad multiplet 

peaks. The broader peak represents ortho- and meta- protons (four protons) 

whilst the other (more narrow) peak represents the para- proton (one proton). 

This is shown by Peak H on the 1H spectrum (Figure 3.19), which has an 

integration of 5.3 protons. As before, this is slightly greater than expected, 

although the solvent peak is present in the same region, thus distorting the 

result. The integrals for each peak are, A: 2.7, B: 1.7, C: 3, D: 26, E: 1.6, F: 

2.1, G: 0.9, H: 5.3 protons. This shows that the desired product has been 

synthesised to a high degree of purity. Additionally, Peak J on the 13C NMR 

spectrum in Figure 3.20 is representative of an amide carbon, further indication 

that the coupling was a success. 
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Figure 3.18: GPC traces of a polymer-peptide conjugate (mPEO7-F1-OEt) and 

the precursor reagents.  

 

 

Figure 3.19: 1H NMR spectrum of mPEO7-F1-OEt. 
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Figure 3.20: 13C PENDANT NMR spectrum of mPEO7-F1-OEt. 

 

The bands in the IR spectra (Figures 3.21, 3.22, and 3.23) of the conjugate 

show the presence of a secondary amide bond (R-CONHR′) at 1666 and 

1637 cm-1. These strong peaks are indicative of carbonyl and N-H stretching, 

respectively, from an amide bond [-C(=O)-N]. Stretching of –C-O ether bonds at 

1100 and 1030 cm-1 confirms the presence of mPEO7 in the conjugate. Finally, 

the peaks at 1550 and 746 cm-1 are aromatic C-H bands, confirming the 

presence of the phenyl ring and therefore phenylalanine. Alongside the other 

analytical data this confirms that coupling has been successful. It can be seen 

that the IR spectrum of the conjugate is a combination of the spectra of the 

materials used as starting reagents. The most important distinction in the 

spectra is the amide bands which are only present in the conjugate (1666 cm-1, 

Band E in the conjugate spectra). However, the longer peptides already contain 

this bond (formed during peptide synthesis), and therefore, in this instance, 

these signals cannot be used as an absolute confirmation that the coupling was 

successful.  
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Overall, the coupling reaction was straightforward and produced a well-defined 

conjugate. Yields for the reaction were moderate to high, ranging from 55-85 %. 

The successful synthesis of the conjugate was then used as a template for the 

manufacturing of the other conjugates in the series.  

 

 

Figure 3.21: IR spectrum of NH2-F1-OEt. For peak assignment see Appendix A. 

 

 

Figure 3.22: IR spectrum of mPEO7-COOH. For peak assignment see 

Appendix A. 
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Figure 3.23: IR spectrum of mPEO7-F1-OEt. For peak assignment see 

Appendix A. 

 

3.3.2.1.2. Synthesis of mPEO7-F2-OEt 

 

The difference in molecular weight between mPEO7-F1-OEt and mPEO7-F2-OEt 

is very small, but it leads to an interesting change in observable physical 

properties. This is the first conjugate produced using a synthesised oligopeptide 

(F2), and as such the purity of the peptide component (as well as the polymer 

component) will be reflected in the conjugate. After coupling, the resulting 

product is initially, similar to mPEO7-F1-OEt, a clear, highly viscous liquid. 

However, after standing at room temperature and standard atmospheric 

pressure, the conjugate formed a clear semi-solid material, with a similar 

consistency to candle wax, although it still contained some liquid regions. 

Conjugation followed the protocol described in Chapter 2 with no modifications 

required. The increased molecular weight of the conjugate with respect to 

mPEO7-F1-OEt is obviously associated to the increase of the weight of the 

peptide. 

 

As noted from GPC analysis (Figure 3.24), there was no free peptide 

associated with the conjugate. The peak is unimodal, with a slightly broad 
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character; this is due to the molecular weight distribution of the 

polymer-component as it is still the dominant factor of the material. As can be 

seen, the GPC peak for mPEO7 is somewhat broad, which is reflected in the 

peak of the conjugate.  

 

The 1H NMR spectrum (Figure 3.25) shows that the peaks remain generally 

well-defined, and that multiplicity is still visible. Certain peaks, such as Peak B 

and Peak G have noticeably multiplet character, as the functional groups they 

represent (CH2-Ph and CH-CO) are part of the peptide backbone, and each 

amino acid is in a slightly different chemical environment. The integrals again 

are close to expected. Notably, the integral for the polymer peak is 24 protons. 

However, due to the increased length of the peptide, the integral for the 

methine protons (Peak G) is now 2 (which has doubled in comparison to 

Figure 3.19). The integral of Peak H, representative of the phenyl protons, has 

also increased compared to mPEO7-F1-OEt, increasing from approximately 

five to ten protons. It should be noted that the quaternary ester peak (Peak K) in 

the 13C PENDANT NMR spectrum, is more difficult to see, due to the relative 

increase in intensity of the quaternary carbon amide peak (Peak J) 

(Figure 3.26) In addition to the increase of the amide peak, the phenyl peaks 

have also increased in relative intensity. The IR spectrum of mPEO7-F2-OEt 

(Figure 3.27) has very similar bands to that of mPEO7-F1-OEt, therefore 

confirming that coupling was successful. Of particular interest are certain 

bands, which are identical to the spectrum of mPEO7-F1-OEt. These include the 

band at 1454 cm-1 (Band G) and the bands representing the (-C-O) ether and 

ester stretching (1030 and 1100 cm-1, Band H). The amide bond peak has also 

shifted very slightly from 1637 cm-1 in mPEO7-F1-OEt to 1642 cm-1 (Band E) in 

the mPEO7-F2-OEt. 

 

Similar to mPEO7-F1-OEt, this coupling reaction was extremely straightforward 

and produced a well-defined conjugate. Yields for the reaction were high 

ranging from 77-91 %.  
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Figure 3.24: GPC traces showing mPEO7-F2-OEt and the precursor reagents. 

 

Figure 3.25: 1H NMR spectrum of mPEO7-F2-OEt. 
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Figure 3.26: 13C PENDANT NMR spectrum of mPEO7-F2-OEt. 

 

 

Figure 3.27: IR spectrum of mPEO7-F2-OEt. For peak assignment see 

Appendix A. 
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3.3.2.1.3. Synthesis of mPEO7-F3-OEt 

 

Of all the synthesised mPEO7-derived conjugates, mPEO7-F3-OEt was perhaps 

the most difficult to purify, even though the initial synthesis remained 

straightforward. The increase in molecular weight resulted in the product being 

a white semi-solid. Conjugation again followed the protocol detailed in Chapter 

2, however, additional purification steps were required. After the synthesis and 

subsequent washes, the product was analysed by GPC to determine purity 

(Figure 3.28). The GPC trace showed that there was a higher molecular weight 

bimodal peak, demonstrating that the conjugate was impure. Factoring in the 

relative positions of the other peaks, it was determined that impurity was mostly 

linked to free peptide and association of the starting polymer. There was also a 

residual yellow colour originating from the IBCF reaction. 

 

 

Figure 3.28: GPC traces showing an impure polymer-peptide conjugate 

(mPEO7-F3-OEt) and the precursor reagents. 
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The product underwent additional aqueous and acid/base washes to remove 

the free peptide. Subsequent GPC analysis revealed (Figure 3.29) a narrow 

peak, alongside a smaller secondary peak. This indicating that the produced 

material was not pure and likely contained uncoupled mPEO (as the tail visible 

in the GPC overlaps with the mPEO peak).  

 

 

Figure 3.29: GPC traces showing a polymer-peptide conjugate 

(mPEO7-F3-OEt) and the precursor reagents. 

 

NMR analysis confirmed that the purified product was the desired conjugate. 

The 1H NMR spectrum (Figure 3.30) also reveals that many of the peaks that 

originate from the peptide component are becoming less defined (broader), with 

multiplicity becoming more difficult to see. However, all of the standard 

identifiable peaks are present, confirming that the conjugate has been formed 

to a good degree of purity. In the spectrum, the phenyl proton peaks (Peak H) 

have become significantly larger in relation to the polymer backbone peak 

(Peak C), as this is the variable group within peptide. The integral of the phenyl 

proton peak (Peak H) is measured to be approximately 19 protons (however, as 

the solvent peak overlaps, this value is an approximation), compared to the 

integral of the polymer backbone peak (Peak C) which was found to be 24. 

13C NMR further substantiates that coupling has taken place, highlighted by the 
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increase of amide peaks (Peak J) (Figure 3.31). The IR spectrum is not similar 

to the spectra of the other conjugates in this series, although the important 

band for the amide bond present at 1638 cm-1 (Figure 3.32, Band E). Notably, 

peaks B and C are dissimilar to all other conjugates. 

 

 

Figure 3.30: 1H NMR spectrum of mPEO7-F3-OEt. 

 

 

Figure 3.31: 13C PENDANT NMR spectrum of mPEO7-F3-OEt. 
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Figure 3.32: IR spectrum of PEO7-F3-OEt. For peak assignment see 

Appendix A. 

 

Despite the difficulties encountered during purification, the reaction produced 

good yields (~80 %) and a well-defined polymer-peptide conjugate.  

 

3.3.2.1.4. Synthesis of mPEO7-F4-OEt 

 

The synthesis of mPEO7-F4-OEt was carried out following the protocol outlined 

in Chapter 2. Initial synthesis was deemed to be successful by visual inspection 

of the product; a solid that was coloured yellow. This colour indicated an 

impurity, likely caused by IBCF.  

 

After repeating the purification procedure (i.e. washing), the product retained a 

yellow hue, albeit in a lighter shade. It was therefore necessary to develop 

additional purification procedures that would produce a pure product. From the 

GPC trace (Figure 3.33), it can be seen that the primary impurity was unreacted 

precursor peptide. The solid nature of the product allowed for the use of 

reprecipitation to remove both the IBCF impurities and the peptidic impurities. 
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Additionally, column chromatography was also considered as a viable means of 

purification. However, both processes add an additional purification step, which 

allows for increased chances of the loss of the product, impacting the final yield. 

The yield of the impure conjugate was taken as a means of comparison, and 

varied between 81 to 92 %, and decreased significantly after the required 

additional purification. Dialysis was also considered as a potential purification 

method, however a quicker, more industrially viable purification protocol was 

required, and so dialysis was not pursued. Nevertheless, this option could be 

considered if required.  

 

 

Figure 3.33: GPC trace of mPEO7-F4-OEt and progenitor peaks after initial 

synthesis.  

 

Column chromatography was performed using an eluent of 20:1 (DCM: MeOH), 

and the stationary phase used was silica gel. After columning, the purified 

product was a pale yellow solid. This visual indication implied that at least the 

majority of IBCF impurity had been removed. GPC analysis was again 

performed to note assess the purity and species present in the conjugate, 

which is shown in Figure 3.34. 
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Figure 3.34: GPC trace of columned mPEO7-F4-OEt. 

 

The bimodal character of the conjugate peak in Figure 3.35 has been vastly 

reduced, though not eliminated (as a shoulder is visible on the trace), inferring 

that some peptide was still associated with the conjugate. Furthermore, the final 

yield for the purified conjugate was 41 %. The colour of the product was a pale 

yellow, indicating that some IBCF impurity remained. This dramatic reduction in 

the final yield, coupled with the inefficient and only partly effective purification of 

the product, alongside the long work-up time, renders column chromatography 

an inefficient method that was not pursued unless absolutely necessary. 

 

A second experiment was carried out using a different purification method. 

Reprecipitation was undertaken by dissolving the conjugate into a small amount 

of THF (~20 ml), then slowly adding the solution to excess petroleum ether 

(~300-400 ml), whilst stirring. The conjugate precipitated as a white solid, which 

was collected by filtration, washed through with additional petroleum ether, and 

then dried in vacuo. GPC analysis (Figure 3.35) reveals a narrow unimodal 

peak with no shoulder present, which strongly implies that no unreacted peptide 

is present, and gives a good indication of overall purity. The yield after 
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purification was 77 % which is significantly higher than the yield produced after 

column chromatography, and the overall purification time was quicker. 

Reprecipitation, with additional washing was determined to be a more effective 

purification procedure and was used henceforth when viable.   

 

 

 

Figure 3.35: GPC trace of reprecipitated mPEO7-F4-OEt and progenitor peaks. 

 

1H NMR data is shown in Figure 3.36, where the spectrum clearly illustrates the 

correspondingly more intense phenyl peaks (integral ratio of 22 protons, 

Peak H), and the further broadening of the methylene (integral ratio of Peak B 

is 7.7) and methine peaks (Peak G, which has an integral ratio of 3.3) in the 

oligopeptide backbone. It is also possible to see amide proton peaks at 

7.5 ppm, 8.1 ppm and 8.6 ppm, further confirming that coupling was successful. 

The 13C PENDANT NMR spectrum (Figure 3.37) shows four positively phased 

quaternary carbon peaks representing the amide groups in the molecule (Peak 

J). It is important to note that the signal from the ester carbon is no longer 

visible at this resolution, requiring an increased scanning time to detect. IR data 

is similar to the other conjugates in the series, with the band representing 

secondary amide bonds noted at 1635 cm-1 (Figure 3.38). As with the other 

spectra, the bands have varied by only a small amount (and the relative 
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intensities have remained consistent, illustrating that the same bonding is 

present in all the conjugates.  

 

 

Figure 3.36: 1H NMR spectrum of mPEO7-F4-OEt. 

 

 

Figure 3.37: 13C PENDANT NMR spectrum of mPEO7-F4-OEt. 



133 

 

Figure 3.38: IR spectrum of mPEO7-F4-OEt. For peak assignments see 

Appendix A. 

 

The synthesis of mPEO7-F4-OEt was carried out to produce a pure conjugate 

with high yield (77 %). Initial washing was inefficient so further purification was 

required with two methods investigated. It was determined that a combination of 

reprecipitation and re-washing produced the most well-defined conjugate with 

the best yields.  

 

3.3.2.1.5. Summary of synthesis of mPEO7-containing conjugates 

 

Four well-defined conjugates containing mPEO7-COOH and phenylalanine 

oligopeptide homologues were produced using IBCF. Yields for each conjugate 

were high, but generally showed a decrease as the peptide length increased. 

This is attributable to compatibility of the peptide in the solvent, which also 

decreases as peptide length increases alongside the more predictable steric 

effects.  
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3.3.2.2. Synthesis of mPEO12 conjugates 

 

Synthesis of mPEO12-based conjugates is very similar to that of mPEO7-based 

conjugates. To avoid repetition, only analytical information has been included in 

the following sections for each conjugate, unless any special deviation from the 

previously established protocols was required.  

 

3.3.2.2.1. Synthesis of mPEO12-F1-OEt 

 

The synthesis of mPEO12-F1-OEt is similar to the equivalent conjugate 

synthesis with a smaller polymer component. As before, the peptide component 

did not require synthesis or additional purification and, therefore, could be used 

as received. The conjugation product was also generally a clear viscous liquid, 

however in contrast to mPEO7-F1-OEt, the conjugate was also observed to 

have some regions that appeared semi-solid due to its higher molecular weight. 

A yellow tinge was observed when certain impurities were present (attributed to 

IBCF), again providing a good visual indicator of product purity. It should be 

noted that this is only a qualitative measure of purity, and that other methods 

are used for more quantitative analysis.  

 

A well-defined, narrow unimodal peak was observed on the GPC trace, 

indicating that no degradation of the product occurred, and that no other 

precursor species were present in the final product. It should be noted that the 

GPC of the mPEO12-COOH starting reagent overlaps with the conjugate peak 

on the GPC trace (Figure 3.39). However, the conjugate product peak is 

symmetrical, suggesting that there is no contamination from free 

mPEO12-COOH (which would produce a low molecular weight shoulder). 

Addition of NH2-F1-OEt to the polymer chain leads to a slight increase in 

molecular weight, which causes the retention time to be shorter by a small 

amount, reflected in the trace.   
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Figure 3.39: GPC trace of mPEO12-F1-OEt and precursor materials. 

 

In contrast to the analogous conjugate from the PEO7 series, an aqueous and 

acid/base washing the product were sufficient to produce pure conjugates. 

Furthermore, the molecular weight of the conjugate is dissimilar enough from 

the peptide for dialysis to be a viable purification strategy. The 1H NMR 

spectrum of the conjugate (Figure 3.40) is very similar to the mPEO7-F1-OEt 

spectrum (Figure 3.19), with the peaks occurring at almost identical chemical 

shifts; the only difference is the intensity of the peaks. This is most visible when 

comparing the intensity of the phenyl peaks (Peak H) to the polymer backbone 

peaks (Peak D), where the intensity of the polymer backbone peaks was 

greater in mPEO12-F1-OEt. The integral ratio of the phenyl peaks (Peak H) was 

determined to be 5, and the integral of the polymer backbone peaks was 43 

(expected value was 44), a clear increase from the integral of 26 in Figure 3.19. 

Analysis by 13C PENDANT NMR (Figure 3.41) produced an identical spectrum, 

when compared to Figure 3.20, with the exception of the peak intensities, which 

were reduced with respect to the polymer backbone (Peak F), due to the 

increase in the number of carbons in the polymer backbone (Figure 3.41). IR 

spectroscopy showed minor differences between the spectra, most notably a 
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reduction in the band for secondary amide bond stretching (Band A) at 3282 

cm-1 (Figure 3.42).  

 

 

Figure 3.40: 1H NMR spectrum of mPEO12-F1-OEt. 

 

 

Figure 3.41: 13C PENDANT NMR spectrum of mPEO12-F1-OEt.  
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Figure 3.42: IR spectrum of mPEO12-F1-OEt. For peak assignments see 

Appendix A. 

 

Overall, the coupling reaction was straightforward and produced a well-defined 

conjugate. Yields for the reaction were moderate to high, ranging from 65 to 

79 %. This is slightly lower than the maximum yield obtained for mPEO7-F1-OEt 

conjugates using the same peptide.  

 

3.3.2.2.2. Synthesis of mPEO12-F2-OEt 

 

Much like the preceding conjugate, synthesis of mPEO12-F2-OEt was similar to 

that of the analogous PEO7-based conjugate. However, a noted difference was 

that the conjugate is a solid (with some regions appearing to be semi-solid) due 

to the increased molecular weight of the polymer component. There were no 

modifications to the synthetic protocol as described in Chapter 2. GPC analysis 

of the conjugate shows a generally unimodal peak (Figure 3.43). NMR analysis 

of the product shows that the peaks are more defined than 

mPEO7-F2-OEt (Figure 3.44), which is clearly emphasised when comparing the 
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methine protons (Peak G) of the respective spectra. However, the peaks are 

becoming slightly broader when compared to the spectrum for mPEO12-F1-OEt, 

most notably the phenyl peaks. The integral ratios for the conjugate are close to 

the expected values, with broadness of the peak for the methylene protons 

adjacent to the phenyl ring (benzyl protons, Peak B) distorting the integral ratio 

slightly (five protons instead of four). Integration of the different phenyl peaks 

(Peak H) gave a ratio of ten protons to two, commensurate with the structure of 

the conjugate. However, this integral is not entirely reliable as the sharp peak 

visible at 7.3 ppm, which is produced by solvent (CDCl3), will distort the 

integrals. This applies to all of the 1H NMR spectra where the phenyl ring proton 

signals overlap the solvent region. Some broadness is also observed by the 

methylene protons in the ester protecting group (Peak F).  

 

The 13C PENDANT NMR spectrum shows minor differences compared to 

mPEO12-F1-OEt and mPEO7-F2-OEt, with a notable decrease in the relative 

intensity of the ester carbon peak, in comparison to the amide peak (Figure 

3.45, Peak J). IR analysis shows slight shifting of the bands, with the band for 

secondary amide bonds (C=O stretching) present at 1641 cm-1 (Figure 3.46, 

Band E).  

 

 

Figure 3.43: GPC trace of mPEO12-F2-OEt and precursor reagents. 
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Figure 3.44: 1H NMR spectrum of mPEO12-F2-OEt. 

 

 

Fig 3.45: 13C PENDANT NMR spectrum of mPEO12-F2-OEt 
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Figure 3.46: IR spectrum of mPEO12-F2-OEt. 

 

Overall, the coupling reaction was again facile and produced a well-defined, 

pure conjugate. Yields for the reaction were high, ranging from 71 to 90 %. This 

is slightly lower than the maximum yield obtained for PEO7-based conjugates 

using the same peptide, which is also reflected in the conjugate yield for 

PEO12-F1-OEt. Interestingly, the yield for F2-based conjugates has been better 

than F1-based conjugates for both polymer chains, suggesting that the short 

peptide sequence may negatively affect the coupling efficiency, by creating 

difficulties during the purification process. 

 

3.3.2.2.3. Synthesis of mPEO12-F3-OEt 

 

Synthesis of mPEO12-F3-OEt followed a similar route to mPEO7-F3-OEt. The 

increased molecular weight of the conjugate resulted in the product being a 

solid with a pale yellow tinge. This is in contrast to the homologous PEO7-based 

conjugate which was a semi-solid. The initial GPC trace (Figure 3.47) shows 

that the conjugate peak is not unimodal. Elution time of the second peak gives 

a clear indication that the impurity of the conjugate arises from the precursor 
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peptide, which has a similar peak character. mPEO12-COOH is easily washed 

out by repeating the purification procedure detailed in Section 2.3. The 

precursor peptide is able to associate via hydrogen bonding to the other 

species in the reaction mixture, such as the conjugate, and thus be eluted 

alongside them, which explains the lower retention time.  

 

 

Figure 3.47: GPC traces showing impure mPEO12-F3-OEt and precursor 

reagents. 

 

As the conjugate was a solid, reprecipitation, and repeated washes were used 

to remove the associated peptide. GPC analysis shows that after repurification, 

a well-defined, narrow unimodal peak is produced (Figure 3.48). The 1H NMR 

spectrum of the purified mPEO12-F3-OEt is dominated by the polymeric 

methylene protons (Peak D), reducing the relative intensities of the other peaks. 

This is especially noticeable when compared to the 1H NMR of mPEO7-F3-OEt 

(Figure 3.49). Furthermore, it can be seen that the peaks originating from the 

oligopeptide are much broader and less well-defined, with more multiplets 

visible, especially the methylene benzylic protons (Peak B). The 13C PENDANT 

NMR spectrum shows a further decrease in peak intensities compared to the 

corresponding PEO7-based conjugate (Figure 3.50). This is due to the relative 
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increase in intensity of the polymer carbons. IR analysis (Figure 3.51) confirms 

the presence of a secondary amide bond at 3270 cm-1 and 1636 cm-1 (Band A 

and E, respectively).  

 

 

Figure 3.48: GPC traces showing the purified mPEO12-F3-OEt and precursor 

reagents. 

 

 

Figure 3.49: 1H NMR spectrum of mPEO12-F3-OEt. 
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Figure 3.50: 13C PENDANT NMR spectrum of mPEO12-F3-OEt. 

 

 

Figure 3.51: IR spectrum of mPEO12-F3-OEt. For peak assignments see 

Appendix A. 
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Similar to mPEO7-F3-OEt, the initial product contained an impurity which 

required additional purification steps. Additional purification was facile, and 

resulted in a pure conjugate being produced. Yields were moderate to high 

ranging from 58 to 72 %. This correlates with the general trend of yield 

decreasing with increasing peptide length, and also that the yield for conjugates 

with variable polymer chain length (but identical peptide length) decreases as 

polymer length increases.  

 

3.3.2.2.4. Synthesis of mPEO12-F4-OEt 

 

Synthesis of mPEO12-F4-OEt was carried out as described in Chapter 2, with no 

changes to the protocol. Preliminary purification was deemed to be successful 

by the production of a white solid, which if contaminated with IBCF would have 

a yellow tint. The increased molecular weight also makes dialysis a viable 

option, although reprecipitation was still the favoured method to remove 

impurities. Figure 3.52 shows the GPC trace for the product. It can be seen that 

the conjugate produced a peak with a prominent shoulder. From the position of 

the peak, it is speculated that there were potentially trace amounts of free 

polymer present. 

 

Analysis of the NMR spectra (Figure 3.53 and 3.54) showed that the conjugate 

produced is consistent with the others in the series; notably the integral ratios 

are close to the expected values. The peak representing the methylene polymer 

protons (Peak D) has an integral ratio of 45 (expected value of 44), and the 

phenyl peak (Peak H) has an integral ratio of 22 (expected value was 20). This 

is an increase of 4 protons compared to mPEO12-F3-OEt, although both spectra 

have the solvent peak overlapping in the same region. The 13C PENDANT NMR 

spectrum has a large phenyl carbon peak, lowering the relative intensities of the 

other peaks, especially the quaternary ester, which is now not visible at the 

current resolution. Analysis of the IR spectrum confirms the presence of the 

amide bond at 3270 and 1637 cm-1 (Figure 3.55). Significantly, in all of the IR 

spectra for the conjugates produced so far, there has also been a medium 

intensity peak at 1454 cm-1, which is representative of the deformations of –CH3 

and –CH2 bonds.  
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Figure 3.52: GPC traces of mPEO12-F4-OEt and precursor reagents. 

 

 

Figure 3.53: 1H NMR spectrum of mPEO12-F4-OEt. 
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Figure 3.54: 13C PENDANT NMR spectrum of mPEO12-F4-OEt. 

 

 

Figure 3.55: IR spectrum of mPEO12-F4-OEt. For peak assignments see 

Appendix A. 
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The mPEO12-F4-OEt conjugate was produced with good purity, without the 

need for additional purification. Yields of the product were moderate to high, 

ranging from 76 to 90%, which follows the general trend seen so far.  

 

3.3.2.2.5. Summary of synthesis of mPEO12-containing conjugates 

 

Four well-defined conjugates containing mPEO12 and phenylalanine 

oligopeptide homologues were produced using IBCF. Yields for each conjugate 

were high, but generally decreased as the peptide length increased, agreeing 

with the general trend established for mPEO7-based conjugates. Comparative 

yields between conjugates with the same length peptide also decreased as 

polymer chain length increased.  

 

3.3.2.3. Synthesis of mPEO17 conjugates 

 

Synthesis of mPEO17-based conjugates follows the general methodology used 

for the other conjugates. Notably, below room temperature (at approximately 

17 °C) the precursor polymer component solidifies into a white solid. Gentle 

heating reverted the polymer back into a viscous liquid. This property is 

consequently inherited by the lower molecular weight conjugates of this series. 

Analytical information is provided for each conjugate, and any special 

deviations from the established protocol are noted in the respective section.  

 

3.3.2.3.1. Synthesis of mPEO17-F1-OEt 

 

Synthesis of mPEO17-F1-OEt was similar to that of the other lower molecular 

weight F1-based conjugates. The resulting conjugate was a clear, waxy solid, 

which if IBCF impurities were present would have a yellow tint. Purification was 

facile, requiring a repeat wash to ensure removal of any by-products. Analysis 

by GPC reveals no degradation or additional products, showing a unimodal 

peak, with a partially broad character (Figure 3.56) due to the polymer 

component. The symmetrical character of the peak indicates that there are no 

(or negligible amounts of) impurities present in the conjugate. 1H NMR analysis 

(Figure 3.57) shows well-defined peaks, with multiplicity clearly visible and 



148 

decreased peak intensities relative to the increased polymer backbone proton 

peak. The integral of the polymeric peak (Peak D) is 60 protons, which is lower 

than the 64 protons expected. This likely arises due to the accuracy of the 

technique (~95 %), and the increasingly broad nature of the polymeric peak. 

Integration of the phenyl peaks (Peak H) was 5, thus confirming that a species 

with a monosubstituted phenyl constituent is present in the product (i.e. 

NH2-F1-OEt). The 13C NMR spectrum is similar to other F1-based conjugates, 

with increased intensity for the carbons in the polymer backbone (Peak F), 

making the quaternary amide (Peak I) and especially the ester carbon peaks 

impractical to see at 171 and 174 ppm, respectively (Figure 3.58). Therefore, it 

is necessary to use the IR spectrum to confirm the presence of the presence of 

the amide bond.  

 

 

Figure 3.56: GPC trace of mPEO17-F1-OEt and precursor reagents. 

 

The IR spectrum is similar to the other conjugate spectra, with a medium 

intensity peak at 1454 cm-1 (Figure 3.59, Band G). There is a weak, broad band 

at 3320 cm-1 (Band A), that is caused by the N-H stretch of a secondary amide 

bond. Stretching of the carbonyl group (C=O) of this secondary amide bond 
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results in a medium intensity peak at 1664 cm-1 (Band E), thus confirming the 

presence of a secondary amide bond. As the precursor peptide (NH2-F1-OEt) 

does not contain a secondary amide bond, the origin of Band E can only be 

from successful coupling between the peptide and the polymer. Therefore, in 

addition to the other analytical data obtained, it can be seen that the synthesis 

of a pure conjugate was successful. Yields for the reaction were moderate, 

ranging from 54-73 %, which is slightly lower in comparison to the other 

F1-based conjugates.   

 

 

Figure 3.57: 1H NMR spectrum of mPEO17-F1-OEt.  
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Figure 3.58: 13C PENDANT NMR spectrum of mPEO17-F1-OEt.  

 

 

Figure 3.59: IR spectrum of mPEO17-F1-OEt. For peak assignments see 

Appendix A. 
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3.3.2.3.2. Synthesis of mPEO17-F2-OEt 

 

Synthesis of mPEO17-F2-OEt was carried out according to the protocol outlined 

in Chapter 2. The conjugate produced was, like the preceding conjugate, a 

waxy solid. Initial GPC analysis (Figure 3.60) showed a symmetrical unimodal 

peak, which is slightly broader than the preceding conjugate and also 

conjugates with the same peptide length, but lower polymer size. No additional 

purification steps were required. The 1H NMR spectrum (Figures 3.61) shows 

an increase in the relative intensity of the phenyl proton peaks (Peak H), with 

the integral rising from 5 protons to 10 protons, indicating that two 

monosubstituted phenyl rings are present in the conjugate (as expected). 

13C PENDANT NMR spectrum (Figure 3.62) is comparable to mPEO7 and 

mPEO12-based conjugates. Of note, the methylene carbon (Peak B) shows 

multiple peaks, representing the different chemical environments. The IR 

spectrum shows minute differences in contrast to the other spectra of 

conjugates of comparable size (Figure 3.59). As aforementioned, a peak at 

1454 cm-1 is present, and peaks arising from an amide bond are also visible 

(Bands A and E).  

 

 

Figure 3.60: GPC trace of mPEO17-F2-OEt and precursor reagents. 
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Figure 3.61: 1H NMR spectrum of mPEO17-F2-OEt. 

 

 

Figure 3.62: 13C PENDANT NMR spectrum of mPEO17-F2-OEt. 
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Figure 3.63: IR spectrum of mPEO17-F2-OEt. For peak assignments see 

Appendix A. 

 

Overall, mPEO17-F2-OEt was synthesised to a high degree of purity, with 

moderate yields (ranging from 45 to 70 %), which is lower than mPEO7-F2-OEt 

and mPEO12-F2-OEt (91 and 90 %, respectively). This is attributable to the 

increasing incompatibility between the (larger) polymer and peptide 

components. Further increases to the peptide or polymer size (length) may 

result in further reductions of the yield.  

 

3.3.2.3.3. Synthesis of mPEO17-F3-OEt 

 

Like previous examples of F3-based conjugates, the synthesis of 

mPEO17-F3-OEt was not as straightforward forward as the other conjugates. 

The synthesis results in the production of a white solid. However, despite 

repeated washes and several recrystallisation attempts, the GPC trace shows a 

peak that is much broader than previously encountered, with a more prominent 

shoulder visible (Figure 3.64). This suggested that the product was 

contaminated with free polymer. Integration of the peaks in the 1H NMR 

spectrum (Figure 3.65) shows that the polymer methylene peak represents 
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about 63 protons. However, the integral for the phenyl peaks was 12 protons, 

which is lower than expected. This was most likely due to polymer impurity in 

the sample, which is also reflected in the GPC peaks trace.  

 

 

Figure 3.64: GPC trace of mPEO17-F3-OEt and precursor reagents. 

 

 

Figure 3.65: 1H NMR spectrum of mPEO17-F3-OEt. 
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Analysis of the 13C PENDANT NMR spectrum (Figure 3.66) shows that the 

relative intensity of the phenyl and polymer carbon peaks (Peaks F and H, 

respectively) makes detection of the other peaks, such as the methyl carbon 

(and especially the quaternary carbon signals), difficult. Nevertheless, it can be 

seen that the amide carbon peak (Peak J) is present at 171 ppm and has 

multiple signals showing the differing environments that the amide carbon 

encounters (i.e. peptide-peptide bond and polymer-peptide bond). The ester 

peak cannot be seen at this resolution.  

 

 

Figure 3.66: 13C PENDANT NMR spectrum of mPEO17-F3-OEt. 

 

The IR spectrum is similar to the other conjugates analysed (Figure 3.62). 

Stretching of the N-H group of an amide bond appears at 3278 cm-1, and 

carbonyl stretching of an amide bond forms a peak at 1637 cm-1. The–C–H 

deformation peak is again present at 1454 cm-1. Remarkably, the amide peak at 

1637 cm-1 has been slightly split into two signals suggesting a minimal 

difference in the amide bonds (peptide-peptide and polymer-peptide amide 

bonds).  
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Figure 3.67: IR spectrum of mPEO17-F3-OEt. For peak assignments see 

Appendix A. 

 

Synthesis of mPEO17-F3-OEt encountered some difficulty during purification. 

Analysis of the material revealed a broader GPC peak despite repeated 

purification. NMR and IR analysis confirmed that despite the broadness of the 

peak, the manufactured conjugate was pure. However, as expected, the yield 

for the reaction again decreased compared to the preceding PEO17-conjugate, 

ranging from 41 – 67 %.  

 

3.3.2.3.4. Synthesis of mPEO17-F4-OEt 

 

The final conjugate produced in the PEO17 series was PEO17-F4-OEt. Synthesis 

was carried out as described in Chapter 2 with no modifications to the protocol 

or any additional purification required. The final conjugate produced was a 

white solid. Unlike previous PEO17-based conjugates, the product remained 

solid at elevated temperatures. Purification only involved repeated washes and 

reprecipitation when necessary.  
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In contrast to the GPC trace of PEO17-F3-OEt (Figure 3.64), it can be seen that 

the GPC trace for the reaction product is unimodal, and narrower, indicating no 

association of the starting materials, and no degradation (or additional 

products) as a result of the synthesis (Figure 3.68). 1H NMR analysis shows an 

increase in the intensity of the polymer peak (integral of 66), but a relative 

decrease in the integral of the phenyl protons (18 protons instead of the 

expected 20) (Figure 3.69). The other integrals match the expected values. It 

can be seen that the peaks are now very broad, with multiplicity impossible to 

determine. Notably, on the 13C PENDANT NMR spectrum (Figure 3.70), it can 

be seen that there are now multiple phased peaks, especially prevalent for the 

methylene carbon peak at 37 ppm (Peak B) and the methine carbon peak at 

53 ppm (Peak C), which shows the difference in the chemical environment of 

these carbons. Both NMR spectra are dominated by the polymer peak, to the 

detriment of the resolution of the other signals. 

 

The IR spectrum of mPEO17-F4-OEt (Figure 3.71), is typical of a conjugate 

spectrum, with the –CH deformation band present at 1454 cm-1 and the critical 

amide bands visible at 3278 cm-1 (N-H stretching) and 1637 cm-1.  

 

 

Figure 3.68: GPC trace of mPEO17-F4-OEt and precursor reagents. 
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Figure 3.69: 1H NMR spectrum of mPEO17-F4-OEt. 

 

 

Figure 3.70: 13C PENDANT NMR spectrum of mPEO17-F4-OEt. 
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Figure 3.71: IR spectrum of mPEO17-F4-OEt. For peak assignments see 

Appendix A. 

 

Synthesis of mPEO17-F4-OEt produced pure products with relative ease. In 

contrast to mPEO17-F3-OEt, the GPC trace was narrower without the need for 

extensive purification. Further analysis confirmed the purity of the synthesised 

conjugate. The yield for the reaction decreased compared to the preceding 

PEO17-conjugate, ranging from 37 to 50 %. This is also a reduction when 

comparing the product to conjugates with a smaller polymer component 

(i.e. PEO7- and PEO12- based conjugates).  

 

3.3.2.3.5. Summary of the synthesis of mPEO17-containing conjugates 

 

Four well-defined conjugates containing mPEO17-COOH and phenylalanine 

oligopeptide homologues were produced using IBCF. Yields for each conjugate 

were moderate, and showed a further decrease as the peptide length 

increased, attributable to compatibility of both the peptide and polymer 

component, together with the more predictable steric effects (due to the longer 

polymer chain). Furthermore, whist purification was generally facile, purification 

problems were encountered with the F3-based conjugate.  
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3.4. Alternative route for producing polymer-peptide conjugates 

 

Sections 3.2 and 3.3 show how modifying monomethoxy-poly(ethylene oxide) 

with an appropriate (activated) functional group, a carboxylic acid, enabled 

direct conjugation to a peptide via the formation of an amide bond. A notable 

concern regarding the reaction is the use of chromium to oxidise the 

PEO-alcohol to an acid. Whilst rigorous and repeated washings were used to 

ensure complete elimination of the chromium, which is filtered off in the initial 

washing stages after polymer modification, it would be more beneficial not to 

use the toxic material at all. Accordingly, an alternative method was 

investigated in an attempt to overcome this problem (Scheme 3.5). Section 3.4 

details the initial attempts of this method and compares it to the coupling 

efficiency described in Section 3.3.  

 

 

Scheme 3.5: Cartoon reaction scheme comparing general synthetic routes. 
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3.4.1. Proposed synthetic route for alternative production of polymer-peptide 

conjugates 

 

The bi-functionality of peptides is one of their greatest strengths, but can also 

be viewed as a fundamental disadvantage. It is necessary to prevent the 

formation of mixed products and side reactions, which would ultimately lower 

the final yields and purities of a synthetic material. Therefore, protection 

strategies are routinely used to prevent side-reactions and to direct the 

synthesis. Section 3.1 details a protection/deprotection approach that targeted 

the amine terminus of the peptide. However, throughout all of the reaction 

stages the peptide was also protected on the carboxylic acid terminus as an 

ethyl ester.  

 

Removal of the carboxylic terminus protecting group and exposing a group 

which can couple directly to mPEOn-OH, avoided the need for modification (and 

for chromium). Furthermore, this method could potentially be expanded for use 

on conjugates produced via the method outline in Section 3.3 (Scheme 3.6), to 

produce triblock copolymer-like structures.   

 

 

Scheme 3.6: Reaction scheme showing synthetic route for deprotecting the 

carboxyl terminus of a polymer-peptide conjugate. 

 

x+1
 

x+1
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3.4.1.1. Deprotection of C-ethyl ester protected amino acids  

 

The deprotection of C-ethyl ester-protected oligophenylalanine (Fx-OEt, where 

x > 1) was undertaken. To ensure that the resulting peptide was 

monofunctional, Boc protection on the amine group remained. Several methods 

were considered for the deprotection of the ethyl ester. Four methods are 

described here, three of which are based around the use of lithium hydroxide 

(LiOH).  

 

Deprotection involves converting an ester into a carboxylic acid (i.e. ester 

hydrolysis). This can be achieved either by using an acid or a base. Acid 

hydrolysis results in the formation of an acid and an alcohol. For example, acid 

hydrolysis of ethyl propanoate yields the formation of ethanol and propanoic 

acid. However, these reactions are reversible and the products formed may be 

difficult to separate. Indeed, whilst distillation can be used to separate the 

products, exposing peptides to high temperatures will potentially result in the 

formation of isomers, thus affecting the final yields. Acid hydrolysis would also 

lead to deprotection of the N-terminus. Conversely, base hydrolysis is generally 

a one-way process, which produces an alcohol and a salt, which is dependent 

on the base used (in this case a lithium salt would be formed). This allows for 

easier separation and the salt can then be converted to the corresponding 

carboxylic acid with excess dilute acid[5]. Base hydrolysis of esters is known as 

saponification (Scheme 3.7).  

 

Initial deprotection was carried out using Method One as described in Section 

2.5.1. The deprotected peptide was only sparingly soluble in the solvent 

system, thus was easily collected by filtration and then treated with dilute acid. 

This method was carried out on three peptides; Boc-F2-OEt, Boc-F3-OEt, and 

Boc-F4-OEt. These peptides were chosen as their synthesis was reliable, high 

yielding, and compatible with the solvent system (specifically an organic, 

chloroform-based solvent).  

 



163 

 

Scheme 3.7: Reaction scheme showing ester cleavage by base hydrolysis 

(saponification) where AA represents one or more amino acids.  

 

Figure 3.72 shows the 1H NMR spectrum of Boc-F2-OEt, and Figures 3.73 and 

3.74 show the 1H and 13C PENDANT NMR spectra of the product after 

deprotection, respectively. It can clearly be seen that the peaks labelled A and 

D in Figure 3.72 are significantly reduced in the Boc-F2-COOH spectrum 

(Figure 3.73). These peaks are associated with the methyl protons (Peak A) 

and methylene protons (Peak D) of the ethyl ester protecting group. The 

functional group marked by the asterisk in Figure 3.73 is the remnant methyl 

end of the protecting group, and the integral of this group is 0.03 (relative to the 

Boc protons with an integral of nine in Figure 3.72 and 3.73), giving an 

approximate deprotection efficiency of 97 %. 13C NMR spectrum shows the loss 

of the methyl signal, which was distinguishable at 27 ppm. IR analysis 

(Figure 3.75) reveals a broad band at 3045 cm-1, which is indicative of O-H 

stretching of a carboxylic acid group, and a sharp band at 1730 cm-1, which is 

indicative of carbonyl stretching of a carboxylic acid group.    
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Figure 3.72: 1H NMR spectrum of Boc-F2-OEt. 

 

Although it can be seen that deprotection was carried out successfully and 

efficiently, the yields of the reactions varied greatly, ranging from 23% for 

Boc-F2-OEt, to 45% for Boc-F3-OEt, and 55% for Boc-F4-OEt. Such low and 

varied yields do not make the reaction reliable for the production of 

oligopeptides or for large scale processes.  

 

Method One was not deemed a practical route for peptide production, however 

the ease of the reaction was favoured. Therefore, the effects of modifying this 

method of deprotection were investigated. Method Two (Section 2.5.2) was 

considered and initially tested. However, the process involved heating the 

peptide solution to high temperatures, which was undesirable. Consequently, 

Method Two was not carried forward.  
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Figure 3.73: 1H NMR spectrum of Boc-F2-COOH after deprotection using LiOH 

Method One.  

 

 

Figure 3.74: 13C PENDANT spectrum of Boc-F2-COOH after deprotecting using 

LiOH Method One. 
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Figure 3.75: IR spectrum of Boc-F2-COOH after deprotection using LiOH 

Method One. For peak assignments see Appendix A. 

 

Unlike the previous two methods, which were one-step processes, “Method 

Three” (Section 2.5.3) was a two-step process. However, the additional step 

was offset by the shorter reaction time compared to overnight reactions for 

Methods One and Two. The reaction could be completed in a few hours. A 

small amount of LiOH was initially added to establish the pH required. 

Additional LiOH was added later, to further increase the pH, followed by the 

addition of dilute acid. Purification consisted of extraction with ethyl acetate. 

Whilst the reaction time was shorter, yields were decreased, ranging from 18 to 

35 % for all peptides.  

 

Although, LiOH is generally effective for deprotection, the yields were not 

feasible for production of peptides and therefore this deprotection method was 

not considered a replacement for peptide production via Boc deprotection. 
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A final method for deprotection was investigated. Bis(tributyltin)oxide (BBTO) 

has been utilised previously for the deprotection of a range of esters[12, 13]. The 

deprotection herein was carried out as described in Section 2.5.4, using toluene 

as a solvent. This method was initially carried out on Boc-F2-OEt, which was 

chosen as it was easy to reliably reproduce the synthesis deprotection. 

Figure 3.76 shows the 1H NMR spectrum of the product after the reaction had 

taken place.  

 

On the spectrum (Figure 3.76) it can be seen that there are multitude of peaks 

upfield, between 0.9 and 1.7 ppm. They have integrals in ascending order of 

chemical shift of 18, 12, 20, and 11. It is known that the Boc protons should 

form a singlet peak with an integral of 9 within this region. However, none of the 

peaks show this character, although it is possible that the multiplet peaks are 

overlapping the signal. Figure 3.77 shows the 1H NMR spectrum of the 

deprotecting agent BBTO. It can be seen that there are four peaks on the 

spectrum with integrals of 18 (Peak A), 10 (Peak B), 12 (Peak C), and 12 

(Peak D). If this spectrum is compared to the spectrum of the deprotected 

product (Figure 3.76), the upfield peaks between 0.9 and 1.7 ppm correspond 

to the signals from BBTO, and indeed the integral ratios are not dissimilar. Of 

note, the third peak at 1.4 ppm has a much higher integral ratio than expected 

(20 instead of 12). As aforementioned, the singlet signal for the Boc protons in 

not visible on this spectrum, therefore coupled with the higher integral, it is 

assumed that this peak is the combination of the two signals.  

 

Due to the broad nature of the BBTO peaks, the disappearance of the CH3 

signal from the protecting ethyl ester is difficult to note. In contrast, the 

reduction of the CH2 ethyl ester peak at 4.1 ppm, labelled with an asterisk in 

Figure 3.76 (changing from an integral of 2 to 0.6), indicates that deprotection 

was successful. Comparison of the integral of the precursor and the product 

gives a deprotection efficiency of approximately 70 %. In contrast to this high 

efficiency, the yield for the reaction was poor; approximately 6 %. Furthermore, 

as can be seen from the 1H NMR spectrum, the product is contaminated with 

the deprotecting reagent, despite purification. Further intensive purification, 

such as dialysis or column chromatography would be laborious, protracted, and 
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would present additional opportunities for yield reduction. Changing the reaction 

solvent from toluene to benzene yielded the same results. It is pertinent to note 

that during deprotection, elevated temperatures are required (up to 80 °C), 

which can affect the peptide and lead to a mixture of products. For these 

reasons, BBTO was not considered a viable route for the manufacture of 

C-terminal deprotected peptides.  

 

 

Figure 3.76: 1H NMR spectrum of Boc-F2-COOH using BBTO deprotection.  

 

 

Figure 3.77: 1H NMR spectrum of bis[tri-n-butyltin(IV)]oxide.  
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In summary, four different methods were used to deprotect the peptide 

component at the carboxylic acid terminus; three based on lithium hydroxide, 

and one based on BBTO. Lithium hydroxide was efficient, quick, and generally 

mild, though yields were moderate at best. By contrast, deprotection using 

BBTO was a long process requiring high temperatures, and was low yielding. 

Whilst lithium hydroxide is a superior deprotection technique compared to 

BBTO, in practical terms deprotection of the amine group (using trifluoroacetic 

acid to remove the Boc group) is milder, more facile, and higher yielding. 

Therefore, amine deprotection is the favoured method for producing functional 

peptides.  

 

3.4.1.2. Production of polymer-peptide conjugates using C-terminal 

deprotected peptides using Fischer Esterification 

 

Using peptides with a reactive carboxylic acid terminus allows for the potential 

production of polymer-peptide conjugates without the need for polymer 

modification. This can be achieved using esterification. Two methods of 

esterification were considered, Fisher esterification and Steglich esterification.  

 

Fischer esterification introduces the carboxylic acid and alcohol in the presence 

of a strong acid, resulting in the formation of the ester and water as products. 

The reaction is reversible and therefore affected by the position of the 

equilibrium. By removing the water, thus exploiting Le Chatelier’s principle, the 

product yields can be increased. However, this therefore requires that the 

reaction be undertaken in an environment in which exposure to water is 

minimised (such as through anhydrous solvents, dried glassware, sealed 

systems). This introduces additional costs and enhanced environment impact. 

Scheme 3.8 shows the reaction mechanism for this esterification.  

 

An experiment was undertaken using the protocols as described in Chapter 2. 

Boc-F2-COOH (deprotected using LiOH) was coupled with mPEO7-OH using 

sulfuric acid. To ensure that water was removed from the reaction, a 

Dean-Stark separator was used to collect the water produced, thus shifting the 

equilibrium towards ester formation. After refluxing overnight at 80 °C, the 
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product was then purified by washing. Already, the process was noted to have 

unfavourable conditions for peptides; high temperatures can lead to 

racemisation.  

 

 

Scheme 3.8: Fischer esterification between an acid (deprotected peptide) and 

an alcohol (polymer). 

 

The 1H NMR spectrum of the product of the esterification reaction (Figure 3.78) 

showed a peak corresponding to the CH2 polymer backbone at 3.7 ppm, which 

had an integral of 26 (expected value was 28). Further, at 3.4 ppm was a peak 

resulting from the methyl protons on the polymer component of the molecule, 

which has been used as the reference point for the integrals (integral of three). 

These peaks confirmed that the product contains mPEO7. However, there were 

no identifying signals for the peptide component. Notably, the phenyl peaks at 

7.26 ppm were not present, nor are the Boc peaks at 1.1 ppm. This was further 

supported by the 13C PENDANT NMR spectrum (Figure 3.79), which showed 

three species present; the polymer backbone carbons at 69 ppm (positively 

phased), the methyl carbon at 60 ppm, and a further CH2 group at 62 ppm. This 



171 

final CH2 group relates to the impurities that were present in the 1H NMR 

spectrum at 1.5 ppm and 2.0 ppm, of which the latter (broad) peak could be the 

hydroxyl group (OH) of unreacted mPEO7. 

  

 

Figure 3.78: 1H NMR of product obtained from Fischer esterification between 

mPEO7-OH and Boc-F2-COOH. 

 

 

Figure 3.79: 13C PENDANT NMR spectrum of product obtained from Fischer 

esterification between mPEO7-OH and Boc-F2-COOH. 
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The Boc group is removed from the peptide using TFA. It is speculated that 

during the esterification, sulfuric acid (which is a strong acid) interacted with the 

peptide and cleaved the Boc group. The free peptide units could then interact 

with each other (forming long hydrophobic oligopeptides) that would be 

removed by extraction. Using a weaker acid that would not interfere with the 

protecting group would be offset by the increased reaction time. However, 

replacing the Boc group with a more tolerant protecting group, for example 

Fmoc, may overcome this problem. This provides a good avenue for future 

work, as well as a reaction that does not require elevated temperatures. In 

summary, Fischer esterification was not considered a viable route for the 

production of polymer-peptide conjugates, due to the sensitivity of the 

protecting group to the acidic conditions necessary.  

 

3.4.1.3. Production of polymer-peptide conjugates using C-terminal 

deprotected peptides using Steglich Esterification 

 

An alternative method to Fischer esterification, Steglich esterification, was 

considered for the manufacture of conjugates. Steglich esterification uses a 

previously discarded coupling method; DCC coupling. In this protocol, DCC 

activates the carboxylic acid allowing the addition of the alcohol. The reaction 

was carried out as described in the protocol in Chapter 2. Unlike Fischer 

esterification, the reaction takes place at low temperatures (0 °C) initially and is 

then allowed to proceed at room temperature. 1H and 13C NMR analysis 

(Figures 3.80 and 3.81) showed several identifiable peaks, alongside possible 

contamination (such as the peak complex at 1.2 ppm). It can be seen that the 

backbone peak from the polymer is visible at 3.7 ppm with an integral of 22 

(expected 28). This was much more downfield than the expected error arising 

from the accuracy of NMR, and is due to the different chemical environment of 

the protons next to the ester bond (Peak D), which when combined have an 

integral ratio of approximately 4. This is confirmed by the heteronuclear single 

quantum coherence (HSQC) spectrum (Figure 3.82). Notably, the peak at 

1.3 ppm is representative of the Boc protons (which has an integral of 8.5) that 

were conspicuously absent from the spectrum of the Fischer esterification 
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product. Furthermore, the peak at 7.2 ppm is indicative of the phenyl protons, 

which has an integral of 9.4 (expected value of 10).  

 

The 13C PENDANT NMR spectrum (Figure 3.81) also shows hallmark peaks, 

especially the polymer carbons at 72 ppm, the phenyl carbons at 130 ppm, and 

the Boc carbons at 28 ppm. Notably, the presence of the ester carbonyl carbon 

is visible, at relatively low intensity (Peak J) at 175 pm, adjacent to the amide 

carbons (Peak I). Further, the methylene carbons adjacent to the 

polymer-peptide ester bond are visible (Peaks E). IR analysis shows that the 

product is similar to conjugates produced using IBCF coupling chemistry 

(Figure 3.83). Notably however, the bands at 1728 and 1660 cm-1 (Bands D 

and E, respectively) are almost equal in intensity and are representative of 

carbonyl bond stretching in the ester and the amide groups. Analysis by GPC 

(Figure 3.84) shows a narrow peak with a slight bimodal character, arising from 

a small amount of impurity present associated with the final conjugate (notably, 

the main peak is symmetrical).  

 

 

Figure 3.80: 1H NMR of product obtained from Steglich esterification between 

mPEO7-OH and Boc-F2-COOH. 
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Figure 3.81: 13C PENDANT NMR spectrum of product obtained from Steglich 

esterification between mPEO7-OH and Boc-F2-COOH. 

 

 

Figure 3.82: HSQC NMR spectrum of product obtained from Steglich 

esterification between mPEO7-OH and Boc-F2-COOH. Only cross-peaks have 

been labelled. 
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Figure 3.83: IR spectrum of product obtained from Steglich esterification 

between mPEO7-OH and Boc-F2-COOH. For peak assignments see 

Appendix A. 

 

 

Figure 3.84: GPC trace of product obtained from Steglich esterification 

between mPEO7-OH and Boc-F2-COOH. 
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The yield for the reaction was moderate, with a maximum yield of 60 % 

obtained. In comparison to the yield for the equivalent conjugate produced by 

amidation via IBCF coupling, 91 %, this is substantially lower. Yields for the F3- 

and F4-based conjugates were similar; 52 and 49 %, respectively. The primary 

advantage of this technique was avoiding chromium use and conjugation 

without modification to the polymer component, resulting in shorter reaction 

times. 

 

Although the production of conjugates in a short reaction time is desirable, the 

trade-off for yield and purity is not viable, and therefore this technique was not 

continued.  

 

3.4.1.4. Summary of alternative routes for conjugate production 

 

Deprotection of the C-terminus of Boc-F2-OEt via LiOH exposed a reactive 

carboxylic acid group that could be utilised for esterification with the polymer 

component. This potentially allowed for coupling without the need for the 

chromium or polymer modification, thus shortening the reaction times. Fischer 

esterification was used initially, however the Boc protecting group was 

incompatible with the reaction conditions required, thus no conjugate was 

produced. An alternative method, Steglich esterification was then undertaken. 

Esterification was successful producing a well-defined conjugate. However, the 

technique was not as high yielding as IBCF amide-bond formation, and so was 

not considered a viable as primary method to produce conjugates. However, 

future work undertaken in this area should focus on optimisation of the 

esterification protocol attempting to further increase the yield and purity.  

 

3.5. Comparison of methods for production of polymer-peptide 

conjugates 

 

Previously, in the literature, a synthetic route was described where 

polymer-peptide conjugates were fabricated using click chemistry[14]. In this 

method the polymer was initially functionalised with a tosyl group, which is an 

excellent leaving group. This was subsequently reacted with sodium azide to 
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produce a PEO-azide. The peptide component was produced in the same 

manner as described in Section 3.1, via IBCF chemistry. After synthesis, 

4-pentynoic acid was coupled to the N-terminus, thus introducing an alkyne 

group into the product. Finally, the peptide and polymer were coupled together 

using copper catalysed azide-alkyne cycloaddition, a form of “click chemistry”. 

Scheme 3.9 shows the previously described method (A) and the new method 

developed in this project (B).  

 

 

Scheme 3.9: Comparisons of reactions scheme for producing polymer-peptide 

conjugates; A) Tzokova Click Route [13] and B) IBCF Coupling Route. 

 

Henceforth, the two methods will be referred to as A and B as shown on 

Scheme 3.9. Initial observations show that Scheme A has a greater number of 

steps than Scheme B. This is due to the need to overcome the poor leaving 

character of the hydroxyl group, which arises because of the strength of the 

C-OH bond. Unlike Scheme B, the coupling in Scheme A requires specific 

functional groups to process; an azide and an alkyne. Introduction of the azide 
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group to mPEO takes place via an SN2 reaction therefore prior conversion to 

the larger (and excellent leaving group) tosylate is critical. Introduction of the 

tosylate group is somewhat demanding, requiring a nitrogen atmosphere and 

dried solvents to prevent side reactions. Introduction of the tosylate group took 

place overnight, therefore increasing the reaction time of the scheme. 

Purification of the product was carried out using column chromatography. 

Insertion of the azide group was also an overnight reaction, requiring high 

temperature reflux.  

 

In contrast, the preparation of mPEO for coupling in Scheme B was a one-step 

process. The alcohol was converted to an acid group by Jones oxidation, and 

purification involved filtration and washes. Yields for the final prepared mPEO, 

i.e. the compound used directly in the coupling reaction, were moderate. In 

Scheme A, reported yields were 69% for mPEO7.  Conversely, the yield for 

Scheme B for mPEO7 was 89%. Coupled with the shorter reaction time, this 

shows that Scheme B has more favourable synthetic conditions than A. 

However, the use of chromium is a disadvantage, as discussed in Section 3.2. 

An approximate cost-analysis of starting materials only shows that producing a 

functionalised polymer using Scheme A was 50% more expensive than using 

Scheme B. This was a crude calculation from the cost of all the materials used 

in modification, from Sigma-Aldrich and was found to be approximately £100 

and £66, respectively.  

 

Peptide synthesis in both schemes is the same. However, in Scheme A, an 

additional step was required to include an alkyne group necessary for the 

cycloaddition onto the polymer. This was achieved using 4-pentynoic acid, 

which formed an amide bond, thus introducing the alkyne group on to the 

peptide. The reaction conditions for this additional step were generally mild but 

included an overnight step, thus prolonging the overall reaction time. 

Purification via repeated washings was facile and the yield of alkyne 

functionalised peptide produced was reported to be high (95%). However, it is 

important to note that this is 95% of the synthesised peptide (which was F4). 

Therefore, the highest possible final yield of the peptide in Scheme A 

(assuming that the maximum yields were achieved as reported earlier[15]) was 
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71%. In comparison, the maximum possible yield for the peptide component 

(prior to coupling) is slightly higher at 75%, and again the reaction time is 

shorter.  

 

In Scheme A, the coupling reaction shown is a copper-catalysed click reaction, 

which results in the formation of a 1,4-triazole ring however the reaction 

conditions are somewhat stringent. The peptide-alkyne and the polymer-azide 

were dissolved in dry THF under nitrogen. It was imperative that oxygen was 

removed from the system to prevent oxidation of the copper catalyst. Copper (I) 

bromide (CuBr) and a ligand (such as PMDETA) were dissolved in dry solvent 

and added to reaction mixture. After stirring for 24 hours, copper [Cu(0)] was 

added and the mixture stirred for an additional 24 hours. Purification of the 

product involves quenching with methanol, followed by silica gel column 

chromatography. This coupling reaction is a long process, taking at least three 

days. Furthermore, the purification is laborious and must be carried out 

rigorously to ensure the complete removal of all by-products and spent 

reactants. It is imperative copper is completely eliminated from the product, 

especially if the material is designed for use in biological systems, as it is toxic 

even at very low concentrations (1 mg m-3 [16]). The yield for the coupling step 

was high (73%) and purity was also reported as high.  

 

The coupling step in Scheme B has been described in Section 3.3. However, in 

comparison to Scheme A, the reaction conditions are significantly milder. The 

reaction vessel does not require purging, and whilst dry solvents are preferable, 

they are not critical. Furthermore, the reaction time is significantly shorter, with 

the coupling being a one-step overnight reaction. Purification was also simpler, 

utilising washing to remove unreacted starting material, and reprecipitation to 

remove the coupling reagent (in certain cases). More rigorous purification 

methods were rarely used; column chromatography was used in one instance 

and only as a final resort for one of the conjugates.  

 

However, both reaction schemes show the use of a biologically toxic metal. 

Scheme A shows the use of copper in the coupling step (both a copper salt and 

copper metal), and Scheme B shows the use chromium (VI) oxide, which is 
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converted after the reaction to chromium (III) oxide.  The use of a toxic metal is 

highly disadvantageous as rigorous purification must be undertaken to ensure 

removal, otherwise the product cannot be used in any biological systems. In 

Scheme A, the use of the copper in the final coupling step is problematic as 

only the purification steps of the conjugate will ensure the removal of the 

copper. Furthermore the peptide chelated to the copper rendering separation of 

the compounds difficult. Scheme B uses a metal to oxidise the polymer, which 

takes place in the initial stages of the overall process. The chromium 

precipitates out of the reaction mixture and can be filtered off with ease. 

Furthermore, the additional washes required in the purification of mPEO will 

help to remove any residual chromium traces. Additionally, the purification after 

the coupling step involves several repeated washes, which again can remove 

any chromium traces present in the system. Thus, whilst the use of the 

chromium is unavoidable, there are a greater number of opportunities for its 

removal through the reaction scheme.  

 

The yield for the coupling step for Scheme B for mPEO7-F4-OEt was 

approximately 67% and purity was high. This yield is lower than that of the click 

chemistry coupling reaction (73%), however only by a marginal amount.  Table 

3.5.1 summarises the reaction schemes. Calculating the overall yields for the 

reaction shows that Scheme A produces a lower yield (~36%) than Scheme B 

(~46%). The reaction times for each Scheme also varied. Scheme A took a 

minimum of approximately ten days to complete; six days to produce the 

peptides, alongside tosylate functionalisation, and then a further day for 

azide/alkyne functionalisation. Two days are then required for the click coupling 

reaction, plus an additional day for purification. To ensure complete removal of 

starting materials and copper, dialysis was used, extending the overall reaction 

time by a significant amount (from several days to weeks). Furthermore, 

dialysis is not viable for industrial processes. Conversely, Scheme B is shorter, 

although it again requires six days for peptide production, alongside which 

polymer modification can take place. After this, IBCF coupling takes place over 

a further day, thus bringing the minimum approximate reaction time to seven 

days.  
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In conclusion, it has been shown that in comparison to the previously 

established solution phase method of producing PEO-phenylalanine conjugate 

via click chemistry, the method developed using IBCF as a coupling reagent 

was shorter, facile, and better yielding. Furthermore, the shortcoming of using a 

toxic metal in the reaction process has been minimised during polymer 

production, as opposed to during conjugate production, thus reducing the 

possibility for toxicity of the final product, and allowing for a greater range of 

potential uses.  

 

Table 3.6: A summary of the two reactions used to produce polymer-peptide 

conjugates. 

Reaction Stage Reaction Scheme A Reaction Scheme B 

Polymer  

Preparation 

Two-step reaction 

Moderate reaction conditions 

(N2, high T) 

Moderate yield 

No harmful by-products  

Purification requires column 

chromatography  

One-step reaction 

Mild reaction conditions (0 °C) 

High yield 

Chromium by-product (toxic) 

Purification carried out by 

washing 

Peptide 

 Preparation 

Generally the same as B 

High yield 

High purity 

Additional modification step  

Generally the same as A 

High yield 

High purity 

 

Coupling  

Reaction 

Click chemistry 

High yield 

Difficult purification 

Two-step process 

Stringent reaction conditions (N2) 

Copper catalyst (toxic) 

 

IBCF coupling 

Moderate yield 

Facile purification 

One-Step process 

Mild reaction conditions 
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3.6. Conclusions 

 

A new synthetic protocol has been developed to produce well-defined 

polymer-peptide conjugates based on mPEO and phenylalanine, with high 

purity and in high yields. IBCF coupling was used to conjugate the separate 

amino acids together to form the oligopeptide, and to couple the peptide 

component with the polymer component via the formation of an amide bond. 

Other coupling protocols were also investigated (DCC and PyBOP), however 

none were found to be as effective. The chosen peptide protection strategy was 

based on Boc protection, although Fmoc protection was also considered. Five 

oligopeptides were produced via this chemistry. Three different chain length 

mPEO polymers (7, 12, and 17) were modified by Jones oxidation, converting 

the terminal hydroxyl group to a more reactive carboxylic acid group. 

Conjugation between the modified polymer component and the oligopeptides 

used IBCF chemistry. Purification was generally facile, though as noted 

previously, F3-based conjugates encountered some purification difficulties, 

which were overcome primarily using reprecipitation and re-washing. The 

resulting products were produced in good yields, up to 91 %, and were 

synthesised to a high degree of purity, as confirmed by the GPC traces, IR, and 

NMR spectra.   

 

A second method for producing polymer-peptide conjugates was investigated. 

This method involved deprotection of the ester protecting group on the 

C-terminus of the amino acid (in contrast to Boc deprotection on the 

N-terminus). Exposure of the reactive carboxylic acid group allowed for 

coupling to potentially proceed through direct esterification between the 

terminal hydroxyl group of the polymer and the deprotected carboxylic acid. 

LiOH deprotection was found to be the most efficient deprotecting method, 

although the yields were moderate. Alternative deprotection methods (including 

BBTO) were less effective and lower yielding than LiOH. Esterification was 

undertaken using Fischer and Steglich protocols, however only Steglich 

esterification resulted in the production of conjugates, albeit at lower yields 

compared to IBCF coupling of the same material.  
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Initial esterification attempts have proved promising and have laid the 

foundation for future work. Such work includes optimisation of the esterification 

conditions to improve yields and reduce reaction times. Production of these 

“backwards” facing conjugates also allows for the facile manufacturing of a 

“tri-block” material, which can be easily introduced at the N-terminus of the 

peptide (easily generated deprotection by using TFA). The original IBCF 

protocol can be further investigated for longer chain length mPEO and larger 

peptide sizes. It may be necessary to change from a solution-phase based 

reaction system to a solid-phase system, though issues surrounding expense 

and compatibility remain. 
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4. Self-Assembly of Bio-Hybrid Materials 

 

A gel is semi-solid mass of lyophilic sol (dispersion of a solid in a liquid), in 

which all of the dispersion medium (i.e. the solvent) has penetrated the sol 

particles[1]. The characterisation of the gel is dependent on the formulation of 

the dispersion medium. If the solvent is water, then the gel is classed as a 

hydrogel. Conversely, if the solvent is organic, then the gel is classed as an 

organogel[2]. In this chapter, the work carried out focuses on mixed 

hydro/organogels, consisting of the gelator material and the solvent. The 

three-dimensional structure of a gel is a network of chains which are held 

together by chemical or physical bonds. Chemically-bonded hydrogels are held 

in place by irreversible covalent bonds linking the polymer chains together. 

Physically-bonded hydrogels, on the other hand, are held together by reversible 

interactions such as molecular entanglements, ionic forces, π-π stacking, 

hydrogen bonding, and van der Waals forces[3]. These reversible physical 

interactions are advantageous in applications such as drug delivery as it allows 

for the creation of injectable material via thixotropic behaviour of the gel (i.e. 

increasing shear force decreases viscosity, which then recovers upon the 

removal of the force). As the material is dissolved in an appropriate solvent, at 

specific concentrations, it experiences chemical or physical interactions that 

potentially lead to entangled three-dimensional networks. These networks 

consist of long, fibre-like structures, which can entangle and immobilise the 

dispersion medium[4]. This chapter describes efforts to form gels using 

mPEO-derived polymer-peptide conjugates. The chapter is divided into two 

sections; firstly qualitatively detailing macroscopic observations when 

attempting to gel the material (initial screening process for the gels), including 

any general trends, and secondly, analysis of the microstructure of formed gels.  

 

4.1. Gelation studies of polymer-peptide conjugates 

 

In Chapter 3, the reliable production of twelve polymer-peptide conjugates 

based on monomethoxy-poly(ethylene oxide) and phenylalanine was 

discussed. The following sections detail gelation studies of these materials, and 
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are organised by mPEO length. Five solvents were chosen for the co-solvent 

system with water; dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), acetone, 

ethanol, and dimethylformamide (DMF). Initial experiments with just water (as 

described in Chapter 2) were not successful, therefore necessitating the use of 

a binary solvent system. The volume of solvent in each system was constant 

(2 ml), and gelator material was used at two different concentrations 

(5 mg/ml and 10 mg/ml). Finally, the solvent composition was varied. Conjugate 

material was added to the organic solvent, and fully dissolved. An appropriate 

amount of water was added to the mixture, and left the resulting mixture to 

stand at room temperature overnight.  

 

4.1.1. Gelation of mPEO7-based polymer-peptide conjugates 

 

Four mPEO7-based conjugates were synthesised with varying phenylalanine 

oligopeptide length (F1 through to F4). No gel formation was observed initially at 

either concentration, however the viscosity of the F4-containing solution had 

qualitatively increased. Gel formation occurred after a further day standing at 

room temperature. Table 4.1 shows that some gels formed in this series 

(F4-based); in 40 %v/v DMSO and THF (5 mg/ml). Increasing the concentration 

of the gelator (10 mg/ml) resulted in an additional gel forming very weakly in 

20 %v/v DMSO. Elevating the temperature of the solutions to 60 °C and then 

allowing them to return to temperature resulted in further gels being produced. 

This is likely due to the temperature dependence of molecular interactions, 

including hydrogen bonding, which can lead to phase separation[5]. 

 

Notably, at the lower critical solution temperature (i.e. the temperature below 

which all components in a mixture are miscible), hydrogen bonding becomes 

unfavourable between the polymer and solvent, thus the macromolecule can 

dehydrate into a more hydrophobic structure[5]. This was carried out at both 

concentrations of gelator (5 and 10 mg/ml). The additional gels formed in 

20 %v/v DMSO and THF. Those gels were very weak, and underwent a 

gel-to-sol transition, thus collapsing the gel with minimal agitation (handling the 

vial triggered the transition). Such gels are not listed in Table 4.1 because they 

were not stable. This was in contrast to the gels formed in 40 %v/v solutions 
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which were able to free stand. Appendix B contains tabulated observations 

detailing the results of gel formation for all conjugates in this series.   

 

Gel formation using mPEO7-based conjugates was limited, with only mPEO7-F4 

showing any gel character. This suggests that there are few entanglements 

occurring at these concentrations, and that increasing the concentration may 

aid gel formation, as this alters the position in the phase diagram. Furthermore, 

there was insufficient hydrogen bonding taking place when the smaller 

conjugates (i.e. <F4) were used as discussed further in Section 4.1.4. 

 

Table 4.1: Qualitative observations of gel formation of mPEO7-F4-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO7-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x y x x y (very weak) y 

THF x x x y x x y (very weak) y 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO7-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x y y x x y (very weak) y 

THF x x x y x x y (very weak) y 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), and y represents a stable 

gel forming. 
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4.1.2. Gelation of mPEO12-based polymer-peptide conjugates 

 

Lengthening the polymer chain from mPEO7 to mPEO12, and therefore 

increasing the molecular weight whilst rendering the conjugate more 

hydrophilic, affected the gel formation of the aforementioned conjugates. As 

with mPEO7-based conjugates, gel formation was only observed when four 

phenylalanine units were incorporated into the conjugate (Table 4.2). However, 

the solvent systems in which gelation occurred were different to the previous 

efforts. At room temperature, no gel formed in any solvent composition when 

the concentration of the gelator was 5 mg/ml. However, in 40 %v/v DMSO, the 

solution was qualitatively observed to have increased viscosity, with regions 

appearing semi-solid. This indicated that some self-assembly was taking place 

(and is denoted as “partial”, p, in Table 4.2). Increasing the concentration to 10 

mg/ml resulted in gel formation, but again not in the same solvent systems 

previously observed for mPEO7-F4. Gelation occurred in 10 and 20 %v/v 

acetone, with “partial” gels forming in 40 %v/v DMSO and 5 %v/v THF. 

Appendix B contains tabulated observations detailing the results of gel 

formation for all conjugates in this series.   

 

Increasing the temperature of the gel mixture to 60 °C and then allowing the 

samples to cool to room temperature resulted in further gelation. The “partial” 

gels from 40 %v/v DMSO (5 and 10 mg/ml) formed more complete gels after 

heating, although the gel was observed to be weak when made from 5 mg/ml of 

material. Notably, gelation occurred in 10 and 20 %v/v acetone from 5 mg/ml of 

gelator material, but also formed at all mixtures (except DMF) when using 

10 mg/ml. Furthermore, at high gelator concentrations, self-assembly was 

observed at all compositions with THF. Conspicuously, no gel formed from 

DMF at any solvent composition, instead aggregates were noted to form in the 

reaction vial. 

 

mPEO12-based conjugates assembled into gels in more solvent compositions 

than mPEO7-based conjugates. This is likely attributable to the longer polymer 

chain, which allows for more entanglements. As with the previous experiment, 

only F4 conjugates showed any gel behaviour. Based on the trends seen so far, 
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it was expected that mPEO17-F4-OEt would also produce gel material, and from 

a greater ranger of solvent compositions than mPEO7-F4-OEt and 

mPEO12-F4-OEt.  

 

Table 4.2: Qualitative observation of gel formation of mPEO12-F4-OEt. The 

percentage shows the amount of organic solvent used in a mixture with water. 

mPEO12-F4-OEt Gels at Room Temperature Gels at  60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x p x x x y (weak) 

THF x x x x x x x y 

Acetone x x x x x 
y 

(weak) 

y 

(weak) 
x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

5 mg/ml 

mPEO12-F4-OEt Gels at Room Temperature Gels at  60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x p x x x y 

THF p x x x Y y y y 

Acetone x y y x p y y y 

Ethanol x x x x x x x y 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   

 

4.1.3. Gelation of mPEO17-based polymer-peptide conjugates 

 

mPEO17-based conjugates contained the longest polymer chain of all the 

conjugates tested for gelation. This, in turn, made the conjugate more 

hydrophilic which affected the behaviour of the conjugate in the solvent. As with 

all of the conjugates tested before, only the F4 conjugate (mPEO17-F4-OEt) 
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formed gels. All other conjugates either remained as a solution, or precipitated 

from the solvent. As predicted, more gels were formed across the parameters 

studied. At room temperature, gelation took place in 10 and 20 %v/v DMSO 

(5 and 10 mg/ml). Further, at a higher (10 mg/ml) gelator concentration, gels 

were also formed in 40 %v/v THF and acetone. On heating the gel mixtures, 

further gels were formed, with all compositions of DMSO resulting in gels, as 

well as the majority of acetone and THF. No gels were formed in ethanol or 

DMF (Table 4.3).  Self-assembly of mPEO17-F4-OEt was more prevalent than 

the previous experiments with shorter mPEO chains. It is likely that the longer 

polymer chain (and the increased hydrophilic character) led to increased 

entanglements, and more advantageous solvent interactions, thus forming a 

wider range of gels.  

 

Table 4.3: Qualitative observations of gel formation of mPEO17-F4-OEt. The 

percentage shows the amount of organic solvent used in a mixture with water. 

mPEO17-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO p y y x y y y y 

THF x x x x x x y y 

Acetone x p p x x y y y 

Ethanol x x  x x x x x x 

DMF x x x x x x x x 

5 mg/ml 

mPEO17-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO p y y y y y y y 

THF x x p y y y y y 

Acetone x x x y p y y y 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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4.1.4. Polymer-peptide conjugates gelation trends 

 

From a macroscopic point of view, the most obvious trend derived from the 

gelation results of polymer-peptide conjugates is that four phenylalanine 

peptide units are required to form a gel. No other conjugate combination (i.e. F1, 

F2, or F3) resulted in the formation of gel.  

 

Arguably, there are several factors that may be responsible for F4-conjugated 

self-assembly, the most important is that intermolecular hydrogen bonding 

arising from interactions between the amide, carbonyl, and ester groups help to 

stabilise three-dimensional structures that form. As expected, when the number 

of phenylalanine units increases, the number of hydrogen bonding groups also 

increases, thus providing stability for networked structures. Indeed, work 

reported by Hamley[6] indicates that the β-sheet structure is formed only when 

four phenylalanine peptide units are used in the conjugate. Using less than four 

peptide units did not result in β-sheet or fibril formation, likely due to the 

insufficient rigidity of the molecules, due to the vastly reduced amount of 

hydrogen bonding when compared to F4. The ratio between hydrophilic groups 

(such as the mPEO polymer backbone) and lipophilic groups (such as the 

phenyl rings of the peptide) are also noted as being important for self-assembly.  

 

Figure 4.1 shows the hydrogen bonding that can potentially occur in each of the 

conjugates. In F1-based conjugates, there is only one pair of linkages per 

molecule, and these linkages only occur on one side of the molecule. 

Increasing the peptide length to two (F2) also increases the number of pairs of 

hydrogen bond linkages per molecule to two. However, as shown in Figure 4.1, 

there is only one linkage possible per side of each molecule. The situation was 

slightly different when increasing the peptide length to three units (F3). In that 

instance, there would be three pairs of hydrogen bond linkages, arranged with 

two pairs on one side of the molecule, and one pair on the other side. Finally, 

when the peptide consists of four phenylalanine units (F4), there are four pairs 

of hydrogen bond linkages per molecule, arranged evenly with two per side per 

molecule.  
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Figure 4.1: Hydrogen bonding of mPEOn-Fx-OEt polymer-peptide conjugates. 

  

Correlating the number and position of hydrogen bond pairs to gelation reveals 

that at least two pairs of hydrogen bond linkages are required on each side of 

the molecule for successful gelation. If the system has only one pair (on either 

side) the material will not gel. Speculatively, a very small amount of energy (for 

example E joules) is required to overcome the stabilisation effect of the 

hydrogen bonding and disrupt one linkage pair, hence why F1- and F2-based 

conjugates did not form gels. Although F3-based conjugates have three pairs of 

linkages, the orientation (two on one side and one on the other) of these 

linkages means that the structure can be disrupted on the side with one pair of 

linkages with a small amount of energy (E joules). However, in the case of 

F4-based conjugates, applying E joules of energy will only disrupt one linkage 

pair on a given molecule. However, as the second linkage pair will remain 

bonded (as 2E joules would be needed to disrupt it), the overall structure 

remains stabilised, albeit obviously weakened. Furthermore, due to the second 
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pair of linkages allowing the chains to maintain their orientation (and keeping 

them bonded), the disrupted hydrogen bonds have the opportunity to reform 

over a time period.  

 

Another consideration is that systematically increasing the number of 

phenylalanine units correspondingly increases the number of phenyl groups 

(rings) in the final conjugate. This in turn augments the potential amount of 

intermolecular π-π stacking, thus turning it into an additional stabiliser, aiding 

entanglement by acting as a physical cross-link[7]. Furthermore, this stacking 

provides an excellent hydrophobic domain which can accommodate 

hydrophobic molecules (such as hydrophobic therapeutic agents), an important 

consideration for the future use of such biomaterials.  

 

The solvent used for gelation also had an effect on self-assembly. This is 

clearly seen by the lack of gelation in DMF and ethanol (generally) even when 

using F4-based materials. Table 4.4 lists the solvents used alongside the 

dielectric constant of the solvents (which gives a rough indication of polarity) 

and qualitative observations of the solubility of the conjugate in the solvent.  

 

Table 4.4: Dielectric constants of gelation solvents and qualitative solubility 

observations of the conjugates in the aforementioned solvents.  

Solvent Dielectric Constant Dissolution Speed 

Tetrahydrofuran[8] 8 Quick 

Acetone[9] 21 Moderate 

Ethanol[9] 25 Slow 

Dimethylformamide[10] 38 Moderate 

Dimethyl sulfoxide[11] 48 Quick 

 

Ethanol and DMF have relatively high dielectric constants, which indicate that 

the solvents are moderately polar. Hypothetically, hydrogen bonding between 

the solvent and the conjugate would compete with the inter-conjugate hydrogen 

bonding thus disrupting the three-dimensional structure, resulting in no gelation. 

However, the dielectric constant of DMSO is greater than DMF (~48), yet 
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gelation still occurred. To explain this, it is necessary to look at the solution 

properties. Solubility parameters are used to predict the dissolution behaviour. 

Specifically the Hansen solubility parameters[12] predict solubility based on 

dispersion forces, dipole-dipole interactions, and hydrogen bonding. Therefore, 

each solvent is given three Hansen parameters; δD, δP and δH, respectively. The 

values for δH show the energy from hydrogen bonds between the solvent 

molecules. Table 4.5 shows the values of the δH Hansen parameter for the 

solvents used in gelation.  

 

Table 4.5: Hydrogen bonding Hansen parameter (δH) of gelation solvents.[12] 

Solvent δH 

Dimethyl sulfoxide 10 

Tetrahydrofuran 8 

Acetone 7 

Ethanol 20 

Dimethylformamide 12 

 

Notably, the δH values for ethanol and DMF are higher than the other solvents, 

suggesting that there is more hydrogen bonding arising from these solvents, 

which could disrupt the structure despite the four phenylalanine peptide units. 

The parameter value for DMSO is close to that of DMF, however the solubility 

of the conjugate in DMSO was also high, thus assisting dispersion of the 

material in the solvent. 

 

In conclusion, the observable data suggests that for a gel to form from the 

conjugates, the δH parameter of the solvent must be low (i.e. the solvent should 

not have a high propensity to form hydrogen bonds), and that the solvent 

should dissolve the conjugate easily. Furthermore, at least four repeat units of 

peptide consisting of four evenly distributed pairs of hydrogen bonding linkages 

should be present to stabilise the networks.  
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4.2. Quantitative analysis of self-assembled materials 

 

Although gelation had appeared to occur, this was determined by visible 

observations and so was a qualitative assessment. This was problematic as 

samples that appeared to be a gel, may have actually been a slow-flowing, 

highly viscous liquid. To this extent, three techniques were used to investigate 

the self-assembly behaviour; rheology, infrared spectroscopy (FTIR), and 

confocal microscopy. The conjugate used in all experiments was 

mPEO17-F4-OEt (10 mg) dissolved in a DMSO-water solution. This conjugate 

was chosen as it qualitatively appeared to reliably self-assemble. Throughout 

this Section, the analytical data collected will be compared with that of gels 

produced in the literature with similar materials (notably mPEO7-F4-OEt). 

 

4.2.1. Rheology of self-assembled materials 

 

Rheological studies on the self-assembled materials were carried out at least 

one day after self-assembly had appeared to occur. Figure 4.2 shows a plot of 

shear rate versus shear stress. The figure shows that the sample behaved like 

a non-Newtonian fluid as the slope is non-linear. This implied that the sample 

had some shear thickening behaviour, as there were dramatic changes in the 

gradient of the graph (analogous to the change in viscosity of the material).  

  

  

Figure 4.2: Rheology data for self-assembled mPEO17-F4-OEt 10 mg/ml in a 

20 %v/v solution of DMSO and water. 
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A strain-sweep test was performed to determine the linear viscoelastic region of 

the samples. The strain-sweep allowed determination of the amount of strain to 

use in further experiments, i.e. ensuring that the sample is being observed 

within its linear viscoelastic region, in which stress and strain increase 

proportionally to each other, and are time dependent. Figures 4.3 and 4.4 show 

that there was no linear region for the sample.  

 

 

Figure 4.3: Strain sweep data for self-assembled mPEO17-F4-OEt 10 mg/ml in 

a 10 %v/v solution of DMSO and water. 

 

 

Figure 4.4: Magnified strain sweep data for self-assembled mPEO17-F4-OEt 10 

mg/ml in a 10 %v/v solution of DMSO and water. 
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The graph was expected to show constant dynamic moduli in the linear 

viscoelastic region, until a %strain was applied, which would break down the 

gel. A value would then be chosen below this %strain to run frequency sweeps. 

It can be inferred that there was no gel-like structure when the rheology of 

sample was analysed, as there was no visible linear region when stress was 

applied. Plotting modulus versus shear stress should have shown a linear 

region, which dips down at a certain shear rate. 

 

A frequency sweep test was used to further probe the nature of the material. 

This allows observation of the dominant components of the material, which 

helps to describe its behaviour. It was expected that the self-assembled 

material would show moduli, G′ (storage modulus; material behaves as an 

elastic solid) and G′′ (loss modulus, material behaves as a liquid) that were 

somewhat parallel, and then deviate at some point (when the shear stress was 

strong enough to disrupt the structure). However, the samples did not show this 

behaviour at all, strongly implying that they are not gels (Figure 4.5); but 

perhaps instead a highly viscous, slow-flowing fluid.  

 

The graph in Figure 4.5 shows an almost exponential G′, which suggests that 

the material has formed a nanostructure; indicative of gel formation. However, 

as no strain regions were found, coupled with the qualitative observed fragility 

of the gel (in the vial), it was clear that the gel had collapsed, and revert back to 

a solution. The exponential-like storage modulus visible in Figure 4.5 is likely 

attributable to frequency hardening, where the nanostructures of the collapsed 

material are locked together in solution, and are unable to dissociate from each 

other. When the frequency of the oscillations from the rheometer was 

increased, the “locked-in” structures formed a strong network. This theory was 

further reinforced when compared with the confocal microscopy images (see 

Section 4.2.3). 
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Figure 4.5: Frequency sweep data for self-assembled mPEO17-F4-OEt 

10 mg/ml in a 10 %v/v solution of DMSO and water. 

 

The rheology data show that the materials formed are not gel-like, as no 

viscoelastic behaviour was observed. However, it is possible that the “gel” 

collapsed on contact with the rheometer, thus changing it back to a liquid state. 

Nevertheless, the strain sweep showed that no viscoelastic region existed for 

the material, suggesting that instead of forming gels, the material 

self-assembles either into some kind of inhomogeneous dispersion aggregate, 

or into a free-flowing but highly viscous liquid. Although gels appeared not to 

have formed, the term gel will be continued to be used throughout this chapter, 

until further conclusions have been drawn. Further rheology of other conjugates 

tested can be found in Appendix C. Rheology data of mPEO7-F4-OEt produced 

via “click” chemistry are shown in Figure 4.6, and is typical of a conjugate 

gel[13]. It is clear to see that the modulus is approximately 

frequency-independent in this material, which aptly shows gel behaviour. In 

contrast, the rheology data of the conjugates synthesised in this project are not 

frequency-independent as they are not free-standing gels.   
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Figure 4.6: Frequency sweep data for different concentrations of 

mPEO7-F4-OEt, from the literature[13].The conjugate concentrations were (from 

top to bottom) 14.4 mg ml-1, 11.0 mg ml-1, 8.7 mg ml-1, 6.3 mg ml-1, and 

2.7 mg ml. -1 

 

4.2.2. FTIR spectroscopy of self-assembled materials 

 

FTIR spectroscopy was used to investigate the change in structure as 

self-assembly occurred over a sustained time period (days). ATR-FTIR is a 

powerful technique that is able to characterise the interactions of adsorbed and 

absorbed water within polymeric networks[14]. By comparing the spectrum 

before self-assembly (t = 0 hours) and after an appropriate interval 

(t = 72 hours) it was possible to see the difference in chemical environments, 

reflected by the repositioning and intensity change of certain bands. ATR-FTIR 

gel studies, reported in the literature, have looked at the association of block 

co-polymers in solution. Recently, work has also been carried out on 

poly(N-isopropylacrylamide) gelation in an aqueous environment.  ATR-FTIR is 

a power technique as it can characterise the hydrogen bonding in systems, and 

determine how absorbed and adsorbed water (in aqueous mixtures) interacts 

with the polymer gelators. However, caution is advised when interpreting the 

results, as the resolution of the machine was 4 cm-1, and many of the results fall 

below this level. Therefore, it is impossible to entirely attribute the change in 

wavenumbers to hydrogen bond interactions between the solvent and the 

polymer system. As a further consideration, evaporation of the solvent from the 
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sealed ATR-FTIR system was also possible, potentially impacting the spectra 

obtained. 

 

In order to mitigate the effect of the solvent system (DMSO:  water, 1: 4) a 

background was run with the same composition as the solvent used for 

self-assembly. The spectra obtained were then subtracted against this 

background, thus reducing the intensities of the solvent bands. Figure 4.7 

shows the FTIR spectra of the conjugate at t = 0 hours and t = 72 hours. The 

data collected shows a redistribution of the solvent; there was less water and 

more DMSO in spectrum run at t = 72 hours, which can be seen by the increase 

in intensity of the peaks at ~3200 and 3300 cm-1, suggesting that syneresis took 

place, i.e. water has been expelled from the sample during self-assembly. 

Notably, the water band that occurs at around 1650 cm-1 was negatively phased 

(appeared as a trough) in Figure 4.7, however the amide I band overlaps and is 

phased positively (appeared as a peak). 

 

Figure 4.7: FTIR spectrum of mPEO17-F4-OEt on an ATR crystal in 

DMSO-water mixture (20 %v/v). 
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Focussing on the amide I region (Figure 4.8), the positively phased peak was 

distinctly visible. Subtracting the background solvent spectrum reduces the 

intensity of the water band (OH bending stretch), made it easier to distinguish 

the amide I band. Two points of interest were noted. Firstly, after running the 

spectrum of the sample after 72 hours, the peak has broadened slightly. 

Secondly, the position of the peak has shifted to a higher wavenumber 

(blue-shifted) when the sample had been run for 72 hours. This change is 

highlighted in the normalised data presented in Figure 4.9, and may be 

indicative of a change in the hydrogen bonding of the sample, suggesting a 

more “gelatinous” state. This is potentially reinforced by syneresis; there was 

less water in the sample as time progressed indicating that there were 

consequently fewer hydrogen bonds forming with water, and instead more 

intermolecular hydrogen bonds formed between conjugates. However, the shift 

was very small (~ 1 cm-1), potentially suggesting that only a small amount of 

“new” hydrogen bonds had formed, implying, at best, that the gel that formed 

was very weak  (at least on the ATR crystal). One method to eliminate 

overlapping water signals in the amide I region, would be to use D2O.  

 

 

Figure 4.8: FTIR spectrum of mPEO17-F4-OEt on an ATR crystal in 

DMSO-water mixture (20 %v/v) focussing on the amide I bands.  
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Figure 4.9: FTIR spectrum of mPEO17-F4-OEt on an ATR crystal in 

DMSO-water mixture (20 %v/v) focussing on the amide I bands (normalised).  

 

There were also shifts noted at around 2830 cm-1 and 2920 cm-1. This region is 

typically populated by anti-symmetrical C-H stretching bands (Figure 4.10). The 

small shift downfield implies that there was an attractive-repulsive interaction 

between non-polar CH groups. This in turn implied that there was a carbonyl 

shift (the main non-amide carbonyl group was the ester protecting group) again 

indicating the presence of “new” hydrogen bonds. As with the amide I band, the 

change was small (~ 2 cm-1) further emphasising that the potential gel that 

formed was very weak. The increase in the attractive-repulsive hydrophobic 

(i.e. methyl-methyl) interactions arises from the dehydration of the sample. This 

anti-symmetrical stretch is particularly sensitive to changes in hydrophobic 

interactions[15], and so as dehydration occurs, the proximity of the hydrophobic 

groups increases, thus affecting the position of the band.  

 

The final region to focus on is the amide II region (NH bending) (Figure 4.11). 

FTIR spectroscopy shows no change in the position of the peak after the time 

period. However, the intensity and width of the peak have increased after 

72 hours. This suggests that some hydrogen bonding interactions have 

changed, however this was only by a small amount. A larger change in 
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hydrogen bond interactions would be accompanied by a large shift to a higher 

wavenumber, similar to the amide I interactions[14,15].  

 

 

Figure 4.10: FTIR spectrum of mPEO17-F4-OEt on ATR crystal in DMSO-water 

mixture (20 %v/v) focussing on C-H bonds and carbonyl shifts. 

 

 

Figure 4.11: FTIR spectrum of mPEO17-F4-OEt on ATR crystal in DMSO-water 

mixture (20 %v/v) focussing on amide II region. 
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As shown by the data collected, the ATR-FTIR system detected changes in the 

hydrogen bond interactions via water interactions between the solvent and the 

polymer. However, as aforementioned, there changes cannot be reliably and 

solely attributed to self-assembly and gelation. However, the work has provided 

a useful foundation, and at a basic level suggests that there are some 

variations taking place. Running the IR experiments for a longer time period, 

and at higher resolution (e.g. <2 cm-1), should help to mitigate the issues 

experienced in these experiments.  

 

4.2.3. Confocal microscopy of self-assembled materials 

 

Confocal microscopy is a useful optical observation technique that offers 

greater optical resolution than a conventional light microscope. Although, the 

exact mechanics are beyond the scope of this thesis, a short description of how 

the technique works is noted. Incident light may cause analyte molecules to 

fluoresce, i.e. emit a different colour of light that can be detected. If a 

fluorescent dye is attached to a sample, then it is possible to observe the parts 

of the sample with the dye molecules attached. This is the basis for 

fluorescence microscopy. However, the entire sample is illuminated by the 

excitation light, so the entire sample has the potential to fluoresce, leading to 

background noise. Confocal microscopy overcomes this problem by using a 

focal point, in the form of a pinhole. This pinhole blocks “out of focus” light (i.e. 

light emitted out of the plane of the sample), providing a clearer image. 

 

The microstructure of the gel was investigated using confocal microscopy which 

was used to provide information about the nature of the network formed. Nile 

blue was used as the dye, as it fluoresces close to the near infrared region 

(NIR). The dye was excited at 633 nm, and light was detected between 644 and 

795 nm. Using the dye reduced the possibility of autofluorescence from the 

sample itself[16], which would have otherwise caused an unfocussed image. 

Figure 4.12 shows an example of a phase-contrast microscopy image of a gel 

without staining; mPEO17-F4-OEt (10 mg) was dissolved in a 20 %v/v solution of 

DMSO and water (2 ml). By contrast, Figure 4.13, shows a confocal microscope 
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fluorescence image of a gel that had been incubated with Nile blue during the 

hydrogel production (see Section 4.1).  

 

 

Figure 4.12: Confocal phase-contrast image of self-assembled 

mPEO17-F4-OEt.  

 

 

Figure 4.13: Confocal fluorescence image (x100 objective, immersion) of 

self-assembled mPEO17-F4-OEt stained with Nile Blue. 

 

10 
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Using confocal microscopy and Nile blue dye to probe the microstructure of the 

self-assembled material allowed observation of the aggregated structures 

(Figures 4.13 and 4.14). This suggests that when self-assembly occurs in the 

polymer-peptide conjugates, the polymer chains cluster together as a result of 

the hydrogen bonding between chains (as noted in Figure 4.1). However, as 

shown in Figures 4.14 and Figures 4.15, the aggregation was discontinuous, as 

shown by regions that are not fluorescing. It can be speculated that this 

discontinuity was one of the reasons for the extreme fragility of the gels. The 

lack of fibril entanglements alongside the fact that not all of the material 

arranged itself into a hydrogen bond-stabilised structure, explains why 

self-assembly was easy to disrupt. Nile blue (structure shown in Figure 4.15) 

was possibly able to interact with the conjugate molecules via hydrogen 

bonding of the nitrogen atoms and oxygen, or through aromatic interactions, 

which would have lowered the number of sites per polymer chain for 

intermolecular hydrogen bonding.  

 

 

Figure 4.14: Confocal microscopy fluorescence and phase-contrast image 

(x 10 objective) of mPEO17-F4-OEt (10 mg) in 20 %v/v DMSO-water solution 

(2 ml).  
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Figure 4.15: Structure of Nile blue.  

 

A limitation of the images obtained was that they are an examination of a 

singular cross-section of the sample. However, the structures observed in the 

slice may not extend throughout the sample, and therefore provide only limited 

information on the microstructure. To this extent, a z stack, so named as it 

takes images along the z axis (which is in and out of the plane of the image), 

was carried out. This involved imaging 52 slices through the material at 

intervals of 2 µm, to build a three-dimensional representation of the 

self-assembled conjugate (Figure 4.16). It can be seen that the material had a 

discontinuous structure, represented by the fluorescing regions. Conversely, 

the non-fluorescing regions are parts of the material where the dye molecules 

have not associated. This reinforces the notion that an aggregate structure was 

formed during self-assembly.  

 

 

Figure 4.16: Confocal microscopy fluorescence z stack of mPEO17-F4-OEt 

(10 mg) in 20 %v/v DMSO-water solution (2 ml), stained with Nile blue. 

http://upload.wikimedia.org/wikipedia/commons/c/c3/Nile_Blue.png
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To attain a supramolecular gel from such materials, an entangled network is 

required. Figure 4.17 shows a greyscale confocal image of a diphenylalanine 

gel assembled in a DMSO-water binary mixture. From these mixtures it is clear 

to see an entangled network of fibrils which physically cross-link the sample to 

form a gel. This is in contrast to the confocal images of extremely weak gels 

formed in this project, which show very little entanglement between discrete 

aggregated structures.  

 

 

Figure 4.17: Confocal microscopy image of gels prepared from Fmoc-FF in 

DMSO (image adapted from original source).[17] 

 

4.3. The effect of temperature on self-assembly behaviour 

 

The primary issue with the results obtained was reliability. The reproducibility of 

gel formation was problematic. Initial self-assembly experiments carried out in 

March 2011 resulted in self-assembly after just one day. However, later 

experiments required more time for self-assembly to occur. Further, 

self-assembly seemed to vary between batches of the same material, despite 

the materials appearing identical when analysed by other techniques (GPC, 

FTIR, and NMR).  

 

The effect of temperature on self-assembly was an important one and, it can be 

speculated, partially responsible for the sporadic results. The initial experiments 

were carried out in early spring, when the ambient temperature was cooler. 

Later gelation experiments were carried out in summer and autumn when the 

ambient temperature was raised. In order to determine if temperature was 
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having an effect, several experiments were carried out at ambient temperature 

(~21 °C, Sample A) and in an insulated cool box (2 °C, Sample B). After 

leaving the samples overnight, it was found that the neither had gelled, 

although the sample in the insulated box appeared to be more viscous. After a 

further day standing in their respective containers, Sample B appeared to have 

formed a gel, and Sample A appeared to have increased in viscosity. In 

repeated experiments, the sample in the isolated box (Sample B) again gelled 

quicker than Sample A. However, Sample A did gel eventually after five days, 

suggesting that increased temperature merely delays gelation. From this, it is 

possible to speculate why gels did not appear for certain samples; they were 

not left to stand for long enough for assembly to occur. The complete 

temperature dependence and time period for this gelation has yet to be 

determined and is the subject of future work. 

 

4.4. Comparison of produced self-assembled materials 

 

Self-assembly using polymer-peptide conjugates has been carried out by our 

group and co-workers. Specifically, two papers focussed on producing 

hydrogels from mPEO7-F4-OEt[12, 17]. A comparison of the different syntheses of 

this material is described in Chapter 3. Figure 4.18 shows the conjugates 

produced using the two methods described in Chapter 3, with part (a) showing 

the chemical structure of the conjugate synthesised via the previous route.  

 

Producing the conjugate via click chemistry (the conjugate shall be henceforth 

referred to as A), results in the incorporation of a triazole ring. Conversely, 

synthesis of the conjugate via IBCF chemistry (henceforth referred to as B), 

results only in an amide bond. This is the major structural difference between 

the produced conjugates, and seems to play a part in self-assembly. The 

linkage is also slightly different in the PEO as a repeat unit has been lost in B. 

Notably, A, formed gel material, and specifically a hydrogel, whereas B 

produced a gel-like material (or a viscous) liquid that had a high propensity to 

collapse on gentle agitation. TEM images of A showed the formation of long, 

homogenous nanotubes[13] (Figure 4.19). Unfortunately, due to extreme fragility 

of gels formed from B, and lack of available access, TEM was not performed.  
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Figure 4.18: Structure of polymer-peptide conjugate, mPEOn-F4-OEt, 

synthesised using; a) click chemistry,[13] and b) IBCF chemistry (see Chapter 3 

for full synthesis).  

 

 

 

Figure 4.19: Transmission electron microscope image of mPEO7-F4-OEt 

showing nanotube structures synthesised via the previous route[13]. 
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The TEM images, coupled with the previously discussed rheology data 

(Figure 4.6) allow two conclusions to be drawn. Firstly, the triazole ring clearly 

has an effect on gel formation. The rheology data showed that the gel formed 

from A was much stronger and more stable than B. This is attributed to the 

propensity to form intermolecular hydrogen bonds between conjugates 

increasing, due to the additional nitrogen atoms present on the triazole ring, 

which can interact with the hydrogen atoms on the peptide.  

 

The methods used for gelation differed for A and B. A gel of conjugate A was 

prepared using a solvent-exchange method, whereby the conjugate was 

dissolved in a THF-water co-solvent mixture. This solution was then dialysed 

against water to remove THF and allow hydrogel formation. Conjugate B was 

dissolved in an organic solvent, with water being added afterwards. Changing 

the gelation method therefore may well have affected gel formation. The 

modification of the protocol was a result of further work by Adams’ group[18] 

which focussed on gel formation of diphenylalanine peptides (FF) in 

organic-aqueous binary solvents mixtures. Furthermore, synthesis of the 

conjugates via the click route has several disadvantages (see Chapter 3) 

making it unattractive for gel production. The new method is simpler and a more 

industrially-relevant than the dialysis route to gelation. However, as hydrogel 

formation of homologous polymer-peptide conjugates (as opposed to 

oligopeptide gel formation) has been previously shown to be reliable, future 

work should focus on the propensity of these materials for hydrogel formation, 

using dialysis to ensure complete removal of the organic solvent.  

 

4.5. Conclusions 

 

Initial self-assembly studies were carried out using PEO-phenylalanine 

conjugates of varying polymer chain length and peptide length. Twelve 

conjugates were dissolved in a variety of different solvent compositions and 

qualitative self-assembly behaviour was noted. It was found that at least four 

phenylalanine repeat units were required for any assembly to occur. This was 

most likely due to the number of free hydrogen bonds site available for stability, 

coupled with the increased hydrophobic interactions and π-π stacking. The 
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number of environments in which the conjugates self-assembled, increased 

with polymer chain length. However, all of these results were based on 

qualitative observation, so a more quantitative analysis was undertaken. 

 

Three analytical techniques (rheology, FTIR, and confocal microscopy) were 

used to probe the material in order to elucidate the microstructure and 

physical/chemical interactions taking place when forming a gel. The overall 

picture formed from these techniques is that the actual material underwent 

some change in hydrogen bond interactions over time (water was removed 

from between the polymer chains), but traditional gelation did not occur. 

Instead, an aggregated structure was formed that was weak, hence why the 

material broke down on gentle agitation. 

 

Further work in this area should focus on improving the reliability of the system, 

and investigating the full extent of temperature on the propensity of the material 

to self-assemble. In this regard, FTIR would prove the most useful tool as it is 

able to track the hydrogen bond interactions between the solvent and the 

conjugate. The route to gelation should also be further investigated, and 

modified to ensure that it is both simple and industrially viable.   
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5. Electrospinning Novel Materials 

 

Spinning new materials requires a systematic approach to ensure reliable fibre 

production. This chapter describes the electrospinning process of a selection of 

materials. Section 5.1 focuses on the initial electrospinning experiments 

(designed to increase familiarity with the process), using polystyrene. The 

following section (Section 5.2) details the investigation into the spinnability of 

PIM-1. Section 5.3 draws from both of the preceding sections, and summarises 

the fibre production of nanoparticle cages solution coupled with a hydrophobic 

polymer scaffolds. In Section 5.4, details regarding the spinnability of materials 

(polymer-peptide conjugates) produced in Chapter 3 are outlined. Finally, 

Section 5.5 concludes the chapter and provides a brief description of the 

direction for future work. 

 

5.1. Electrospinning polystyrene 

 

Polystyrene (PS) is a common and widely used aromatic polymer. There are 

many reports in the literature of PS fibres produced via electrospinning[1-6]. This 

vast array of literature, coupled with the low economic considerations and 

reported ease of “spinnability”, makes polystyrene a good material to use in 

order to understand the electrospinning process and the parameters required to 

successfully produce fibres. Two solvents have been investigated THF and 

DCM, and thus Section 5.1 is divided into two sections, encompassing these 

two solvents (separately).  

 

5.1.1. Electrospinning polystyrene in tetrahydrofuran 

 

Polystyrene (500,000 Da) is soluble in a variety of solvents. Initial 

electrospinning experiments were adapted from work reported by 

Casper et al.[2] Preliminary electrospinning of polystyrene took place in 

tetrahydrofuran (THF), using a voltage of 15 kV, a tip-to-collector distance of 

15 cm, and a flow rate of 1 ml hour-1, with variable concentration. Figure 5.1 
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shows SEM images of any deposited material formed. The concentration of 

polystyrene was systematically varied from 10 to 35 wt%.  

 

At high concentrations (>25 wt%, A1, A2, and A3), a white fibrous material was 

deposited onto the collecting plate. SEM showed that the polymer had formed 

long, smooth fibres (Figure 5.1). The average diameter of the fibres in A1 

(35 wt%) was 6 μm, indicating that microfibres (diameter > 1000 nm) had been 

formed. As the concentration was reduced to 30 wt% (A2), the fibre diameter 

increased to 17 μm, as expected. This widening is due to a decrease in the 

number of chain entanglements (as a result of the lower concentration) which 

help to stabilise the polymer jet during expulsion. An additional decrease in 

concentration (25 wt%, A3) resulted in narrower fibres forming, with an average 

diameter of 10 μm, which was surprising as fibre diameter was expected to 

again increase. SEM also shows an increased number of fibres at this 

concentration, suggesting trade-off between fibre density and diameter, 

although conclusions cannot be drawn solely from this limited sample size.  

 

 

Figure 5.1: SEM images of polystyrene electrospun at different concentrations 

from tetrahydrofuran. 
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Moderate concentrations of polystyrene (20 wt%, A4) also resulted in fibre 

production. The average diameter of the fibres was 900 nm, indicating the 

nanofibres have been formed (diameter < 1000 nm). However, the SEM shows 

that discrete particulate structures, known as beads, formed along the fibres. 

These beads are the results of perturbations in the polymer jet, from 

deformation by surface charges and insufficient stabilisation by chain 

entanglements (arising from the lowered concentration). Bead diameter varied 

approximately from 16 μm to 38 μm. A final decrease in concentration (10 wt%, 

A5) resulted in non-fibrous material being deposited on the collector plate. SEM 

confirms that no fibre production occurred, instead the material formed small 

discrete polymer particles. The diameter of one of the typical structures was 

measured to be 55 μm, with a circumference of 172 μm. This concentration was 

too low for chain entanglements to form, thus once the induced surface charge 

overcame the effects of surface tension, the polymer jet was immediately 

perturbed and thus divided (there was no elongation of the polymer). The 

formation of beads and other structures is undesirable, and therefore the 

optimal window for spinning polystyrene in THF is at concentrations greater 

than 20 wt%. As these were initial tests, an investigation into what 

concentration would be too viscous to spin was not undertaken.  

 

5.1.2. Electrospinning polystyrene in dichloromethane 

 

Electrospinning of polystyrene was also undertaken using dichloromethane 

(DCM) as a solvent. This was carried out as DCM was used in later spinning 

experiments, in which the solvent was “pre-set” and was not replaceable. The 

initial spinning parameters used was a voltage of 15 kV, a flow rate of 

1 ml hour-1, and a tip-to-collector distance of 15 cm. Three concentrations (30, 

25, and 20 wt%) were chosen based on the optimal window noted in the 

preceding section. Spinning polystyrene at the three concentrations resulted in 

deposition of a white fibrous material on the collecting plate. SEM (Figure 5.2) 

showed that at 30 wt% (B1), the solution formed microfibres, with an average 

diameter of 11 μm. Decreasing the concentration (25 wt%, B2) produced fibres 

with a marginal increase in average diameter (12 μm). This increase in 
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diameter was again observed when the concentration was further reduced to 20 

wt% (B3), with the fibres possessing an average diameter of 12 μm. In 

comparison to THF (A4), DCM solutions show no beading at 20 wt% (A3). As 

the solvent is the only parameter that has changed, it must be responsible for 

the lack of beading. DCM has a higher dielectric constant (i.e. how easily a 

material can be polarised by an induced electric field, and thus ease of 

atomisation) than THF (8.9[7] and 7.5[8]). Therefore, when the polymer is 

dissolved in DCM, there is a greater charge density, which in turn is able to 

overcome the surface tension, imposing higher elongation forces on thus jet, 

thus producing fibres with smaller diameters.  

 

 

Figure 5.2: SEM images of polystyrene electrospun at different concentrations 

from dichloromethane. 
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Electrospinning polystyrene from DCM requires a concentration of at least 

20 wt%, with smaller diameter fibres produced as the concentration increases 

(> 30 %). These initial experiments show the formation of both nano- and 

microfibres from polystyrene. The work was useful for understanding the 

fundamentals of the electrospinning process. Polystyrene was also used as a 

scaffold with nanoparticles, and the mixture was then electrospun as discussed 

in Section 5.3.  

 

5.2. Electrospinning polymers with intrinsic microporosity 

 

Polymers with intrinsic microporosity (PIMs) were supplied by the University of 

Liverpool and used as received. The structure of the polymer received, PIM-1, 

is shown in Figure 5.3. 

 

 

Figure 5.3: Structure of a polymer with intrinsic microporosity, PIM-1.  

 

PIMs are porous materials that offer high surface areas. Microporosity has been 

shown to arise from rigid, spirocyclic (a bicyclic compound where the rings are 

joined through one atom) scaffolds, which prevent aggregation of planar 

components[9]. However, it is not necessary to form networks of covalent bonds 

in order to produce these materials. Non-networked polymers can form 

microporous structures because of the high rigidity, and contortion of their 

molecular structure, which does not allow efficient filling of space[10] when the 

macromolecules are packed in the solid state. The advantage of using 

non-networked polymers, which are soluble, is that they allow for processing 

using solvent-based techniques. These materials are of particular importance 

for gas adsorption[11], separation (membranes)[12], and heterogeneous 
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catalysis[13]. There have been no reports of fibre production of PIMs. Producing 

fibres of the materials would further increase the available surface area, 

allowing for a great range of functionality, especially with regards to gas 

adsorption. By producing nanofibres, this important surface area-to-volume 

ratio is further augmented.  

 

Before electrospinning was attempted it was important to establish a good 

solvent for PIM-1 that is also suitable for the spinning process. This was critical 

as the polymer must be completely dissolved before spinning can take place. 

PIM-1 is reported to be soluble in at least three commonly known solvents; 

chloroform, dimethylformamide (DMF), and tetrahydrofuran (THF). Solubility 

tests were conducted on the polymer in THF and DMF and the results are 

summarised in Table 5.1. It can be seen that PIM-1 did not dissolve in DMF at 

all, and instead formed a suspension in all cases. Therefore, DMF alone was 

discounted as a possible solvent. 

 

Although PIM-1 dissolved completely in THF (5 wt%), the viscosity of the 

solution was determined to be too low for electrospinning. Increasing the 

concentration to 10 wt% did not mitigate this problem. The solution was 

(qualitatively) deemed viscous enough to attempt electrospinning at 15 wt%. 

Further increases of solution concentration (>20 wt%) were found to be too 

viscous to spin.  

 

Table 5.1: Qualitative solubility and viscosity observations of PIM-1.  

 5 wt% 10 wt% 15 wt% 20 wt% 

DMF Suspension Suspension Suspension Suspension 

THF 

Dissolves 

(insufficiently 

low viscosity) 

Dissolves 

(insufficiently 

low viscosity) 

Dissolves 

(viscous, but 

able to flow) 

Dissolves 

(too viscous) 

Composition 0.5 g in 9.5 g 1.0 g in 9.0 g 1.5 g in 8.5 g 2.0 g in 8.0 g 
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Initial attempts to spin a solution (15 wt%) of PIM-1 in THF did not result in fibre 

production, despite deposition of material onto the collecting plate. The volatility 

of THF in the applied electric field caused blockages of the spinning apparatus. 

Although, the solution viscosity was initially deemed acceptable, the effects of 

the solvent volatility offset this, thus it was not feasible to spin at these 

concentrations. Therefore, lower concentrations of PIM-1, between 5 and 

15 wt%, were investigated.  

 

Preliminary efforts using lower concentrations of PIM-1 were again hindered. 

THF was not deemed viable for electrospinning PIM-1. However, as THF 

provided the best solubility, a co-solvent system was used to mitigate its 

volatility. The choice of co-solvent was either chloroform or DMF and the 

solubility tests results are detailed in Table 5.2. A solution of 10 wt% was 

selected for the tests as this concentration lay between the two extremes of 

acceptable viscosity for spinning. In the majority of cases the resulting mixture 

was either insoluble or moderately viscous. A solvent composition of THF: DMF 

(9: 1) was found to be the optimal solvent system. 

 

As a general note, dissolution of PIM-1 was difficult and the mixture required 

extensive stirring. Furthermore, the solution was incompatible with water, with 

the polymer solidifying on contact. Therefore, it was necessary to ensure that 

the dissolution conditions minimised exposure to water. PIM-1 also had a 

tendency to block syringes and needles after spinning.  

 

An investigation into the effect of four parameters on the electrospinning 

process and the production of nanofibres was undertaken. The four parameters 

chosen were concentration (C), voltage (D), distance (E), and flow rate (F) and 

are discussed separately in the following sections. 
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Table 5.2: Solubility and viscosity observations of PIM-1 in co-solvent systems. 
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5.2.1. Effect of concentration on fibre formation of electrospun PIM-1 

 

The effect of PIM-1 concentration on the formation of nanofibres was 

investigated. Scanning electron microscopy (SEM) was used to determine if 

fibre formation had been successful. Images taken with SEM at different 

spinning concentrations of PIM-1 are shown in Figure 5.4. Selected higher 

resolution images (taken at the University of Liverpool) of electrospun PIM-1 at 

different concentrations are shown in Figures 5.5 – 5.8.  

 

 

Figure 5.4: SEM images of PIM-1 electrospun at different concentrations. 

 

PIM-1 was spun at 15 kV, with a tip-to-collector distance of 15 cm, and at a flow 

rate of 1 ml hour-1. At low concentrations (<10 wt%, C1 and C2), there were no 

fibres observed by SEM (Figure 5.4), however there was deposition of 

non-fibrous material onto the collecting plate (noted at 7 wt%, C2). Increasing 
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the concentration to 10 wt% (C3) resulted in a thick fibrous layer forming, which 

was confirmed by SEM to be polymer fibres. The fibres formed were smooth 

and had an average diameter of 6 μm (Figure 5.5). Strictly speaking C3 

produced microfibres rather than nanofibres, as the diameter was above 1 μm 

(1000 nm). During this spinning experiment, thick fibrous material also 

emanated directly from the needle and had a consistency similar to wool. SEM 

(Figures 5.6) showed the “wool” had a tape-like (flat and short, rather than 

cylindrical) structure. A further increase in concentration (12 wt%, C4) also 

yielded polymer fibres. These fibres had a reduced diameter (~3 μm) 

(Figure 5.7), and thus were also microfibres. Again, during this spinning 

experiment, polymer “wool” was produced from the aperture (Figure 5.8). The 

average diameter of the “wool” structures ranged between 8 and 9 μm. At 

concentrations greater than 15 wt% (C5), no fibres were formed as the 

conductive solution was too viscous. Therefore, it has been established that 

fibre production only occurs between 10 and 15 wt% using the aforementioned 

parameters. This is the optimal window that was investigated for the production 

of thinner polymer fibres.  

 

 

Figure 5.5: SEM images of PIM-1 (C3), showing microfibres. Images courtesy 

of the University of Liverpool. 
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Figure 5.6: SEM images of the non-deposited “wool” from electrospinning 

PIM-1 (C3), showing fibre production. Images courtesy of the University of 

Liverpool. 

 

Figure 5.7: SEM images of PIM-1 (C4), showing microfibres. Images courtesy 

of the University of Liverpool. 
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Figure 5.8: SEM images of the non-deposited “wool” from electrospinning 

PIM-1 (C4), showing fibre production. Images courtesy of the University of 

Liverpool. 

 

These initial results suggest that concentration is one of the dominating factors 

in determining fibre formation. This is due to the relationship between 

concentration and viscosity. At lower concentrations there are an insufficient 

number of entangled polymer chains that, due to Rayleigh instabilities[14], do not 

lead to fibre production. As the solvent evaporates, polymer concentration 

increases and entanglements become more prevalent. This helps to stabilise 

the droplet from separation (division). However, surface charge also increases, 

which overcomes the surface tension of the droplet, and acts as a driving force 

for the division of the droplet. Insufficient chain entanglements (i.e. at low 

concentrations) resulted in bead formation because the polymer stream cannot 

be fully stabilised. This shows that the concentration must be high enough to 

ensure that the effects of chain entanglement are greater than the dispersive 

effects of the induced surface charge.  
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Increasing the concentration of PIM-1 introduces additional electronegative 

groups which generate increased repulsive forces between the molecules, thus 

improving elongation during Taylor cone formation, and leading to decreased 

fibre diameters, also reducing the amount of beading present. However, the 

effects of the other spinning parameters must also be considered, and are 

investigated in the following sections.  

 

5.2.2. Effect of voltage on fibre formation of electrospun PIM-1 

 

Changing the strength of the electric field affects the surface interactions of the 

solution, and thus the elongation of the fibre. If the voltage is insufficient to 

overcome the charge of the solution, Taylor cone formation will be inhibited and 

fibre formation will not occur. At extreme voltages the repulsive forces from the 

surface charge will cause the droplet to disperse prior to ejection. A summary of 

the results obtained for variable voltages are shown in Figure 5.9, at 10 wt%. 

This concentration was chosen because it has been demonstrated that fibre 

formation occurred, at 15 kV (C3), which provided a good starting point to 

modify the voltage from. The parameters from C4 (12 wt%) were not used as 

only a limited amount of material was available. However, any concentration 

between 10 and 15 wt% would be viable, and it would be interesting to see the 

effect of voltage at difference concentrations within this range.   

 

PIM-1 (10 wt%) was electrospun with a tip-to-collector distance of 15 cm, and at 

a flow rate of 1 ml hour-1. The electric field generated at 5 and 10 kV was too 

low. Although some deposition occurred at 10 kV (D1), SEM showed that the 

material was non-fibrous. Increasing the voltage to 15 kV (C3) resulted in fibre 

formation. Further increases to the voltage, to 20 kV (D2) and 25 kV (D3), did 

not produce any fibrous material, instead forming small discrete polymeric 

particles (Figure 5.9).  

 

From the results, it can be determined that voltage plays a critical part in the 

formation of fibres. The effects of increased voltage (i.e. above 15 kV) show the 

formation of fibres is inhibited. In D1 the electric field (10 kV) clearly did not 
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have enough energy to overcome the surface tension of the droplet to form a 

jet. Conversely, at voltages above 15 kV, the induced surface charge 

overcomes the surface tension of the droplets but also overcomes the 

stabilisation effect of chain entanglements, resulting in particle formation. 

Furthermore, it is possible that as high voltages were applied, the solution 

deformed immediately, atomising instantaneously, thus having insufficient time 

to form a Taylor Cone. It is therefore noted that 15 kV was determined to be in 

the optimal voltage range for PIM-1 material at a concentration of 10 wt%. 

However, increasing concentration (and therefore increasing chain 

entanglements) may overcome the increased propensity of the droplet to 

disperse at higher voltages due to a high surface charge. As discussed 

previously, increased concentration results in a highly viscous solution that 

causes needle blockage, thus hindering electrospinning. A balance between the 

parameters is required, and will be the subject of future work.  

 

 

Figure 5.9: SEM images of PIM-1 electrospun at different voltages. D1 is not 

shown as there was no deposition. 
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5.2.3. Effect of tip-to-collector distance on fibre formation of electrospun PIM-1 

 

The distance between the aperture and the collecting plate determines the 

amount of time the polymer spends in the electric field. This will affect the 

length and quality of the material produced. Figure 5.10 shows the results when 

the tip-to-collector distance, also termed the working distance, is varied. 

Distance was measured from the tip of the needle (i.e. from the aperture) to the 

collector plate.  

 

 

Figure 5.10: SEM images of PIM-1 electrospun at different tip-to-collector 

distances. 
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Electrospinning of PIM-1 (10 wt%) occurred at a voltage of 15 kV and a flow 

rate of 1 ml hour-1. Distances ranging between 10 and 13 cm were too short. 

Some deposition occurred at 10 cm (E1), however the material was 

non-fibrous. SEM showed the formation of aggregates with variable geometry 

ranging from spherical shapes to short worm-like structures (Figure 5.11). At a 

distance of 13 cm (E2) some fibre formation was observed, however SEM 

showed that the material was non-fibrous, and instead was an assortment of 

thin, elongated rod structures. There was also a decrease in the number of 

particles visible. It is speculated that these structures are the initial formation of 

fibrous material. The diameter of the single fibre shown in Figure 5.10 is 

approximately 2.8 μm. This is smaller than those reported for C3 or C4¸ 

however the number of fibres is much lower and only one fibre has been 

measured, so conclusions cannot be drawn from these data alone. Increasing 

the distance further (E3 and E4) resulted in no deposition forming. Therefore it 

is predicted that the optimal window for distance ranges between 13 and 15 cm.  

 

 

Figure 5.11: SEM images of the deposited material from electrospinning PIM-1 

(E1), showing aggregate deposition. Images courtesy of the University of 

Liverpool. 
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The working distance changes the flight time available to the polymer jet. It was 

predicted that modifying the distance would either result in the formation of 

thinner fibres (as the distance increases), as there is more time for a bending 

instability to occur, thus more time for the jet to be stretched, or to result in 

thicker fibres due to a reduction in the strength of the electric field. This 

reduction arises because the magnitude of the electric field is inversely 

proportional to the distance between the plates (i.e. E = -V/d). The bending 

instability arises from small changes in the trajectory of the polymer jet as it is 

expelled from the spinneret. These perturbations generate a force due to 

self-repulsion of the jet as symmetry is lost. The viscoelastic nature of the 

polymer solution initially overcomes these forces, however the perturbation 

force eventually becomes larger, causing the bending instability, which in turn is 

stronger than the elastic component of the polymer solution, thus elongating the 

jet[15]. 

 

It can be observed that tip-to-collector distance plays a somewhat important 

role in fibre formation. Fibres produced by varying the distance had different 

characteristics where increasing the pathway appeared to decrease the 

diameter of the fibres. Production of narrower fibres is generally beneficial (as 

large surface area-to-volume ratio increases their reactivity), however this is 

offset by the number of fibres produced, and conversely the number of discrete 

particles/structures produced. The general lack of fibres produced when varying 

the distance, is likely attributable to the local electric field being too strong or 

too weak, consequently making it difficult to initiate jet formation.  

  

5.2.4. Effect of flow rate on fibre formation of electrospun PIM-1 

 

The flow rate is determined by the accuracy of the pumping system, and the 

viscosity of the conductive (polymer) solution. Figure 5.12 shows the results 

when the flow rate is varied. Electrospinning of PIM-1 (10 wt%) occurred at a 

voltage of 15 kV, and a distance of 15 cm. Low flow rates, such as 0.5 ml hour-1 

(F1), are too short and result in deposition that is non-fibrous. Fibres form when 

the flow rate is increased to 1.0 ml hour-1 (C3) and 1.5 ml hour-1 (F2). High 
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resolution SEM (Figure 5.13) shows fibres with an average diameter of 5 μm, 

but also some disjointed particles (minor beading). On further increasing the 

flow rate to 2 ml hour -1
 (F3), a thick fibrous layer was produced. High resolution 

SEM revealed thinner fibres (~4 µm), but with a significant increase in beading 

(Figure 5.14).  

 

 

Figure 5.12: SEM images of PIM-1 electrospun at different flow rates.  

 

The flow rate affects the surface tension of the solution, resulting in bead 

formation along the polymer jet as expulsion takes place. This is due to 

increased stress applied to the droplet, leading to an increase in perturbations 

during jet expulsion.  
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Figure 5.13: SEM images of the material from electrospinning PIM-1 (F2), 

showing fibres and beading. Images courtesy of the University of Liverpool. 

 

 

Figure 5.14: SEM images of the material from electrospinning PIM-1 (F3), 

showing fibres and beading. Images courtesy of the University of Liverpool. 
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It can be concluded that the flow rate is also an important parameter in 

determining fibre formation. The optimal window for flow rate has been shown 

to be between 1 and 2 ml hour-1. Although, beading occurs at higher flow rates, 

this may be mitigated by using a higher concentration solution, possibly 

adapting the parameters from C4 (12 wt%).  

 

5.2.5. Conclusions on the electrospinning of PIM-1 

 

PIM-1 was a challenging material to electrospin. Issues arose from solubility 

and viscosity. Initial attempts to spin in a single solvent (THF) were 

unsuccessful due to the increased viscosity encountered when applying an 

electric field, owing to the volatility of the solvent. A co-solvent system was used 

with THF: DMF at a ratio of 9: 1 chosen as the best system. Four parameters 

were varied to investigate their effects on the formation of polymer fibres. A 

proposed optimal system was determined by SEM and is shown in Table 5.3. 

 

Table 5.3: Proposed optimal system for the production of fibres of PIM-1. 

Parameter Value 

Solvent THF: DMF (9: 1) 

Concentration 10 wt% 

Voltage 15 kV 

Tip-to-Collector Distance 15 cm 

Flow Rate 1 ml hour-1
 

 

Whilst the production of “microfibres” was accomplished, nanofibre formation 

was not achieved. However, minor modifications of the proposed system in 

Table 5.3, may result in nanofibres being observed. It is important to note that 

the electrospinning of this material has never been reported and these 

preliminary steps form the foundation of future work in this area. For example, 

increasing flow rate (which produced thinner fibres) and increasing 

tip-to-collector distance may be successful. Further, achieving a balance 

between higher concentrations (such as those seen in C4) and increased 
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voltage, at the higher flow rates (> 1 ml hour-1) provides a potential route for 

nanofibre production.  

 

5.3. Electrospinning nanoparticle cages with  polymer scaffolds  

 

Microporous nanoparticle cages have potential applications in heterogeneous 

catalysis, gas adsorption, and separation. As noted by Hasell et al. [16] particle 

morphology is as important as pore size with respect to application. However, 

nanoparticles cannot be easily drawn into fibrous materials, therefore a polymer 

scaffold is used. The nanoparticle cages are composed of cycloimine 

compounds, which have tetrahedral symmetry, with four windows that are large 

enough to allow entry of small molecules (e.g. gases). This increases the 

porosity of the cages. Electrospinning is a simple and functional approach for 

producing polymer nanofibres with a high surface area (and further increasing 

intrinsic porosity), allowing for the incorporation of nanoparticle cages into the 

conductive solution, and ultimately the fibre. Polystyrene (previously spun as 

discussed in Section 5.1) was initially used as the scaffold due to its 

hydrophobic nature and solubility in DCM. DCM was the dispersive solvent for 

the nanoparticle cages. PIM-1 (which was previously spun as discussed in 

Section 5.2) was also used as a scaffold, thus introducing additional 

microporosity into the material. The initial electrospinning experiments using 

these two polymers as scaffolds with the two nanoparticle cage solutions 

(designated as THL 294 and THL 295 due to the University of Liverpool 

referencing system) are detailed herein.   

 

5.3.1. Initial attempts of electrospinning nanoparticle cages using polystyrene 

as a scaffold 

 

Initial experiments spinning the polystyrene-nanoparticle cage solution used the 

same parameters described in Section 5.1.2 (15 kV, with a flow rate of 

1 ml hour-1 and tip-to-collector distance of 15 cm). Polystyrene was chosen as a 

scaffold because it was soluble in DCM, cheap, and readily available. 

Furthermore, its hydrophobic nature imbues the spun material with water 
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tolerance, allowing for applications in a range of environments (such as 

outdoors). As the nanoparticles were pre-dispersed in DCM, it was necessary 

to adjust the amount of polystyrene used. Previously, 20 to 25 wt% solutions of 

polystyrene in DCM produced the best fibres. Consequently, 20 wt% was 

chosen as the best concentration for initial electrospinning attempts. The 

concentration of nanoparticles in both solutions (THL 294 and 295) was 

0.5 %(w/v). As it was important to know the concentration of nanoparticles in 

the final solution, the concentration of the conductive solution was converted to 

percentage weight by volume. Thus, a 20 wt% solution of polystyrene in DCM, 

was calculated to be a 33 %(w/v) solution. The original nanoparticle cage 

solutions were made as described in the literature[16], and differ only in the 

mixing temperature used; room temperature for THL 294, and -80 °C for 

THL 295. Spinning was performed at the same concentration (33 % w/v) for 

each solution, and the fibre morphology was assessed by SEM (Figures 5.15 

and 5.16).  

 

Figure 5.15: SEM images of initial attempts of electrospinning nanoparticle 

cage THL 294 with a polystyrene scaffold. Images courtesy of the University of 

Liverpool. 
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Figure 5.16: SEM images of initial attempts of electrospinning nanoparticle 

cage THL 295 with a polystyrene scaffold. Images courtesy of the University of 

Liverpool. 

 

Both materials formed a white fibrous material on the collecting plate. Under 

SEM (Figures 5.15 and 5.16), it was confirmed that fibres had been formed, 

with an average diameter of approximately 5.5 μm. Furthermore, it can be seen 

that there are small circular “holes” (pores) in the fibres (average diameter was 

less than 150 nm). These were initially assumed to be the nanoparticle cages, 

however it was found that the pores were attributable to effect of the spinning 

parameters. When polystyrene is electrospun from a volatile solvent (such as 

DCM), the polymer jet travels through the electric field and the solvent 

evaporates. Water droplets from the air condense on the surface of the fibre. As 

the fibre dries the droplets eventually evaporate, but leave an imprint on the 

surface of the material. This process is known as evaporative cooling, and also 

occurs in films (known as breath figures[2]), and can also be observed in B1 and 

B2, in Figure 5.2.  
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Although fibres have been produced, no nanoparticle cages have been 

observed. However, the pores on the surface of the fibres increase the surface 

area, and may have also trapped the nanoparticles within the material, thus 

making them difficult to observe by SEM. Decreasing the humidity of the 

system may avoid the formation of these pores and thus allow sorption of the 

nanoparticle cages to the surface of the fibre.  

 

5.3.2. Initial attempts of electrospinning nanoparticle cages using PIM-1 as a 

polymer scaffold 

 

PIM-1 is a hydrophobic microporous material, which was successfully spun 

earlier (Section 5.2). Spinning was carried out using the parameters determined 

before that reliably produced fibres (15 kV, with a flow rate of 1 ml hour-1 and 

tip-to-collector distance of 15 cm). However, as the nanoparticle cages were 

suspended in DCM, the conductive solvent was changed to this (from a 

THF: DMF mixture). The designation for the electrospun polymers is 

PIMTHL-294 and PIMTHL-295. Spinning the polymer resulted in a yellow (the 

colour of PIM-1) fibrous layer forming on the collecting plate. SEM (Figure 5.17) 

showed that fibres had indeed been produced. Figure 5.17 also shows PIM-1 

electrospun with no particles for comparison.  

 

SEM of PIMTHL-294 showed both fibrous (with low fibre density) and 

particulate structures. However, the magnified image does not provide enough 

resolution to provide any details about morphology. Similar to the PS, no 

nanoparticle cages were observed. The SEM image for PIMTHL-295 again 

showed fibre production and particulate structures, with a notable increase in 

particulate density. At increased magnification, fibre morphology is visible and 

the microporous surface of the polymer can be observed. Again, no 

nanoparticle cages are discernible. Similar to PS, it is possible that cages have 

migrated into micropores of the polymer.  
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Figure 5.17: SEM images of initial attempts of electrospinning nanoparticle 

cage THL 294 and THL 295 with a PIM-1 scaffold. 

 

5.4. Electrospinning bio-hybrid materials 

 

Bio-hybrid materials have a wide range of potential uses, including wound 

management, drug delivery, and tissue engineering. Producing fibres of these 

materials increases their surface area compared to the polymer in the bulk, thus 

enhancing the availability of their functionality. This section is divided into two 

parts: Section 5.4.1 looks at the effect of molecular weight when poly(ethylene 

oxide) was spun, and Section 5.4.2 focuses on the initial spinning attempts of 

polymer-peptide conjugates produced using the method outlined in Chapters 2 

and 3.  

 

5.4.1. Determining the effect of molecular weight on fibre production of 

poly(ethylene oxide) 

 

Poly(ethylene oxide) (PEO) was spun from a solution of either water or 

water: ethanol. Spinning parameters were varied in order to initiate fibre 
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production. A second set of experiments was carried out to investigate how 

changing molecular weight affects fibre production. The results from spinning 

PEO with molecular weights of 300,000 Da, 100,000 Da, 8,000 Da, and 

4,000 Da are described herein.  

 

5.4.1.1. Electrospinning poly(ethylene oxide), molecular weight 300,000 Da 

 

Electrospinning PEO with a molecular weight of 300,000 Da (henceforth 

referred to as PEO6820 to show the degree of polymerisation) was carried out 

from a 15 wt% conductive solution. PEO6820 was chosen as an example of a 

high molecular weight system. The solvent chosen for all experiments was 

water or a binary system of water and ethanol. PEO was soluble in all mixtures 

and complete dissolution was attained by overnight stirring.  

 

5.4.1.1.1. Effect of solvent composition on electrospinning 

poly(ethylene oxide)6820 

 

Electrospinning PEO with a molecular weight of 300,000 Da was carried out 

with specific parameters (15 wt%, at a voltage of 15 kV, a flow rate of 

1 ml hour-1, and a tip-to-collector distance of 15 cm). Complete dissolution of 

PEO6820 was more difficult than all other PEO. As before, four parameters were 

varied in order to manufacture fibres. Figure 5.18, shows the effect on fibre 

production by varying the solvent composition. At all solvent compositions 

investigated, fibrous material was deposited onto the collecting plate. SEM 

confirmed that the material was comprised of fibres.  

 

At higher concentrations of ethanol (>50 %v/v, G1-G4), the number of fibres 

produced decreased as the concentration of ethanol decreased. Furthermore, 

fibre diameter varies significantly, ranging from 600 nm (G1) to 1500 nm (G4). It 

can be also seen that polymeric particles have been formed at 60 %v/v (G4) 

and 70 %v/v (G5).  
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Figure 5.18:  The effect of solvent composition on fibre production of PEO2275. 

(Spinning Conditions: voltage 15 kV, distance 15 cm, flow rate 1 ml hour-1, 

concentration 15 wt%). 
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Reducing the ratio of ethanol to water to 50 %v/v (G5), resulted in thicker fibres 

(average diameter was approximately 1.4 μm) being formed, however fewer 

discrete polymeric structure were visible. The fibres are observed to have more 

uniform character. Further reducing the concentration of ethanol (<50 v/v%, 

G6-G9) resulted in fibre production, however the fibre density was decreased. 

Fibre diameter was comparable to those at higher concentrations of ethanol. 

Notably, at a very low concentration of ethanol (10% v/v, G9), polymer beads 

were present. This is the only concentration at which beads formed, and was 

unexpected as the properties of the solution (and, critically, the dielectric 

constant) should be dominated by the increased concentration of water, making 

it easier to induce an electric field. It is predicted that the concentration of 

PEO6820 was too low in this experiment. 

 

5.4.1.1.2. Effect of voltage on electrospinning poly(ethylene oxide)6820 

 

PEO6820 was spun from water (15 wt%) at a flow rate of 1 ml hour-1, and a 

tip-to-collector distance of 15 cm. At very low voltages (5kV, H1), fibres were 

not observed by SEM (Figure 5.19). The polymer formed sheet like structures 

at this voltage. However, increasing the voltage to 10 kV (H2) resulted in fibre 

production, with an average fibre diameter of approximately 300 nm. SEM 

showed a non-uniform distribution of fibres, with aggregation of the fibres into 

more densely packed networks. This can be seen in the darker regions of the 

SEM (Figure 5.24, H2). At this voltage (10 kV), the electric field is strong 

enough to cause atomisation and to induce surface charges. Increasing the 

voltage to 15 kV (H3) also resulted in fibre production. The average diameter of 

the fibres was similar to H2, approximately 350 nm. Although, the diameter has 

increased slightly, the fibres are more uniform (generally long and thin), and 

there is no aggregation.  

 

At higher voltages (> 15 kV, H4 and H5), fibres were again produced, however 

discrete structures can also be observed. At this point, the strength of the 

electric field was high, causing atomisation to occur instantly and causing the 

droplet to immediately develop into a polymer jet. However, during flight, the 
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strong electric field will perturb the jet, thus causing minor imperfections. These 

imperfections result in the formed structures observed in H4 and H5.  

 

In short, it can be deduced that the optimal voltage for spinning PEO6820 lays 

around 15 kV.  

 

 

Figure 5.19: The effect of voltage on fibre production of PEO6820. 

 

5.4.1.1.3. Effect of distance on electrospinning poly(ethylene oxide)6820 

 

PEO6820 was spun from water (15 wt%) at a flow rate of 1 ml hour-1, and a 

voltage of 15 kV. At short tip-to-collector distances (11 cm, J1), SEM showed 

(Figure 5.20) that the deposition comprised of many micro and nanostructures, 

but that no fibre production occurred.  

 

However, when the distance was increased, fibres were produced in all 

instances (J2-J4). At a distance of 13 cm (J2), nanofibres were produced (with 

an average diameter of 780 nm), although, a few discrete structures were also 
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observed. Increasing the working distance above 15 cm resulted in thinner 

fibres being produced with an average diameter of 620 nm (17 cm, J3) and 

320 nm (19 cm, J4), the latter comparable to H3. The increased distance 

increases the time that the polymer jet spends in the electric field, thus allowing 

more time for elongation.  

 

In summary, the optimal window for producing fibres when varying working 

distance was shown to be greater than 15 cm for spinning PEO6820, and that the 

working distance can be varied above this limit to control the fibre diameter.  

 

 

Figure 5.20: The effect of distance on fibre production of PEO6820. 

 

5.4.1.1.4. Effect of flow rate on electrospinning poly(ethylene oxide)6820 

 

PEO6820 was spun from water (15 wt%) at a voltage of 15 kV and a  

tip-to-collector distance of 15 cm. At a low flow rate (0.5 ml hour-1, K1), fibrous 

material was deposited on to the collecting plate. SEM (Figure 5.21) showed 
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that the material had indeed formed fibres, with an average fibre diameter of 

approximately 630 nm; therefore nanofibres had been produced. However, 

SEM also showed some interconnected polymer structures. Fibre morphology 

was generally consistent (long, thin fibres), and the number of fibres produced 

was high, however the additional polymer structures are undesirable. 

Increasing the flow rate (> 1.0 ml hour-1, K2-K4) did not result in any fibres 

forming. SEM showed that the material formed a monolayer (K2), with discrete 

structures appearing to be interspersed throughout as the flow rate was further 

increased (K3 and K4).  

 

 

Figure 5.21: The effect of flow rate on fibre production of PEO6820. 

 

When the flow rate is increased above 1.0 ml hour-1, it augments the tension 

that the polymer droplet experiences, which leads to dispersal of the droplet, 

thus inhibiting fibre formation. The optimal window for flow rate is therefore 

determined to be somewhere between 0.5 and 1.5 ml hour-1, with 1.0 ml hour-1 

shown to produce optimum fibres.  
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5.4.1.2. Electrospinning poly(ethylene oxide), molecular weight 100,000 Da 

 

Electrospinning PEO with a molecular weight of 100,000 Da (henceforth 

referred to as PEO2275) was carried out from a 15 wt% conductive solution. The 

solvent chosen for all experiments was water as it was shown during spinning 

of PEO6820 (see Section 5.4.1.1) that fibres were reliably produced in solutions 

where water was the dominant solvent. Electrospinning PEO2275 in various 

binary solvent systems was carried out and reaffirmed this conclusion (see 

Appendix D1).  

 

As before, three parameters (voltage, distance, and flow rate) were varied and 

any fibre production was noted. PEO2275 was chosen as an example of a 

medium molecular weight system. The results for these experiments are 

summarised in Appendix D1. In contrast to PEO6820, fibres were only produced 

in one experiment (in water only). The spinning parameters for this experiment 

(L8) were a voltage of 15 kV, a working distance of 15 cm, and a flow rate of 

1 ml hour-1. 

 

5.4.1.3. Electrospinning poly(ethylene oxide), molecular weight 8,000 Da   

 

Electrospinning PEO with a molecular weight of 8,000 Da (henceforth referred 

to as PEO182) was carried out from a 45 wt% conductive solution. The change 

in concentration was due to qualitative observations of solution viscosity. At 

15 wt%, the solution was determined to have an insufficiently low viscosity to be 

viable for electrospinning. Increasing the concentration by a factor of three 

resulted in a solution with an acceptable viscosity for electrospinning. This 

viscosity change was necessary because of the low molecular weight PEO182. 

The solvent chosen for all experiments was water (based on experiments 

spinning from various binary systems of water and ethanol (see Appendix D1) 

Varying the three spinning parameters (voltage, distance, and flow rate) did not 

result in the formation of fibres, instead discrete particulate polymer structures 

were formed. The results of these experiments can be found in Appendix D2.  
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5.4.1.4. Electrospinning poly(ethylene oxide), molecular weight 4,000 Da 

 

Electrospinning PEO with a molecular weight of 4,000 Da (henceforth referred 

to as PEO91) was also carried out from at 45 wt% conductive solution. As with 

PEO182, the increase in concentration compared to the higher molecular weight 

PEO was due to qualitative observations of solution viscosity. The solvent 

chosen for all experiments was water. Similar to PEO182, no fibres were 

produced during spinning. Polymer layers were the dominant structures 

observed by SEM (see Appendix D3 for full results at all parameters). 

 

5.4.1.5. The effect of different molecular weight PEO on fibre production 

 

From the electrospinning experiments undertaken, it is reasonable to assert 

that molecular weight is an important parameter in determining fibre production. 

With the exception of the concentration, which was changed for aforementioned 

viscosity reasons, spinning different molecular weight PEO with the same 

spinning parameters did not always result in fibres. This is clearly illustrated in 

Figure 5.22.  

 

Figure 5.22 generally shows that there is a threshold molecular weight that the 

polymer must be above in order to attain nanofibres. Although spinning PEO2275 

(average Mn 100,000 Da, L8) did result in fibres, and had a higher fibre density 

than PEO6820 (average Mn 300,000 Da, H3), the average diameter of L8 was 

approximately 700 nm. In contrast, the average fibre diameter of the larger 

molecular weight PEO, H3, was approximately 350 nm, which is more 

beneficial in terms of surface area-to-volume ratio. Conversely, decreasing the 

molecular weight to 8000 Da, (R3) did not result in fibres. Instead, the material 

formed discrete polymeric aggregates. Finally, at the lowest molecular weight 

spun (4000 Da, V3), no aggregated structures were observed; instead a 

continuous polymer layer was produced.  
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Figure 5.22: SEM showing the structures produced when electrospinning 

different molecular weight PEOs using the same spinning parameters.  

 

5.4.2. Electrospinning polymer-peptide conjugates 

 

Only two conjugates were deemed viable for spinning (using qualitative 

viscosity and solubility observations). These were the higher molecular weight 

conjugates; mPEO12-F4 and mPEO17-F4. Although, the chosen conjugates had 

a relatively high molecular weight in their homologous families, they are actually 

very low molecular weight materials (~1200 Da to 1400 Da) compared to 

materials typically used in electrospinning.  

 

These materials have never been spun, therefore it was necessary to establish 

the optimal conditions required for spinning. Four solvent systems were 

investigated. The results of solvent testing on mPEO17-F4-OEt are shown in 

Table 5.4. Hexafluoroisopropanol (HFIP) was tested as it was shown to be 

compatible with the peptides[17], and is also known to disrupt hydrogen bonds, 
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thus facilitating easy dissolution of the conjugate. THF and chloroform were 

both good solvents for the conjugate. However, the dielectric constant of these 

three solvents is low, making it harder to induce surface charges onto the 

polymer droplet. DMF was also used as it had a much higher dielectric constant 

than the other materials (~38)[18] and was compatible with the conjugate. From 

Table 5.4, the 40 and 50 wt% polymer solutions in HFIP and the 30 and 40 wt% 

polymer solutions in chloroform (qualitatively) showed the best viscosity for 

electrospinning.  

 

Although, the 60 wt% polymer solution in THF showed acceptable viscosity, the 

volatility of THF (as described earlier in Section 5.2) makes it less attractive for 

spinning. The materials are not commercially available and have to be 

synthesised in house via multiple step procedures (see Chapter 3), therefore 

spinning at lower concentrations was preferable. However, the viscosity of the 

conjugate in DMF was also moderate at 60 wt%. Although using the smallest 

concentration of conjugate was desirable, spinning in HFIP and chloroform 

would be difficult due to the low dielectric constants, however, DMF is difficult to 

atomise. A co-solvent system between THF and DMF, in a ratio of 3: 2 was 

selected (based on additional solubility tests). 

 

mPEO12-F4-OEt and mPEO17-F4-OEt were spun from a binary solvent system 

of THF and DMF (3: 2) at a voltage of 15 kV, a working distance of 15 cm, and 

a flow rate of 1 ml hour-1. The voltage and distance were selected due to prior 

success spinning at these parameters, albeit using different polymers. SEM 

images of mPEO12-F4-OEt (Figure 5.23) show no fibre production. At relatively 

low concentrations of polymer (Y1 and Y2, 55 and 60 wt%), a polymer layer 

was formed on the collecting plate. SEM showed a continuous polymer 

structure. However, increasing the concentration to 65 wt% (Y3), led to more 

discrete polymer structures forming, suggesting that the concentration was high 

enough for some physical interactions to occur.  
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Table 5.4: Qualitative solubility and viscosity observations of mPEO17-F4-OEt in various solvent systems. 

Weight Percent 

Comments 
 

HFIP CHCl3 THF DMF 

90 % Insoluble Insoluble 
Partially Soluble 

High Viscosity 

Soluble 

High Viscosity 

80 % Insoluble Insoluble 
Partially Soluble 

High Viscosity 

Soluble 

High Viscosity 

70 % Insoluble 
Partially Soluble 

High Viscosity 

Partially Soluble 

Moderate Viscosity 

Soluble 

Moderate Viscosity 

60 % 
Partially Soluble 

High Viscosity 

Partially Soluble 

High Viscosity 

Soluble 

Moderate Viscosity 

Soluble 

Moderate Viscosity 

50 % 
Soluble 

Moderate Viscosity 

Soluble 

High Viscosity 

Soluble 

Low Viscosity 

Soluble 

Low Viscosity 

40 % 
Soluble 

Moderate Viscosity 

Soluble 

Moderate Viscosity 

Soluble 

Very Low Viscosity 

Soluble 

Low Viscosity 

30 % 
Soluble 

Low Viscosity 

Soluble 

Moderate Viscosity 

Soluble 

Very Low Viscosity 

Soluble 

Low Viscosity 

20 % 
Soluble 

Low Viscosity 

Soluble 

Low Viscosity 

Soluble 

Very Low Viscosity 

Soluble 

Very Low Viscosity 

10 % 
Soluble 

Very Low Viscosity 

Soluble 

Low Viscosity 

Soluble 

Very Low Viscosity 

Soluble 

Very Low Viscosity 
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Figure 5.24 shows the SEM images of electrospun mPEO17-F4-OEt. At all 

polymer concentrations no fibres were formed, instead large, discrete polymer 

structures were produced (Z1 and Z2, 55 and 60 wt%). Increasing the 

concentration to 65 wt% (Z3) caused short, needle-like structures to form, 

which may be a precursor to fibre-like structures. The density of the rods was 

much higher than any of the discrete structures produced in Y3, Z1, and Z2, 

and provides an interesting springboard for future work.  

 

 

Figure 5.23: The effect of spinning mPEO12-F4-OEt in THF: DMF (3: 2) at 

different concentrations (Y1, 55 wt%, Y2, 60 wt%, and Y3, 65 wt%). 

 

Initial experiments showed that raising the conjugate concentration 

(mPEO17-F4-OEt) above 65 wt% greatly increased viscosity of the conductive 

solution, which blocked the delivery system (this is also partially attributable to 

the volatility of THF). Furthermore, due to time constraints and limited 

availability of the conjugate material, experiments in which the other parameters 

were varied, were not undertaken. However, it is predicted that increasing the 

voltage and working distance of a 65 wt% (Z3) solution of mPEO17-F4-OEt in 

the same solvent conditions may produce fibre-like structures. For 
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mPEO12-F4-OEt, a further increase in concentration is more viable than 

mPEO17-F4-OEt, due to the reduced molecular weight of the conjugate, 

although based on the SEM image, Z3 is most likely to give fibres. As discrete 

structures had begun to form at 65 wt%, increasing the concentration to 

between and 70 and 75 wt% would provide the best window for fibre 

production. Further (slight) increases in the voltage and working distance would 

likely also aid fibre production.  

 

 

Figure 5.24: The effect of spinning mPEO17-F4-OEt in THF: DMF (3: 2) at 

different concentrations (Z1, 55 wt%, Z2 60 wt%, and Z3 65 wt%). 

 

In summary, mPEO12-F4-OEt and mPEO17-F4-OEt were spun from THF: DMF 

(3: 2) but did not result in any fibre production. mPEO17-F4-OEt showed the 

most promising structures, when spun at 65 wt%. Further work in this area will 

focus on investigating the concentration range for fibre production and then 

optimising spinning parameters within this window.  
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5.5. Electrospinning conclusions 

 

Electrospinning an array of novel materials to produce micro- and nanofibres 

required optimisation of at least six distinct spinning parameters; voltage, 

working distance, flow rate, concentration, solvent of the conductive solution, 

and molecular weight of the polymer. For each material spun, there was an 

optimal window for the parameters, between which fibres were produced. Each 

system had to be tailored individually depending on the polymers and solvents 

used.  

 

Although spinning large materials, such as the higher molecular weight PS and 

PIM-1, did result in the production of fibres, electrospinning lower molecular 

weight materials, such as the polymer-peptide conjugates and PEO, generally 

resulted in the production of discrete polymeric structures or polymer sheets. 

Future work in this area should focus on improving the conjugate spinning 

systems, or on investigating electrospinning of higher molecular weight 

conjugates. Further work should also be carried out on spinning the 

nanoparticle cage solutions with a hydrophobic polymer, and evidencing 

retained nanoparticles using SEM.  
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6.  Conclusions and Future Work 

 

This final chapter summarises the results of the work undertaken in this project 

(Section 6.1) and describes the future work for each part of the project 

(Section 6.2).  

 

6.1. Conclusions  

 

6.1.1. Innovative synthesis of polymer-peptide conjugates 

 

Polymer-peptide conjugates were produced from a reaction between carboxylic 

acid-functionalised monomethoxy-poly(ethylene oxide) and phenylalanine 

oligopeptides. The reaction scheme proceeded by a convergent route, with 

each individual component synthesised in high yield. Phenylalanine 

oligopeptides were prepared using a Boc-deprotected strategy and 

isobutylchloroformate (IBCF) coupling, whilst monomethoxy-poly(ethylene 

oxide) was modified via Jones Oxidation.  

 

Due to its high compatibility with the oligopeptide and its facile purification 

method, IBCF coupling was used to join the polymer and peptides components 

together to form a conjugate via amide bond formation. Two additional methods 

were investigated (DCC and PyBOP) for coupling, however neither matched the 

efficiency and yield of IBCF. 

 

Twelve well-defined polymer-peptide conjugates were produced using IBCF 

coupling. The yields for the conjugates were initially high, however as 

oligopeptide length increased (i.e. from F1 to F4) they fell to moderate levels. 

Additionally, as the polymer chain length increased (from mPEO7 to mPEO17), a 

further reduction in the yield was noted. Table 6.1 shows the highest yields 

obtained for the conjugated produced in this manner.  
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Table 6.1: Summary of percentage yields of polymer-peptide conjugates 

produced using IBCF coupling chemistry.   

 
F1 F2 F3 F4 

mPEO7 85 91 80 77 

mPEO12 79 90 72 90 

mPEO17 73 70 67 51 

 

 

Direct amidation was the primary route used to produce conjugates. An 

alternative synthetic route, esterification, was also studied. Esterification 

reduced the number of reaction steps required to produce conjugates, 

potentially raising yields, and bypassing the use of chromium. This was carried 

out by deprotecting the carboxyl terminus of the Boc-protected amino acid, then 

directly coupling it to mPEO via its hydroxyl group. This eliminated the need for 

modification of the polymer prior to coupling. Lithium hydroxide was used as the 

deprotecting agent. Deprotection was quick, however the yields of the isolated 

deprotected peptides were only moderate. A further deprotection method was 

investigated using BBTO, although yields were poor.  

 

Two esterification techniques were investigated for conjugate synthesis. Fischer 

esterification was used but did not result in conjugate formation, likely due to 

the presence of the strong acid interacting with the Boc protecting group. The 

second method used was Steglich esterification, which was based on DCC 

coupling chemistry used previously in an initial attempt to couple the 

oligopeptides together. This protocol was more tolerant to the reagents and 

conjugate synthesis ensued. The yields for the reactions were moderate 

(~60 %) and fell as oligopeptide length increased. In comparison to IBCF 

coupling, this method was lower yielding, although it avoided the use of 

chromium.  
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6.1.2. Self-assembly behaviour of bio-hybrid materials 

 

The propensity of the bio-hybrid materials produced in Chapter 3 to 

self-assemble into gels was investigated. Qualitative observations showed that 

gel-like structures were formed, only when four phenylalanine oligopeptide were 

incorporated into the conjugate. It was concluded that only when four peptide 

units were present, would there be sufficient potential intermolecular hydrogen 

bonding to form a stable three-dimension networked structure; a gel.  

 

Quantitative analysis was also performed, with mPEO17-F4-OEt in a 

DMSO-water binary solvent system selected as the model conjugate. Rheology 

showed that the properties of the structure formed were not gel-like, but instead 

behaved as a Newtonian fluid. However, ATR-FTIR analysis showed that that 

there was a change in the hydrogen bonding environments in the self-assembly 

system, with water being expelled from between the conjugates over several 

days, thus allowing increased hydrogen bond interactions between conjugate 

chains. Finally, confocal microscopy showed aggregate-like structures, as 

opposed to an entangled network of fibrils, reinforcing that the conjugate had 

not formed a gel. The difficulty in repeating the gelation experiments suggested 

that temperature was a critical factor in determining self-assembly, and should 

be monitored carefully in the route to self-assembly.  

 

6.1.3. Electrospinning novel materials 

 

Electrospinning was used to produce fibres from an array of materials. Initially, 

to become familiar with the electrospinning process, polystyrene was spun from 

tetrahydrofuran (THF) and dichloromethane (DCM). Microfibres (fibre diameter 

> 1000 nm) were produced (observed by SEM) in both cases, and the effect of 

varying the polymer concentration in the solution was investigated. Decreasing 

the concentration of polymer in the solution resulted in larger fibre diameters, 

with beading becoming more prevalent at the lower concentrations. The effect 

of the solvent also played a part in fibre production and was linked to fibre 

diameter. Fibres spun from DCM, which has a higher dielectric constant (8.9), 

showed no beading at a chosen concentration (20 wt%). However, beading was 
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visible when spinning at the same concentration from THF, which has a 

dielectric constant of 7.5.  

 

Polymers with intrinsic microporosity (PIMs) were electrospun to produce fibres 

with greater surface areas, and, hence, increase the effective porosity of the 

material. Initial attempts to spin the polymer, PIM-1, were unsuccessful due to 

poor solvent choice. However, a binary solvent mixture of THF: DMF was used, 

and fibres were successfully produced from a 10 wt % solution. Four 

electrospinning parameters (concentration, voltage, distance, and flow rate) 

were varied to establish their effect on fibre production. The optimal spinning 

parameters for PIM-1 were then determined.  

 

Nanoparticle cages suspended in DCM were also spun in order to increase 

fibre microporosity and adsorption properties. However, a scaffold polymer was 

required for spinning. Two hydrophobic polymers were chosen, polystyrene and 

PIM-1. When spinning the nanoparticles with polystyrene, fibrous material was 

visible on the collecting plate, however SEM showed only the polymer fibres; no 

cages were visible. Further, “pores” on the surface of the fibres were visible, 

arising from the effect of evaporative cooling 

 

The effect of molecular weight on fibre production was investigated. Four 

different molecular weight PEO were spun under identical conditions (with the 

exception of concentration, due to its effect on viscosity). Fibres were formed at 

higher molecular weights only (approximately Mn 300,000 and 100,000 g mol-1), 

with discrete structures forming at the lower molecular weights.  

 

The bio-hybrid materials produced in Chapter 3 were electrospun. Several 

solvents tests were carried out to determine the best solvent system for 

spinning, taking into account solution viscosity and volatility. A binary solvent 

mixture of THF: DMF was chosen. Although the conjugates were successfully 

spun, no fibres were observed. However, mPEO17-F4-OEt did show the 

formation of needle-like structures, which may be a precursor to fibres.  
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6.2. Future Work 

 

6.2.1. Future direction of the synthesis of polymer-peptide conjugates 

 

Although the synthesis of phenylalanine oligopeptides was fast and high 

yielding, increasing the peptide length, further resulting in a growing 

incompatibility with the solvent, will begin to impact yields. Future work in this 

area will be to investigate peptides longer than four repeat units. Furthermore, 

the amino acid used to produce the oligopeptide and ultimately the conjugate is 

another area of investigation. For example, phenylalanine and tyrosine differ 

only in that the latter has a hydroxyl group, making it hydrophilic, which would 

affect the properties of the final conjugate. Finally, whilst a solution phase 

approach has been used to produce short chain peptides, employing a solid 

phase approach may be more suitable for longer length peptides.  

 

Production of polymer-peptide conjugates was carried out using IBCF coupling 

(amidation) chemistry. However, this involves both peptide and polymer 

modification prior to coupling. The initial esterification attempts described in 

Chapter 3 allow for the production of conjugates by modifying (by deprotection) 

the peptide only. This also eliminates the need for chromium-based oxidation, 

thus drastically reducing potential toxicity in the final materials and the synthetic 

process employed. Future work should focus on optimising the system for 

esterification. Furthermore, producing conjugates (Boc-Fx-PEOy) in this manner, 

allows for easy production of triblocks (and more) by simple deprotection of the 

N-terminus using TFA. Thus, it will be possible to produce multiple-block 

conjugates, with additional polymer or peptide units depending on the desired 

functionality.  

 

6.2.2. Future directions of the self-assembly behaviour of bio-hybrid materials 

 

Developing a reliable route to gelation for the bio-hybrid materials produced is 

critical. The effect of temperature on the time scale for self-assembly for these 

materials is an important parameter that directly affects the reliability. Further 

work should also focus on exploring the complete changes in the ATR-FTIR 
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spectrum. An in situ gelation experiment on the ATR crystal would provide 

useful kinetic data for self-assembly. 

 

Stability remains an issue with the material, therefore changing the amino acid 

will affect the strength of the self-assembled material. Tyrosine is structurally 

similar to phenylalanine,  but has an added hydroxyl group on the phenyl ring, 

making it more hydrophilic and thus giving the conjugate a greater propensity to 

form hydrogen bonds. Furthermore, investigating the effect of increased peptide 

unit length (for example F5-F8) should further reinforce gel stability.  

 

6.2.3. Future directions of electrospinning novel materials 

 

Although electrospinning polymer-peptide conjugates was successful, no fibres 

were produced. As aforementioned, SEM showed that mPEO17-F4-OEt 

produced needle-like structures when spun at high concentration. These 

structures are most likely precursor to fibres. Therefore, further work should 

focus on producing fibres with the conjugate, and then optimising the other 

spinning parameters, thus controlling fibre density and diameter.  

 

The nanoparticle cage solutions were spun using hydrophobic polymer 

scaffolds, either PIM-1 or polystyrene. In both instances, although fibres were 

produced, no nanoparticles were observed by SEM. Due to the effects of the 

solvent, “breath holes” also formed on the fibres that may have incorporated the 

cages. As this was the result of solvent, future work in this area should 

emphasise spinning from alternative solvents, and ensuring incorporation of the 

nanoparticles. Nanofibres formed from PIM-1 (and also these nanoparticle cage 

nanofibres) should receive attention for their use in gas adsorption.  
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Appendix A: Band Assignment of IR Spectra 
 
 
Appendix 1.1: IR spectrum and band assignment of mPEO12-COOH 

 

 
 

Original image from Figure 3.14. 
 

 

mPEO12-COOH 

Peak 
Label 

Wavenumber 
 (cm-1) 

Intensity Bond 

A 3509 
Broad 

Medium 
H Bonded OH 

B 2869 
Broad 

Medium 

CH2 and CH3 
(-C-H stretching) 

or CH3-O 

C 1741 Medium 
Saturated  

Carboxylic Acid 
–C=O-OH 

D 1455 Medium 
CH3 and CH2 

-C-H deformations 

E 1093 Strong 
Ether 

-C-O stretching 

F 947 Medium 
CH2 rocking and CO 

stretching 

G 849 Medium 
CH2 and CO 

stretching/rocking 
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Appendix 1.2: IR spectrum and band assignment of NH2-F1-OEt 

 
 

Original image from Figure 3.21. 
 

 

NH2-F1-OEt 

Peak 
Label 

Wavenumber 
(cm-1) 

Intensity Bond 

A 2819 
Broad 
Strong 

-CH3 and -CH2 
stretching 

B 1737 Strong 
Saturated ester 

-CO-O- 

C 1500 Medium -NH3 and aromatic ring 

D 1210 Strong Ester C-O stretching 

E 1080 Medium 
Ester and Ether 
-C-O stretching 

F 702 Strong 
Monosubstitued 

Aromatic 
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Appendix 1.3: IR spectrum and band assignment of mPEO7-COOH 
 

 
 

Original image from Figure 3.22. 
 
 

mPEO7-COOH 

Peak 
Label  

Wavenumber  
(cm-1)  

Intensity  Bond  

A  3476  
Broad 

Medium  
H Bonded OH  

B  2870  
Broad 

Medium  

CH2 and CH3  
(-C-H stretching)  

or CH3-O 

C  1739  Medium  
Saturated Carboxylic 

 Acid 
–C=O-OH  

D  1454  Medium  
CH3 and CH2  

-C-H deformations  

E  1092  Strong  
Ether 

-C-O stretching  

F  946  Medium  
CH2 rocking and CO 

stretching  

G  849  Medium  
CH2 and CO 

stretching/rocking  
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Appendix 1.4: IR spectrum and band assignment of mPEO7-F1-OEt 
 

 
 

Original Image from Figure 3.23. 
 
 

mPEO7-F1-OEt 

Peak Label  
Wavenumber  

(cm
-1

)  
Intensity  Bond  

A  3277  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3050  Weak  Aryl-H  

C  2925 and 2871  Medium  
CH

2
 and CH

3 
 

(-C-H stretching) 

D  1742  Medium  
Saturated Ester  

–C=O-O  

E  1666 and 1637  Strong  
Secondary Amide  

stretching C=O 
and N-H bending  

F  1550-1496  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH

3
 and CH

2
  

-C-H deformations  

H  1100 and 1030  Strong  
Ester and Ether 
-C-O stretching  

I  746 and 699  Strong  Monosubstitued Aromatic  
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Appendix 1.5: IR spectrum and band assignment of mPEO7-F2-OEt 
 

 
 

Original image from Figure 3.27. 
 
 

mPEO7-F2-OEt 

Peak 
Label  

Wavenumber  
(cm-1)  

Intensity  Bond  

A  3281  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3045  Weak  Aryl-H  

C  2919 and 2872  Medium  
CH2 and CH3  

(-C-H stretching) 

D  1730  Medium  
Saturated Ester  

–C=O-O  

E  1642  Strong  
Secondary Amide  

stretching C=O 
and N-H bending  

F  1526-1497  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1100 and 1030  Strong  
Ester and Ether 
-C-O stretching  

I  746 and 699  Strong  Monosubstitued Aromatic  
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Appendix 1.6: IR spectrum and band assignment of mPEO7-F3-OEt 
 

 
 

Original Image from Figure 3.32. 
 
 

mPEO7-F3-OEt 

Peak 
Label 

Wavenumber 
(cm-1) 

Intensity Bond 

A 3278 
Broad 

Medium 

Secondary Amide 
(N-H stretching) 

Lowered by H Bond 

B 3033 Weak Aryl-H 

C 2938 and 2928 Medium 
CH2 and CH3 

(-C-H stretching) 

D 1725 Medium 
Saturated Ester 

–C=O-O 

E 1638 Strong 
Secondary Amide  

stretching C=O 
and N-H bending 

F 1526-1497 Medium 
Aromatic 

And N-H bending 

G 1454 Medium 
CH3 and CH2 

-C-H deformations 

H 1134 and 1030 Strong 
Ester and Ether 
-C-O stretching 

I 745 and 697 Strong 
Monosubstitued 

Aromatic 
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Appendix 1.7: IR spectrum and band assignment of mPEO7-F4-OEt 
 

 
 

Original Image from Figure 3.38. 
 
 

mPEO7-F4-OEt 

Peak 
Label  

Wavenumber  
(cm-1)  

Intensity  Bond  

A  3277  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3029  Weak  Aryl-H  

C  2931 and 2871  Medium  
CH2 and CH3  

(-C-H stretching) 

D  1721  Medium  
Saturated Ester  

–C=O-O  

E  1635  Strong  
Secondary Amide  

stretching C=O 
and N-H bending  

F  1536-1496  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1102 and 1030  Strong  
Ester and Ether 
-C-O stretching  

I  744 and 697  Strong  Monosubstitued Aromatic  
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Appendix 1.8: IR spectrum and band assignment of mPEO12-F1-OEt 
 

 
 

Original Image from Figure 3.42. 
 
 

mPEO12-F1-OEt 

Peak 
Label  

Wavenumber 
 (cm-1)  

Intensity  Bond  

A  3282  
Broad 
Weak  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond  

B  3035-2871  Weak  
Aryl-H and 

CH2 and CH3  
(-C-H stretching)  

C  1735  Medium  
Saturated Ester  

–C=O-O  

D  1641  Medium  
Secondary Amide  

stretching C=O 
and N-H bending  

E  1541-1496  Weak  
Aromatic 

And N-H bending  

F  1454  Medium  
CH3 and CH2  

-C-H deformations  

G  1102 and 1030  Strong  
Ester and Ether 
-C-O stretching  

H  743 and 697  Medium  Monosubstituted Aromatic  
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Appendix 1.9: IR spectrum and band assignment of mPEO12-F2-OEt 
 

 
 

Original Image from Figure 3.46. 
 
 

mPEO12-F2-OEt 

Peak 
Label  

Wavenumber  
(cm-1)  

Intensity  Bond  

A  3270  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3027  Weak  Aryl-H  

C  2920 and 2877  Medium  
CH2 and CH3  

(-C-H stretching) 

D  1738  Medium  
Saturated Ester  

–C=O-O  

E  1636  Strong  
Secondary Amide  

stretching C=O 
and N-H bending  

F  1536-1495  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1098 and 1030  Strong  
Ester and Ether 
-C-O stretching  

I  745 and 697  Strong  Monosubstituted Aromatic  
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Appendix 1.10: IR spectrum and band assignment of mPEO12-F3-OEt 
 

 
 

Original Image from Figure 3.51. 
 
 

mPEO12-F3-OEt 

Peak 
Label  

Wavenumber  
(cm-1)  

Intensity  Bond  

A  3280  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3034  Weak  Aryl-H  

C  2920 and 2877  Medium  
CH2 and CH3  

(-C-H stretching) 

D  1727  Medium  
Saturated Ester  

–C=O-O  

E  1640  Strong  
Secondary Amide 
 stretching C=O 

and N-H bending  

F  1536-1495  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1099 and 1030  Strong  
Ester and Ether 
-C-O stretching  

I  747 and 698  Strong  Monosubstitued Aromatic  
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Appendix 1.11: IR spectrum and band assignment of mPEO12-F4-OEt 
 

 
 

Original image from Figure 3.55. 
 
 

mPEO12-F4-OEt 

Peak 
Label  

Wavenumber  
(cm-1)  

Intensity  Bond  

A  3270  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3015  Weak  Aryl-H  

C  2928 and 2877  Medium  
CH2 and CH3  

(-C-H stretching) 

D  1732  Medium  
Saturated Ester  

–C=O-O  

E  1637  Strong  
Secondary Amide 
 stretching C=O 

and N-H bending  

F  1544-1495  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1098 and 1030  Medium  
Ester and Ether 
-C-O stretching  

I  745 and 697  Strong  Monosubstitued Aromatic  
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Appendix 1.12: IR spectrum and band assignment of mPEO17-F1-OEt 
 
 

 
 

Original image from Figure 3.59. 
 
 

mPEO17-F1-OEt 

Peak 
Label  

Wavenumber 
 (cm-1)  

Intensity  Bond  

A  3320  
Broad 
Weak  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3045  Weak  Aryl-H  

C  
2928 and 

2867  
Broad 

Medium  
CH2 and CH3  

(-C-H stretching) 

D  1739  Medium  
Saturated Ester  

–C=O-O  

E  1664  Medium  
Secondary Amide stretching 

C=O 
and N-H bending  

F  1538-1495  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  
1099 and 

1031  
Strong  

Ester and Ether 
-C-O stretching  

I  703 and 631  Strong  Monosubstitued Aromatic  
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Appendix 1.13: IR spectrum and band assignment of mPEO17-F2-OEt 
 

 
 

Original image from Figure 3.63. 
 
 

mPEO17-F2-OEt 

Peak 
Label  

Wavenumber  
(cm-1)  

Intensity Bond  

A  3281  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3043  Weak  Aryl-H  

C  2873  
Broad 

Medium  
CH2 and CH3  

(-C-H stretching) 

D  1724  Medium  
Saturated Ester  

–C=O-O  

E  1642  Strong  
Secondary Amide stretching 

C=O 
and N-H bending  

F  1543-1493  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  
1095 and 

1037  
Strong  

Ester and Ether 
-C-O stretching  

I  747 and 696  Strong  Monosubstitued Aromatic  
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Appendix 1.14: IR spectrum and band assignment of mPEO17-F3-OEt 
 
 

 
 

Original image from Figure 3.67. 
 
 

mPEO17-F3-OEt 

Peak 
Label  

Wavenumber (cm-1)  Intensity  Bond  

A  3272  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3031  Weak  Aryl-H  

C  2872  
Broad 

Medium  
CH2 and CH3  

(-C-H stretching) 

D  1735  Medium  
Saturated Ester  

–C=O-O  

E  1637  Strong  
Secondary Amide stretching 

C=O 
and N-H bending  

F  1544-1493  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1098 and 1037  Strong  
Ester and Ether 
-C-O stretching  

I  746 and 698  Strong  Monosubstitued Aromatic  
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Appendix 1.15: IR spectrum and band assignment of mPEO17-F4-OEt 
 

 
 

Original image from Figure 3.71. 
 
 

mPEO17-F4-OEt 

Peak 
Label  

Wavenumber 
 (cm-1)  

Intensity  Bond  

A  3278  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3045  Weak  Aryl-H  

C  2877  
Broad 

Medium  
CH2 and CH3  

(-C-H stretching) 

D  1735  Medium  
Saturated Ester  

–C=O-O  

E  1637  Strong  
Secondary Amide stretching 

C=O 
and N-H bending  

F  1544-1493  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1099 and 1030  Strong  
Ester and Ether 
-C-O stretching  

I  746 and 697  Strong  Monosubstitued Aromatic  
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Appendix 1.15: IR spectrum and band assignment of Boc-F2-COOH 
 
 

 
 

Original image from Figure 3.75. 
 

Boc-F2-PEO7 

Peak 
Label  

Wavenumber (cm-1)  Intensity  Bond  

A 3345 
Broad 

Medium 

Secondary Amide 
(N-H stretching) 

Lowered by H Bond 

B 2917 and 2874 Weak 
CH2 and CH3 

(-C-H stretching) 

C 1734 Medium 
Saturated Ester 

–C=O-O 

D 1639 Medium 
Secondary Amide stretching 

C=O 

E 1540-1497  Medium  
Aromatic 

And N-H bending  

F 1120 Strong 
Ester 

-C-O stretching 

G 748 and 699 Strong Monosubstituted Aromatic 
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Appendix 1.16: IR spectrum and band assignment of Boc-F2-PEO7 

 
 

 
 

Original Image from Figure 3.83. 
 

Boc-F2-PEO7 

Peak 
Label  

Wavenumber (cm-1)  Intensity  Bond  

A  3310  
Broad 

Medium  

Secondary Amide  
(N-H stretching) 

Lowered by H Bond 

B  3060  Weak  Aryl-H  

C  2919 and 2872  Medium  
CH2 and CH3  

(-C-H stretching) 

D  1728  Medium  
Saturated Ester  

–C=O-O  

E  1660  Medium  
Secondary Amide stretching 

C=O 
and N-H bending  

F  1540-1497  Medium  
Aromatic 

And N-H bending  

G  1454  Medium  
CH3 and CH2  

-C-H deformations  

H  1048  Strong  
Ester and Ether 
-C-O stretching  

I  748 and 699  Strong  Monosubstituted Aromatic  
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Appendix B: Gelation behaviour of polymer-peptide conjugates 

 

Appendix B1: Qualitative observations of gel formation of mPEO7-F1-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO7-F1-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO7-F1-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B2: Qualitative observations of gel formation of mPEO7-F2-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO7-F2-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO7-F2-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B3: Qualitative observations of gel formation of mPEO7-F3-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO7-F3-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO7-F3-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B4: Qualitative observations of gel formation of mPEO7-F4-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO7-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x y x x 
y 

 (very weak) 
y 

THF x x x y x x 
y  

(very weak) 
y 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO7-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x y y x x 
y 

 (very weak) 
y 

THF x x x y x x 
y  

(very weak) 
y 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), and y represents a stable 

gel forming. 
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Appendix B5: Qualitative observations of gel formation of mPEO12-F1-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO12-F1-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO12-F1-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B6: Qualitative observations of gel formation of mPEO12-F2-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO12-F2-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO12-F2-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B7: Qualitative observations of gel formation of mPEO12-F3-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO12-F3-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO12-F3-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B8: Qualitative observation of gel formation of mPEO12-F4-OEt. The 

percentage shows the amount of organic solvent used in a mixture with water. 

mPEO12-F4-OEt Gels at Room Temperature Gels at  60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x p x x x 
y  

(weak) 

THF x x x x x x x y 

Acetone x x x x x 
y 

(weak) 

y 

(weak) 
x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

5 mg/ml 

mPEO12-F4-OEt Gels at Room Temperature Gels at  60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x p x x x y 

THF p x x x y y y y 

Acetone x y y x p y y y 

Ethanol x x x x x x x y 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B9: Qualitative observations of gel formation of mPEO17-F1-OEt. The 

percentage shows the proportion of organic solvent in the mixture with water. 

mPEO17-F1-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO17-F1-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B10: Qualitative observations of gel formation of mPEO17-F2-OEt. 

The percentage shows the proportion of organic solvent in the mixture with 

water. 

mPEO17-F2-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO17-F2-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B11: Qualitative observations of gel formation of mPEO17-F3-OEt. 

The percentage shows the proportion of organic solvent in the mixture with 

water. 

mPEO17-F3-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

 5 mg/ml 

mPEO17-F3-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO x x x x x x x x 

THF x x x x x x x x 

Acetone x x x x x x x x 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   
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Appendix B12: Qualitative observations of gel formation of mPEO17-F4-OEt. 

The percentage shows the amount of organic solvent used in a mixture with 

water. 

mPEO17-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO p y y x y y y y 

THF x x x x x x y y 

Acetone x p p x x y y y 

Ethanol x x  x x x x x x 

DMF x x x x x x x x 

5 mg/ml 

mPEO17-F4-OEt Gels at Room Temperature Gels at 60 °C 

Solvents 5 % 10 % 20 % 40 % 5 % 10 % 20 % 40 % 

DMSO p y y y y y y y 

THF x x p y y y y y 

Acetone x x x y p y y y 

Ethanol x x x x x x x x 

DMF x x x x x x x x 

10 mg/ml 

N.B. x represents no gel forming (or an unstable gel), y represents a stable gel 

forming, and p denotes “partial” self-assembly behaviour.   

 



296 
 

Appendix C: Rheology of mPEO17-F4-OEt Gels 

 

Appendix C1: Strain-sweep data for 10 %v/v, DMSO: water (2 ml). 

 

Appendix C2: Strain-sweep data for 10 %v/v, DMSO: water (2 ml) Sample 2. 

 



297 
 

 

Appendix C3: Strain-sweep data for 20 %v/v, DMSO: water (2 ml).  

 

 

Appendix C4: Strain-sweep data for 20 %v/v, DMSO: water (2 ml) Sample 2. 
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Appendix C5: Frequency-sweep data for 10 %v/v, DMSO: water (2 ml). 

 

 

Appendix C6: Frequency-sweep data for 10 %v/v, DMSO: water (2 ml), 

Sample 2. 
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Appendix C7: Frequency-sweep data for 10 %v/v, DMSO: water (2 ml). 

 

 

Appendix C8: Frequency-sweep data for 10 %v/v, DMSO: water (2 ml), 

Sample 2. 
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Appendix D: Electrospinning different molecular weight PEO 

 

Appendix D1: Electrospinning PEO2275 

 

Appendix D1.1: The effect of solvent composition on the fibre production of 

PEO2275.  
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Appendix D1.2: The effect of voltage on the fibre production of PEO2275.  

 

 

Appendix D1.3: The effect of working distance on the fibre production of 

PEO2275. 
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Appendix D1.4: The effect of flow rate on the fibre production of PEO2275.  
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Appendix D2: Electrospinning PEO182 

 

Appendix D2.1: The effect of solvent composition on the fibre production of 

PEO182.  
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Appendix D2.2: The effect of voltage on the fibre production of PEO182.  

 

 

Appendix D2.3: The effect of working distance on the fibre production of 

PEO182.  
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Appendix D2.4: The effect of flow rate on the fibre production of PEO182.  
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Appendix D3.1: The effect of solvent composition on the fibre production of 

PEO91.  
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Appendix D3.2: The effect of voltage on the fibre production of PEO91.  

 

 

Appendix D3.3: The effect of working distance on the fibre production of 

PEO91.  
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Appendix D3.4: The effect of flow rate on the fibre production of PEO91.  
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